


Molecular Pathology
of

Lung Diseases



MOLECULAR PATHOLOGY LIBRARY SERIES
Philip T. Cagle, MD, Series Editor

1.  D.S. Zander, H.H. Popper, J. Jagirdar, A.K. Haque, P.T. Cagle, R. Barrios: 
ISBN 978-0-387-72429-4

 Molecular Pathology of Lung Diseases. 2008



Molecular Pathology
of

Lung Diseases
Edited by

Dani S. Zander, MD
Penn State Milton S. Hershey Medical Center, 

Hershey, Pennsylvania

Helmut H. Popper, MD
Institute of Pathology, Laboratories for Molecular Cytogenetics, 

Environmental and Respiratory Pathology, 
Medical University of Graz, Graz, Austria

Jaishree Jagirdar, MD
University of Texas Health Science Center at San Antonio, 

San Antonio, Texas

Abida K. Haque, MD
Weill Medical College of Cornell University, New York; 

San Jacinto Methodist Hospital, Baytown, Texas

Philip T. Cagle, MD
Weill Medical College of Cornell University, New York; 

The Methodist Hospital, Houston, Texas

Roberto Barrios, MD
Weill Medical College of Cornell University, New York; 

The Methodist Hospital, Houston, Texas



Dani S. Zander, MD
Department of Pathology
Penn State Milton S. Hershey Medical Center
Hershey, PA
USA

Jaishree Jagirdar, MD
Department of Pathology
University of Texas Health Science Center
San Antonio, TX
USA

Philip T. Cagle, MD
Pathology and Laboratory Medicine
Weill Medical College of Cornell University
New York, NY
The Methodist Hospital
Houston, TX
USA

Helmut H. Popper, MD
Institute of Pathology
Laboratories for Molecular Cytogenetics
Medical University of Graz
Graz, Austria

Abida K. Haque, MD
Weill Medical College of Cornell University
New York, NY
San Jacinto Methodist Hospital
Department of Pathology
Baytown, TX
USA

Roberto Barrios, MD
Pathology and Laboratory Medicine
Weill Medical College of Cornell University
New York, NY
The Methodist Hospital
Houston, TX
USA

Library of Congress Control Number: 2007928822

ISBN: 978-0-387-72429-4 e-ISBN: 978-0-387-72430-0

Printed on acid-free paper.

© 2008 Springer Science+Business Media, LLC.
All rights reserved. This work may not be translated or copied in whole or in part without the written 
permission of the publisher (Springer Science+Business Media, LLC., 233 Spring Street, New York, NY 
10013, USA), except for brief excerpts in connection with reviews or scholarly analysis. Use in connec-
tion with any form of information storage and retrieval, electronic adaptation, computer software, or by 
similar or dissimilar methodology now known or hereafter developed is forbidden.
The use in this publication of trade names, trademarks, service marks, and similar terms, even if they 
are not identifi ed as such, is not to be taken as an expression of opinion as to whether or not they are 
subject to proprietary rights.
While the advice and information in this book are believed to be true and accurate at the date of going 
to press, neither the authors nor the editors nor the publisher can accept any legal responsibility for any 
errors or omissions that may be made. The publisher makes no warranty, express or implied, with respect 
to the material contained herein.

9 8 7 6 5 4 3 2 1

springer.com

Series Editor:
Philip T. Cagle, MD
Pathology and Laboratory Medicine
Weill Medical College of Cornell University
New York, NY
The Methodist Hospital
Houston, Texas
USA



v

Series Preface

The past two decades have seen an ever-accelerating growth in knowledge about 
molecular pathology of human diseases, which received a large boost with the 
sequencing of the human genome in 2003. Molecular diagnostics, molecular tar-
geted therapy, and genetic therapy are now routine in many medical centers. The 
molecular fi eld now impacts every fi eld in medicine, whether clinical research or 
routine patient care. There is a great need for basic researchers to understand the 
potential clinical implications of their research, whereas private practice clinicians 
of all types (general internal medicine and internal medicine specialists, medical 
oncologists, radiation oncologists, surgeons, pediatricians, and family practitio-
ners), clinical investigators, pathologists, and medical laboratory directors and radi-
ologists require a basic understanding of the fundamentals of molecular pathogenesis, 
diagnosis, and treatment for their patients.

Traditional textbooks in molecular biology deal with basic science and are not 
readily applicable to the medical setting. Most medical textbooks that include a 
mention of molecular pathology in the clinical setting are limited in scope and 
assume that the reader already has a working knowledge of the basic science of 
molecular biology. Other texts emphasize technology and testing procedures 
without integrating the clinical perspective. There is an urgent need for a text that 
fi lls the gap between basic science books and clinical practice.

In the Molecular Pathology Library Series the basic science and the technology 
is integrated with the medical perspective and clinical application. Each book in 
the series is divided according to neoplastic and nonneoplastic diseases for each of 
the organ systems traditionally associated with medical subspecialties.

Each book in the series is organized to provide (1) a succinct background of 
the essential terminology, concepts; and technology of molecular biology; (2) 
an overview of the broad application of molecular biology principles to disease; 
and (3) specifi c application of molecular pathology to the pathogenesis, diag-
nosis, and treatment of neoplastic and nonneoplastic diseases specifi c to each 
organ system. These broad section topics are broken down into succinct chap-
ters, averaging about 15 to 20 pages each, to cover a very specifi c disease 
entity. The chapters are written by established authorities on the specifi c topic 
from academic centers around the world. In one book, diverse subjects are 
included that the reader would have to pursue from multiple sources in order 
to have a clear understanding of the molecular pathogenesis, diagnosis, and 
treatment of specifi c diseases. Attempting to hunt for the full information from 
basic concept to specifi c applications for a disease from the varied sources is 
time consuming and frustrating. By providing this quick and user-friendly ref-
erence, understanding and application of this rapidly growing fi eld are made 
more accessible to both expert and generalist alike.



As books that bridge the gap between basic science and clinical understanding 
and practice, the Molecular Pathology Library Series serves the basic scientist, the 
clinical researcher, and the practicing physician or other health care provider who 
require more understanding of the application of basic research to patient care, 
from “bench to bedside.” This series is unique and an invaluable resource to those 
who need to know about molecular pathology from a clinical, disease-oriented 
perspective. These books will be indispensable to physicians and health care provid-
ers in multiple disciplines as noted above, to residents and fellows in these multiple 
disciplines as well as their teaching institutions, and to researchers who increasingly 
must justify the clinical implications of their research.

 Philip T. Cagle, MD
 Series Editor

vi Series Preface
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Preface

Molecular Pathology of Lung Diseases is the fi rst volume in the Molecular Pathol-
ogy Library Series by Springer Science+Business Media. Molecular pathology is 
rapidly becoming part of everyday medical practice from targeted molecular therapy 
to molecular imaging, and it is no longer limited to the basic research bench. Knowl-
edge in this fi eld is increasingly essential to those who provide patient care, and 
they are unlikely to fi nd the perspective they need in traditional basic science text-
books. Because the goal of Molecular Pathology of Lung Diseases is to provide a 
bridge between clinical pulmonary pathology and basic molecular science, selection 
of chapter topics and approaches to the material were based largely on the needs 
of the practicing pathologist or other health care provider. As a result, this book 
has a very unique perspective compared with the more traditional molecular genet-
ics textbooks or molecular laboratory procedure manuals. This alternative perspec-
tive is also valuable to the clinical and translational researchers who must think in 
terms of clinical objectives for their investigations.

Clinical pulmonary pathology is extensive and complex, including an intimidating 
list of environmental, hereditary, immunologic, and idiopathic diseases, both neo-
plastic and nonneoplastic. The fi rst two sections of Molecular Pathology of Lung 
Diseases briefl y familiarize the reader with general concepts, terminology, and pro-
cedures in molecular pathology. Subsequent to the introductory sections, this book 
is broadly subdivided into neoplastic and nonneoplastic lung diseases. Following 
discussion of general molecular pathologic principles of lung and pleural diseases 
under each of these two broad categories, separate chapters detail the current 
molecular pathologies of specifi c diseases. This design approximates the approach 
to lung disease that is most familiar to pathologists, pulmonologists, thoracic sur-
geons, and other health care providers; to medical students, residents, and fellows; 
and to those involved in clinical investigations or translational research.

The unique format of this book results in multiple relatively short chapters that 
can serve as a ready reference to specifi c medical topics. No other book currently 
provides the practical disease-based overview that is found in Molecular Pathology 
of Lung Diseases.

 Philip T. Cagle, MD
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1
Genes, Gene Products, and 
Transcription Factors

Philip T. Cagle

DNA is composed of nucleotides arranged sequenti-
ally in a deliberate order that encodes as genes for a 
matching sequential order of amino acids that will form 
proteins, as further discussed below. The nucleotides 
in genes are arranged in a double-stranded right-
handed helix in the cell nucleus so that the purine A 
always binds with the pyrimidine T and the purine 
G always binds with the pyrimidine C in base pairs. As a 
result, the DNA in a double helix is arranged in 
complementary strands: the sequence of nucleotides in 
one strand of DNA is a “mirror image” of the nucleotide 
sequence in the other DNA strand. Groups of DNA 
base pairs are wrapped around small proteins called 
histones forming arrangements of DNA called nucleo-
somes, allowing the DNA to fi t within the cell nucleus. 
Genes are located on chromosomes that consist of DNA 
packaged with histone and nonhistone proteins. There 
are 23 pairs of chromosomes in the human for a total of 
46. Each gene is located at a specifi c site or locus on a 
specifi c pair of chromosomes. Because the chromosomes 
are in pairs and each chromosome has a locus for each 
gene, the genes occur as two copies or alleles, one copy 
or allele on each of the members of the chromosome pair. 
Chromosomes are ordinarily indistinct in the nuclear 
chromatin but are discreet during mitosis or cell 
division.1–14

The genome is the entirety of the DNA sequence or 
chromosomes of an organism or its “complete genetic 
complement.” Genomics is the sequencing and study of 
genomes and cytogenetics is the study of chromosomes, 
traditionally through visualization of the karyotype or set 
of chromosomes of an organism. The somatic cells are 
diploid with a pair of each of the chromosomes and, 
therefore, two copies or alleles of each gene, one allele at 
the equivalent locus on each paired chromosome. The 
gametes are haploid, which means that these cells have 
only one set of each of the chromosomes with only one 
allele of each gene. During fertilization, the nuclear mate-
rial of the two gametes combine, restoring the diploid 

Introduction

Molecular pathology employs an ever-expanding array of 
special techniques to study nucleic acids, genes, gene 
products, receptors, signaling pathways, the cell cycle, and 
mutations. This chapter and the others in this section 
provide a quick review of basic terminology and concepts 
for the understanding of subsequent chapters.

Nucleic Acids, Genes, and 
Gene Products

Genes are the bits of information that code for the pro-
teins that are necessary for structure and metabolic reac-
tions in living tissues. Genes and the molecules that 
construct their protein products using the blueprints 
or genetic code in the genes are composed of nucleic 
acids. Nucleotides are the building blocks of the nucleic 
acids, deoxyribonucleic acid (DNA) and ribonucleic acid 
(RNA), the essential compounds that make up genes and 
transcribe the genetic code into proteins, respectively. 
Nucleotides are basic compounds composed of a sugar-
phosphate backbone and a nitrogenous base. Nucleotides 
consist of two types of bases: purines and pyrimidines. In 
DNA, there are two purines (adenine, abbreviated as A, 
and guanine, abbreviated as G) and two pyrimidines 
(thymine, abbreviated as T, and cytosine, abbreviated as 
C). In RNA, there are also two purines (A and G) and 
two pyrimidines (uracil, abbreviated as U, replaces T and 
C). DNA is typically double stranded, with the nucleotide 
bases paired together as described below, and RNA is 
typically single stranded. When nucleotides are assem-
bled together in a nucleic acid, formation of covalent 
phosphodiester bonds results in a free 5′ phosphate at the 
origin of the nucleic acid and a free 3′ hydroxyl at the end 
(terminus) of the nucleic acid. For this reason, the syn-
thesis of the nucleic acid is said to occur in a 5′ to 3′ 
direction (see below).1–9
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number of chromosomes and alleles to the diploid number 
in the fertilized egg.1–9

The genotype is the genetic information in an individ-
ual’s DNA, and the phenotype is how the genotype is 
manifested or expressed. Genotype and phenotype can 
differ. If two alleles are the same in one individual, they 
are said to be homozygous, and if the two alleles are dif-
ferent, they are said to be heterozygous. If a person is 
heterozygous for a gene, one allele may be expressed 
preferentially over the other allele in which case the 
former allele is considered dominant and the latter allele 
is considered recessive. In this situation, the dominant 
allele codes for features that mask the features coded for 
by the recessive allele so that the phenotype is different 
from the genotype. For example, a person is heterozygous 
for eye color and has an allele for brown eyes on one 
chromosome and an allele for blue eyes on the other 
member of that pair of chromosomes. That person will 
have brown eyes (the phenotype) because the allele for 
brown eyes is dominant over the allele for blue eyes. On 
the other hand, if the person is homozygous and has two 
recessive alleles for blue eyes, that person will have blue 
eyes.1–9

Single nucleotide polymorphisms, or SNPs (pronounced 
“snips”) are inherited, naturally occurring variations in 
one base between the DNA sequences in the same gene 
in two individuals and account for most of the genetic 
variation between individuals. Alleles or SNPs that are in 
close proximity on a chromosome are often inherited 
together as a haplotype. Polymorphisms are differences 
in DNA between individuals, and the most simple poly-
morphism is the SNP.1–9

Prior to cell division, new DNA must be synthesized 
from an existing strand of DNA, a process called replica-
tion. The synthesis of new DNA is a tightly controlled 
phase of the cell cycle (the S phase). The cell cycle is 
described in greater detail in Chapter 2. Prior to 
initiation of DNA replication, a prereplicative complex 
is constructed. This prereplicative complex is composed 
of the minichromosome maintenance protein complex 
(MCM), the origin recognition complex (ORC), and 
Cdc6/Cdc18. The S phase kinases Cdc7 and Cdk 
(cyclin-dependent kinase) activate the prereplicative 
complex to yield an initiation complex at the origin 
with binding of Cdc45 to MCM. Replication is initiated 
at specifi c points in the DNA referred to as origins of 
replication, and this creates a Y-shaped replication fork 
where the parental DNA duplex splits into two daughter 
DNA duplexes. As further described below, the duplex 
DNA is unwound with the assistance of special enzymes 
called topoisomerases, and then replication proteins, 
including DNA polymerases, bind to the unwound 
DNA.15–60

The synthesis of RNA, including messenger RNA 
(mRNA), from a strand of DNA (referred to as the DNA 

template) is known as transcription and is a fundamental 
step in the formation of the protein for which the DNA 
or gene codes. Condensed, inactive DNA at the periphery 
of the nucleus is called heterochromatin, and less con-
densed DNA available for transcription is referred to as 
euchromatin, which is generally found in the central part 
of the nucleus.1–9

DNA polymerase is an enzyme that synthesizes DNA 
using single-stranded DNA as a substrate and requires a 
small segment of double-stranded DNA to initiate new 
DNA synthesis. RNA polymerase is an enzyme that syn-
thesizes an RNA transcript from a DNA template during 
transcription. RNA polymerase fi rst binds to a section of 
bases on the DNA called the transcription initiation site 
(TIS) or promoter “upstream” of the gene that is being 
transcribed. RNA polymerase I transcribes genes encod-
ing for ribosomal RNAs (rRNAs), RNA polymerase II 
transcribes genes encoding for mRNAs (mRNAs), and 
RNA polymerase III transcribes genes encoding for 
transfer RNAs (tRNAs).61–66

The double-stranded helix of DNA must be unraveled 
and separated into single strands of DNA before it can 
undergo either transcription or replication. Topoisomer-
ases are enzymes that break or “nick” a DNA strand, 
releasing the tension of the coiled helix and allowing the 
DNA to unwind. Transient DNA single-strand breaks are 
induced by topoisomerase I, and transient DNA double-
strand breaks are induced by topoisomerase II. Once the 
DNA is separated into single strands, the DNA strand 
that serves as the template for the mRNA during tran-
scription is referred to as antisense, and the complimen-
tary DNA strand that has the identical sequence of bases 
as the mRNA (except that U replaces T) is referred to as 
sense.67–78

During transcription, base pairs are matched with the 
single strand of antisense DNA template to form a strand 
of mRNA. The resulting mRNA strand is a “mirror 
image” of the DNA template except that uracil replaces 
thymine such that a DNA template with nucleotide 
sequence AGTC results in a strand of mRNA nucleotide 
sequence UCAG.1–9

A codon is a series of three base pair nucleotides in a 
gene that codes for a specifi c amino acid, and a series of 
base pair codons codes for a precise sequence of specifi c 
amino acids resulting in the synthesis of a specifi c protein. 
The gene product is the fi nal molecule, usually a protein, 
for which the gene codes that generates the effect of the 
gene. During translation, the mRNA, derived from the 
DNA template through transcription, is used as a tem-
plate for the assembly of the protein product. The assem-
bly of the protein product occurs in association with 
ribosomes, a component of which are rRNAs, and tRNAs 
add the amino acids to the protein under assembly. Each 
tRNA has a specifi c acceptor arm that attaches a specifi c 
amino acid. The tRNA ensures that the amino acid is 
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added to the protein in the correct sequence based 
on the mRNA template, because the tRNA also has 
a specifi c anticodon that binds to the correspond-
ing specifi c codon in the mRNA. The assembly of the pro-
tein product via mRNA is referred to as gene expression. 
Most gene expression is controlled at the level of 
transcription.79–81

Genes are made up of DNA segments called exons and 
introns. Exons are translated into the gene product, and 
introns are intervening DNA segments that are believed 
to play a regulatory role or serve as “punctuation” in the 
gene. As such, introns are spliced out of the sequence at 
the mRNA level, and the splice junction is the site 
between an exon and an intron where the splicing 
occurs.1–9 A short tandem repeat (STR) consists of a 
sequence of two to fi ve nucleotides that are repeated in 
tandem, frequently dozens of times, in introns.82 These 
STRs are found in microsatellite DNA, which is impor-
tant in certain types of cancers such as colon cancer, 
although not signifi cant in lung cancer.83–99

The end regions of chromosomes are composed of the 
nucleotide sequence TTAGGG repeated hundreds of 
times and are called telomeres. Telomere sequences are 
lost each time that a cell replicates until the cell loses its 
ability to divide as part of the aging process. Telomerase 
is a specialized DNA polymerase that replaces the DNA 
sequences at the telomeres of the chromosomes. Telom-
erase allows cells to divide indefi nitely, a factor that can 
be important in cancer.100–115

Posttranslational Modifi cations 
of Gene Products

The specifi c sequence of amino acids in a protein imparts 
unique physicochemical properties that cause the poly-
peptide chain to fold into a tertiary structure that gives 
the protein its three-dimensional functional form. 
Domains are compact, spherical units of the three-
dimensional tertiary structure.1–9

Dimerization is the binding of two proteins together. 
Binding of proteins to other proteins can enhance or 
inhibit their function. Dimers are frequently encountered, 
but trimers (three proteins), tetramers (four proteins), or 
other combinations can occur. Homodimers consist of 
two identical proteins bound together, and heterodimers 
consist of two different proteins bound together.1–9

Many proteins present in a cell are inert until they are 
activated by posttranslational modifi cations such as pro-
teolytic cleavage or phosphorylation and become func-
tional. The activation and inactivation of proteins by 
posttranslational modifi cations is essential in control of 
receptors, signaling pathways, transcription factors, and 
the cell cycle.

Phosphorylation and Acetylation

Phosphorylation is the addition of a phosphate group to 
a protein that is catalyzed by enzymes called kinases. 
Dephosphorylation is removal of a phosphate group 
from a protein that is catalyzed by enzymes called phos-
phatases. Many of the proteins in signaling pathways, 
including transcription factors, and the cell cycle are 
activated or inactivated by kinases and phosphatases. 
Depending on the domain that is phosphorylated, phos-
phorylation causes varying effects to a transcription 
factor. Phosphorylation can cause translocation (move-
ment of a protein from the cytosol into the nucleus) and 
transactivation of genes or inhibit binding proteins from 
binding to DNA.116–120

Acetylation is the addition of an acetyl group to a 
protein that is catalyzed by acetyltransferases, and deacet-
ylation is the removal of an acetyl group from a protein 
that is catalyzed by deacetylases. Similar to kinases and 
phosphatases, acetyltransferases and deacetylases acti-
vate and inactivate proteins involved in various molecu-
lar events.121

Protein Degradation 
and Ubiquitinylation

To limit signaling proteins and remove damaged or 
abnormal proteins, protein degradation is necessary. 
Ubiquitinylation or polyubiquitinylation (the ubiquitin-
proteasome pathway) is the rapid degradation of proteins 
by reversible cross-linkage to a polypeptide called ubi-
quitin. Ubiquitin-activating enzyme (E1) activates ubi-
q uitin, and the activated ubiquitin is transferred to a 
ubiquitin-conjugating enzyme (E2). The activated ubi-
quitin is transferred to the specifi c target protein by ubi-
quitin ligase (E3). Multiple ubiquitins are added to the 
protein, resulting in a polyubiquinated protein that is 
degraded by a large protease complex known as the pro-
teasome. During this process, the ubiquitin is released to 
participate in more cycles of ubiquitinylation. Ubiqui-
tinylation rapidly removes cell cycle regulators and sig-
naling proteins, including those involved in cell survival 
and cell death (apoptosis).122

Transcription Factors

Gene expression is primarily controlled at the level of 
transcription initiation. The transcriptional unit of DNA 
starts with the 5′ regulatory sequences and ends with the 
3′ terminator signal of the gene. Gene-activating proteins 
are blocked from DNA by the tight binding of histone 
proteins to the DNA blocks. Histone acetyltransferases 
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acetylate histones, which allows the gene-activating pro-
teins to bind to the DNA. By blocking this process, histone 
deacetylases silence gene transcription.123–133

Transcription factors, also called trans-acting factors or 
transactivators, are proteins that bind to DNA and regu-
late the activity of RNA polymerase. Transcription factors 
affect gene expression directly by induction or activation 
of the gene or by reducing transcription levels causing 
silencing or inhibition of the gene.134–141

Transcription factors that stimulate transcription or the 
synthesis of an RNA molecule from a DNA template are 
called transcriptional activators. In most cases, transcrip-
tional activators have two domains: the DNA binding 
domain recognizes and binds to a specifi c DNA sequence, 
and the transactivation domain interacts with the tran-
scriptional machinery to induce transcription. Transcrip-
tion factors can be categorized into families according to 
their DNA binding domains; for example, zinc fi nger, 
leucine zipper, copper fi st, basic helix-loop-helix, helix-
turn-helix, and bZIP.142–148

Trans-acting DNA sequences encode for diffusible 
transcription factors that bind to distant cis-acting DNA 
regulatory sequences but may sometimes bind to other 
proteins that, in turn, bind to DNA or the transcription 
machinery. There are two categories of diffusible tran-
scription factors that bind to DNA: (1) General transcrip-
tion factors are part of the basic transcription machinery 
by directly interacting with the RNA polymerase complex. 
Cis-acting DNA sequences that bind general transcrip-
tion factors and function in all genes are called promoters. 
(2) Regulatory transcription factors activate or inactivate 
specifi c genes. Cis-acting DNA sequences that bind regu-
latory transcription factors to induce specifi c genes are 
called enhancers.134–148

The initiation of transcription by RNA polymerase 
requires general transcription factors. A cis-acting DNA 
regulatory sequence that contains adenine-thymidine–
rich nucleotide sequences, referred to as a TATA box, is 
found in the promoters of many genes. The TATA binding 
protein (TBP) and TBP-associated factors bind to form 
the general transcription factor TFIID. This transcription 
factor combined with other general transcription factors 
(TFIIB, TFIIF, TFIIE, and TFIIH) initiate transcription 
by binding RNA polymerase II to the promoter. A tran-
scription bubble is formed when the transcriptional 
preinitiation complex binds to a specifi c sequence of 
nucleotides and there is separation or melting of the 
double-stranded DNA in conjunction with histone acety-
lation. After separation from the preinitiation complex, 
the transcribing enzyme moves down the DNA template 
along the reading frame. During transcription elongation, 
the transcription bubble moves down the DNA template 
in a 5′ to 3′ direction (as noted earlier). Once transcrip-
tion is terminated, the resultant mRNA is freed and pro-
cessed before it is actively transported into the cytoplasm. 

In the cytoplasm, the mRNA enters the ribosome for 
translation of the protein product.149–161

Loops in the DNA bring enhancers into proximity of 
the transcription initiation sites even when they are 
located a distance away in sequence. This allows the 
enhancers to interact with general transcription factors 
or RNA polymerase complexes at the promoter, allowing 
enhancers to stimulate gene transcription above the basal 
level.

An example of transcription factors is the Myc/Max/
Mad network of transcription factors that regulate cell 
growth and death. The Myc family includes N-myc, c-myc, 
and L-myc. The Mad family includes Mad1, Mxi1, Mad3, 
Mad4, Mnt, and Mga. The Mad family functions in part 
as antagonists of the Myc family. These proteins form 
heterodimers that determine their effect. Myc/Max het-
erodimers activate transcription causing cell growth, pro-
liferation, and death. Mad/Max heterodimers competitively 
inhibit the Myc/Max-induced transcription, causing dif-
ferentiation, cell survival, and inhibition of growth and 
proliferation.162–172
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2
Receptors, Signaling Pathways, Cell Cycle, 
and DNA Damage Repair

Philip T. Cagle

ing in autophosphorylation. The activated receptor binds 
other proteins within the cell, leading to their phosphory-
lation and activation of their enzyme activity as part of 
the signaling pathway. The type I growth factor receptor 
tyrosine kinase family consists of epidermal growth factor 
receptor (EGFR), and ErbB1, ErbB2, ErbB3, and ErbB4 
make up the type I growth factor receptor tyrosine kinase 
family. In addition to EGF, EGFR has multiple ligands, 
including transforming growth factor-α (TGF-α).11–16 
These receptors and ligands and their associated signal-
ing pathways are involved in many lung diseases.

Signaling Pathways

Several signaling pathways are well studied and impor-
tant to disease, including neoplastic and nonneoplastic 
lung disease. Signaling pathways transmit the “message” 
from extracellular ligands such as growth factors, cyto-
kines, and steroid hormones. Signaling pathways are 
involved in regulation of cell proliferation, cell differen-
tiation, cell death or apoptosis, and cell survival. Some of 
the more noteworthy and established pathways are briefl y 
reviewed. Most signaling pathways have multiple complex 
interactions and “cross-talk” with other pathways, so dis-
cussion of specifi c pathways is limited here to an abbrevi-
ated overview.

The mitogen-activated protein kinase (MAPK) family 
is involved in multiple signaling pathways infl uencing cell 
growth, differentiation, and apoptosis, including the Ras/
Raf-1/MAPK pathway mentioned later. The MAPK 
family includes the extracellular signal-regulated kinases 
(ERK1 and ERK2); the c-Jun NH2-terminal kinases 
(JNK1, JNK2, and JNK3), and p38 (p38 MAP kinases α, 
β, γ, and δ). The MAP kinase kinase kinases (MKKK) are 
activated by a wide range of agents, including growth 
factors, oxidative stress, infl ammatory cytokines, and 
ultraviolet radiation. Activated MKKK activate the MAP 
kinase kinases (MKK), which subsequently activate the 

Cell Surface Receptors and 
Signal Transduction

Ligands are extracellular messenger molecules such as 
growth factors, infl ammatory cytokines, and hormones 
that bind to specifi c receptors on the cell surface (i.e., 
growth factor receptors, cytokine receptors, and hormone 
receptors). Binding of the ligands to their receptors causes 
activation of second messengers in the cytosol and even-
tually activation of nuclear transcription factors (Trans-
cription factors are discussed in Chapter 1.) The 
transcription factors then direct the transcription of a 
gene product as a result of the extracellular message (e.g., 
a growth factor may stimulate a growth factor receptor 
on the cell surface, causing activation of second messen-
gers that eventually cause a transcription factor to cause 
transcription of a protein involved in cell growth). This 
cascade or activation and inactivation of protein mes-
sengers from the cell surface receptors through proteins 
in the cytosol to the transcription factors in the nucleus 
is known as signal transduction. The series of steps that 
occurs during this process is called the signal transduction 
pathway or signaling pathway. Much of the activation and 
inactivation of proteins in signaling pathways occurs 
through reversible phosphorylation of tyrosine, serine, or 
threonine in the pathway proteins (see Chapter 1). Phos-
phorylation is accomplished by tyrosine kinases and 
serine/threonine kinases with phosphates donated from 
adenosine triphosphate or guanosine triphosphate (GTP). 
Tyrosine kinases are much more common in signaling 
pathways than are serine/threonine kinases.1–10 This dis-
cussion focuses on growth factor receptors and cytokine 
receptors and their associated signaling pathways.

Growth factor receptors are a common type of cell 
surface receptor. Polypeptide growth factors such as epi-
dermal growth factor (EGF) serve as ligands that bind to 
cell surface receptor protein-tyrosine kinases, which 
causes activation of the receptor by dimerization result-
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MAP kinases. Examples of MKKK include Raf-1, TGF-
β—activated kinase (TAK), apoptosis signal-regulating 
kinase 1 (ASK1), MAP/ERK kinase kinases (MEKK), 
germinal center kinase (GCK), and p21-activated kinase 
(PAK). The ERKs have about 160 substrates and are 
antiapoptotic and involved in cell proliferation, cellular 
differentiation, and cell cycle progression. On the other 
hand, JNK and p38 are usually, but not exclusively, pro-
apoptotic and have many complex effects on different 
cells and on the cell cycle.17–25

The Ras/Raf-1/MAPK pathway is signifi cant in carci-
nogenesis. H-Ras, K-Ras, and N-Ras are members of the 
Ras family, a class of small GTP binding proteins that are 
downstream targets of receptor tyrosine kinases. Ras is 
located at the plasma membrane inner surface. Activa-
tion of growth factor receptors converts Ras from its 
inactive guanosine diphosphate (GDP)-bound state to its 
active GTP-bound state. Activated Ras recruits Raf 
protein–serine/threonine kinase from the cytosol to the 
plasma membrane where kinases activate Raf. ERK, a 
member of the MAPK family, is activated by Raf through 
MAP/ERK kinase (MEK). In turn, the activated ERK 
phosphorylates and activates multiple other proteins, 
including other protein kinases. Activated ERK also 
translocates into the nucleus where it phosphorylates and 
activates transcription factors including Elk-1. Guanosine 
triphosphate hydrolysis by GTPase-activating proteins 
(GAPs) inactivates Ras. Ras is involved in many path-
ways, and epithelial cell proliferation is one of several 
possible results of Ras activation.26–41

The JAK/STAT pathway is linked with cytokine recep-
tors. When ligands stimulate cytokine receptors, the signal 
transducers and activators of transcription (STAT) pro-
teins associate with the activated cytokine receptors. The 
STATs are phosphorylated by the JAK nonreceptor 
protein tyrosine kinases that are members of the Janus 
kinase (JAK) family, undergo dimerization, and translo-
cate into the nucleus where they function as transcription 
factors for their target genes. The STAT proteins can also 
be activated in growth factor receptor pathways.42–49

In the TGF-β/Smad pathway, cytokines in the trans-
forming growth factor-β (TGF-β) superfamily inhibit the 
growth of many types of epithelial cells by formation of 
a complex of TGF-β type II and type I serine/threonine 
kinase receptors (TβRI and TβRII). The TGF-β1 ligand 
binds to TβRII, which subsequently phosphorylates and 
activates TβRI. Next, TRβI phosphorylates the receptor-
regulated Smads (R-Smads) Smad2 and Smad3. Activated 
Smad2/3 complex with Smad4 (Co-Smad), translocate 
into the nucleus and function as transcriptional modula-
tors of TGF-1–regulated genes. On the other hand, the 
inhibitory Smads, Smad6 and Smad7, inhibit TGF-β1 sig-
naling. The inhibitory Smads bind to Smad4 to prevent it 
from complexing with Smad2/3 or by binding to TRβI, 
blocking phosphorylation of Smad2 and Smad3.50–59

The Wnt/B/catenin pathway involves Wnt (“Wingless,” 
derived from fruit fl y studies), which binds to Frizzled cell 
surface receptors. Signaling from Frizzled phosphorylates 
and activates Disheveled, which, in turn, inhibits the 
protein kinase glycogen synthase kinase-3 (GSK-3). β-
Catenin phosphorylated by GSK-3 forms a complex with 
the adenomatous polyposis coli (APC) protein and the 
axin protein, restricting the quantity of free β-catenin in 
the cytosol. When activated Disheveled inhibits GSK-3, 
dephosphorylated β-catenin is freed from the APC–axin 
complex. This pathway is the classic Wnt signaling 
pathway, known as the canonical Wnt signaling pathway, 
and there are noncanonical Wnt signaling pathways not 
discussed here. β-Catenin associates with the TCF/LEF 
transcription factors, converting them to gene activators 
from gene repressors and, after translocation into the 
nucleus, binds to transcription factor TCF4 which induces 
Myc.60–81 β-Catenin also has roles in cell adhesion, which 
is discussed in Chapter 3.

The PI3K/Akt/mTOR pathway regulates cell survival. 
Akt is a protein serine/threonine kinase. Cell membrane 
phosphatidylinositol 4,5-biphosphate in the cell is phos-
phorylated by phosphatidylinositol 3-kinase (PI3K), 
resulting in inositol 1,4,5-triphophate (PIP3). The PIP3 
binds to the protein serine/threonine kinase Akt and 
recruits it to the inner surface of the cell membrane. At 
the inner surface of the cell membrane, Akt is phosphory-
lated and activated. Activated Akt phosphorylates pro-
teins directly involved in cell survival as well as 
transcription factors and other protein kinases.82–90

The nuclear factor-κB (NF-κB) transcription factor 
and NF-κB signaling pathways regulate many proteins of 
the immune system, proteins that inhibit apoptosis and 
proteins that promote cell survival and proliferation. 
Nuclear factor-κB consists of various dimers of the Rel 
protein family: Rel (c-Rel), RelA (p65), RelB, NF-κB1 
(p50 and its precursor p105), and NF-κB2 (p52 and its 
precursor p100), of which the p50–p65 dimer is the most 
common. NF-κB complexes bind to promoters to assist 
transcription in the majority of situations but homodimer 
complexes of p50 or p52 may inhibit transcription. Nuclear 
factor-κB proteins are maintained in the cytoplasm in 
resting cells by associating with members of the inhibi-
tory IκB family (IκB-α, IκB-β and IκB-ε).91–100

Inhibitory-κB must be degraded for NF-κB to be acti-
vated. Inhibitory-κB kinases (IKKs) are activated by 
MAPKKK or by ligands for Toll-like receptors (TLRs), 
interleukin (IL)-1/IL-18 receptors, the TNF receptor 
superfamily, and B- and T-cell receptors. Activated IKKs 
phosphorylate IκB, which is subsequently bound by E3IκB 
ubiquitin ligase complex-TrCP-SCF, which ubiquinylates 
IκB. The 26S proteasome degrades the ubiquinylated IκB, 
releasing NF-κB complex to translocate into the nucleus 
where it binds to specifi c κB sites on DNA. The NF-κB 
complex is a transcription factor that regulates expres-
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sion of proinfl ammatory cytokines, chemokines, adhesion 
molecules, cycloxygenase-2, inducible nitric oxide syn-
thase, major histocompatibility complex, IL-2, IL-12, and 
interferon-γ in addition to antiapoptotic and apoptotic 
genes.101–107 Apoptosis is discussed in Chapter 4.

In the Hedgehog-Patched-Smoothened signaling 
pathway, after attachment of a lipid, Sonic Hedgehog 
(Shh) polypeptide binds to Patched on the cell surface 
that prevents inhibition of Smoothened (Smo), a G 
protein–coupled receptor, by Patched. Smoothened acti-
vates the serine/threonine kinase Fused and the zinc 
fi nger transcription factor Gli (fi rst detected in gliomas 
as a mutation), which induces Wnt signaling.108–116

Notch is a receptor for direct cell to cell signaling. 
Delta binds to Notch, resulting in proteolytic cleavage of 
Notch. The intracellular domain of Notch is released and 
translocates into the nucleus, where it interacts with a 
transcription factor.117–122

The Cell Cycle

The cell cycle is the tightly regulated, sequential series of 
events or phases that govern cell proliferation, including 
preparation for DNA replication, DNA replication (see 
Chapter 1), preparation for cell division, cell division, and 
cell rest. The cell cycle provides orderly control of DNA 
replication and cell division in response to external and 
internal stimuli. The cell cycle is divided into several 
phases: G0 (cell at rest), G1 (preparation for DNA syn-
thesis), S (DNA synthesis or replication), G2, and M 
(mitosis with nuclear and cellular division). Progression 
through the series of steps in the cell cycle is tightly regu-
lated by cyclin-dependent kinases (Cdks) after they form 
complexes with proteins called cyclins. These complexes 
activate and inactivate proteins by phosphorylation, 
including proteins that otherwise act as “brakes” on pro-
gression through the cell cycle and the proliferation 
process. There are many interacting pathways and posi-
tive and negative feedback loops that control passage 
through the cell cycle. The cell cycle may be stimulated 
appropriately or inappropriately in various infl ammatory 
diseases, and loss of cell cycle regulation is a very impor-
tant step in uncontrolled cell proliferation during 
carcinogenesis.

Checkpoints in the cell cycle ordinarily prevent the 
passage of damaged DNA to daughter cells. Checkpoints 
temporarily arrest the cell cycle at specifi c steps in the cell 
cycle to allow repair of damaged DNA or programmed 
cell death or apoptosis if the damage is to severe to be 
repaired (discussed in Chapter 4). The major checkpoint 
in the cell cycle is the restriction point where “commit-
ment” to the cell cycle occurs in G1 as further discussed 
below. In addition to the G1–S checkpoint, there are an S 
phase checkpoint and a G2–M checkpoint.123–142

The Rad9–Rad1–Hus1 heterotrimer complex (9-1-1 
complex) and the Rad17–RFC complex are damage 
sensor proteins that detect DNA damage at the check-
points. The 9–1-1 complex is loaded around DNA by the 
Rad17–RFC complex. The ATR (ataxia-telangiectasia-
mutated [ATM] and Rad3-related protein kinase)–medi-
ated and ATM-mediated phosphorylation and activation 
of Chk1 and Chk2 follow, and ATM and Chk2 phos-
phorylate and stabilize p53. Cyclin-dependent kinases are 
inactivated by the regulation of Cdc25, Wee1, and p53, 
which causes cell cycle arrest. DNA damage repair is 
discussed later.143–146 After DNA damage repair, the DNA 
damage checkpoint is silenced, and the cell cycle restarts 
in a process called recovery involving polo-like kinase 
(Plk1).147,148

Growth factor signaling initiates the cell cycle and 
maintains the transition through the G1 phase. When the 
cell passes through the restriction point of the cell cycle, 
the cell no longer requires growth factor signaling to 
complete the cell cycle, and the cell is “committed” to the 
cell cycle. Passage through the restriction point depends 
on phosphorylation of the retinoblastoma (Rb) gene 
product, pRb. The Rb product governs progression past 
the restriction point of the cell cycle and governs the 
expression of genes involved in DNA synthesis.149–152 
Activation of cyclin D is necessary for progression of the 
cell cycle.153–159

In response to stimuli for mitosis, such as growth factor 
signaling, complexes of cyclin D with Cdk4 and Cdk6 
phosphorylate pRB during G1 in response to stimuli for 
mitosis. In addition, cyclin E–Cdk2 complexes phosphor-
ylate pRb just prior to the S phase. Families of Cdk inhi-
bitors (the INK4 family, including p16INK4, and the 
p21WAF1/Cip1/p27Kip1/p57Kip2 family) control these cyclin–
Cdk complexes.160–171 Phosphorylation inactivates pRb in 
G1, releasing E2F transcription factors172–182 that activate 
transcription of numerous genes involved in DNA repli-
cation, such as c-Myc,183–187 initiating the S phase. As com-
plexes with Cdks, cyclin A functions in both G1/S phase 
transition and in mitosis188 and cyclin B is involved in 
entry into mitosis.189

One of the primary roles of p53, the product of the 
TP53 gene, is to “protect” the DNA through the arrest of 
the cell cycle at checkpoints in response to DNA damage 
or to help induce apoptosis when damage is beyond 
repair. Because of these roles, p53 has been referred to 
as the guardian of the genome. Part of the p53 arrest of 
the cell cycle is by activation of p21WAF1, which blocks 
cyclin–Cdk complexes necessary for cell cycle progres-
sion.190–196A member of the TGF-β superfamily of cyto-
kines, TGF-β1, is involved in inhibition of cell cycle 
progression.197,198

It is apparent that Rb and p53 play very crucial roles 
in the management of the cell cycle. Abnormalities of Rb 
and p53 are the most common abnormalities associated 
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with the cell cycle dysregulation of malignancy. However, 
because there are so many redundancies, interacting 
pathways, and positive and negative feedback loops, there 
are many other abnormalities that can produce effects 
similar to the direct loss of Rb or p53.

The CDKN2A gene encodes for two completely un-
related protein products, p16INK4A, the Cdk inhibitor 
mentioned earlier,199–204 and p14ARF.205–209 Both of these 
proteins are transcribed from different exons of the 
CDKN2A gene. Abnormalities of either of these genes 
or their products can produce effects similar to abnor-
malities of the Rb or p53 genes themselves. By inhibiting 
Cdk4/6 kinase, p16 blocks phosphorylation and inactiva-
tion of pRb. Loss of p16 function results in loss of Rb 
function because Cdk4/6 kinase inactivation of pRb is not 
blocked. The other CDKN2A product, p14, destabilizes 
the MDM2 protein, which binds and degrades p53. Exces-
sive levels of MDM2 resulting from loss of p14 function 
causes excess degradation of p53 and loss of p53 function. 
Abnormalities of CDKN2A, p16, p14, and MDM2 and 
other genes and their products upstream or downstream 
of Rb and p53 can produce loss of control of the cell cycle 
similar to the direct loss of Rb and p53.

DNA Damage Repair

DNA is regularly damaged by endogenous factors (such 
as oxygen radicals), extracellular factors (such as chemi-
cals, radiation, ultraviolet light), and errors in replication 
(such as stalled replication forks). As a result of exposure 
to these harmful agents, DNA undergoes depurination, 
deamination, hydrolysis, and nonenzymatic methylation 
(alkylation), which attach chemical groups called adducts 
to the DNA. DNA damage repair during cell cycle check-
points typically involves excision of the damaged DNA 
and fi lling of the resultant gap by newly synthesized DNA 
using the undamaged complementary DNA strand as 
template. Depending on the type of damage, there are 
several DNA repair pathways. The DNA damage repair 
pathways are important in individual susceptibility to 
lung cancer (see Chapter 17) and in response to therapy 
(see Chapter 22).

The base excision repair (BER) pathway repairs small 
lesions such as oxidized or reduced single bases and frag-
mented or nonbulky adducts. In the BER pathway, a 
single damaged base is excised by base-specifi c DNA 
glycosylases (e.g., oxidized 8-oxoguanine is excised by 8-
oxoguanine DNA glycosylase or OGG1). Some glycosyl-
ates are bifunctional and have an apurinic/apyrimidinic 
lyase activity to incise the phosphodiester bond of the 
intact apurinic/apyrimidinic site. An apurinic/apyri-
midinic endonuclease (APE1/APEX1) is required by 
monofunctional glycosylates to incise the apurinic/apy-
rimidinic site. DNA polymerase-fi lls in the single nucleo-

tide gap210–216 and a DNA ligase III/x-ray repair cross-
complementing group 1 (XRCC1) complex seals the 
nick.217–222

The nucleotide excision repair (NER) repairs lesions 
large enough to deform the DNA helical structure, such 
as pyrimidine dimers, bulky chemical adducts, and cross-
links, by excising damaged bases as part of an oligonucle-
otide. Xeroderma pigmentosum (XP) proteins are an 
important part of the NER pathway. A protein complex 
including xeroderma pigmentosum group C protein 
(XPC) and hHR23B recognizes helical distortion by 
bulky chemical adducts. TFIIH is composed of nine 
protein subunits, including p62, p52, p44, p34, Cdk7, cyclin 
H, MAT1, and the two DNA helicases XPD (xeroderma 
pigmentosum group D protein), also known as ERCC2 
(excision repair cross-complementation group 2), and 
XPB (xeroderma pigmentosum group B protein), also 
known as ERCC3 (excision repair cross-complementa-
tion group 3). TFIIH, xeroderma pigmentosum group A 
protein (XPA), and replication protein A (RPA) accumu-
late at the damage site, and the XPD and XPB helicases 
of TFIIH unwind the DNA double helix. This permits 
excision of the damaged single-stranded DNA fragment 
(usually about 27–30 bp) by a complex that includes 
ERCC1 and xeroderma pigmentosum group F protein 
(XPF). DNA polymerases synthesize a new strand of 
DNA using the undamaged complementary DNA strand 
as template to complete the repair process.223–226

Mismatch repair genes (MMR) participate in an exci-
sion repair pathway by scanning newly replicated DNA 
for mismatched base pairs such as deamination of a 
nucleotide into a different nucleotide. Heterodimers from 
MMR (including MLH1, MSH2, PMS1, and PMS2) cause 
cell cycle arrest, permitting DNA repair.227–239

The enzyme O6-meG–DNA methyltransferase 
(MGMT/AGT) repairs O6-meG and other alkylated 
bases in the direct damage reversal (DR) pathway.240–249 
O6-Methylguanine (O6-meG) formed by alkylating com-
pounds in tobacco smoke may mismatch with thymine 
during DNA replication if not repaired.

The DNA damage response or DSB repair (double-
strand break repair) pathway (or during the S-phase 
checkpoint, the DNA replication stress response pathway) 
occurs in response to DSB DNA damage. The DSB repair 
pathway includes a cascade of events: sensing of the DNA 
damage and transduction of the damage signal to multiple 
pathways (cell cycle checkpoints, DNA repair, responses 
to telomere maintenance, and apoptosis (see Chapter 4). 
The DSB repair process involves many genes and their 
products, including the MRE11–Rad50–NBS1 complex 
(MRN); x-ray repair cross complementing (XRCC); the 
PI3K-like protein kinases (PIKKs) DNA-PKcs, ATM 
(mutated in ataxia telangiectasia), and ATR (ATM–Rad3-
related); and ATM substrates NBS1 (Nijmegen breakage 
syndrome protein 1), SMC1 (structural maintenance of 
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chromosomes 1), Chk1, Chk2, MRE11, p53, MDM2, 
BRCA1 (BReast CAncer protein 1), BRCA2/FANCD1 
(BReast CAncer protein 2/Fanconi anemia protein D1), 
and FANCD2 (Fanconi anemia protein D2).250–269

The ATM pathway reacts to DSBs in all phases of the 
cell cycle. The ATR pathway reacts to DSBs more slowly 
than ATM and reacts to factors that impede the function 
of replication forks. The ATM pathway activates many 
downstream proteins of the ATR pathway. In response to 
replication stress, ATM and ATR activate members of 
the Chk kinase family. The ATM phosphorylates Chk2 
which, in turn, phosphorylates p53 and Cdc25A, blocking 
Cdk2.250–269
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Cell Adhesion Molecules

Timothy Craig Allen and Philip T. Cagle

Integrins

The integrin superfamily is one of the cellular adhesion 
molecule superfamilies that has been, and continues to 
be, relatively widely studied as it relates to lung cancer. 
Integrins are transmembrane glycoproteins that form 
heterodimers consisting of one α-subunit and one β-
subunit.3 The specifi c combination of the subunits deter-
mines the ligand binding specifi city, and various specifi c 
combinations of α- and β-subunits exhibit binding speci-
fi city for collagen receptors, fi bronectin receptors, laminin 
receptors, vitronectin receptors, and other integrin recep-
tors.3 Most integrins are substrate adhesion molecules 
that mediate interactions between cells and extracellular 
matrix components; however, some integrins are cell–cell 
adhesion molecules.3 Lymphocytes express integrins that 
mediate heterotypic cell–cell adhesion, binding some 
IgCAMs.3 The integrin receptor family plays a critical 
role in complex cellular events such as cellular differen-
tiation, proliferation, and migration and is involved in 
biologic processes related to organogenesis, wound 
healing, and the altered adhesive and invasive properties 
of tumor cells.10–12 Integrins transmit signals bidirection-
ally across plasma membranes.13 Alterations in integrin 
secretion or functional activity may regulate the develop-
ment and progression of cancers, and changes in integrins 
in vivo leading to more aggressive tumor behavior have 
been identifi ed in cancers of the lung, breast, colon, pros-
tate, stomach, pancreas, liver, kidney, ovary, skin, and 
endometrium.3,14–24 β-Integrins have been associated with 
tumor cell migration in cell lines including fi brosarcoma, 
bladder cancer, and colon cancer.3,25 Integrin subunits 
have been identifi ed immunohistochemically in bronchial 
epithelium, endothelium, and smooth muscle.3 Although 
integrins have been shown to be active in normal lung 
development, host defense to lung infection, and devel-

Introduction

Cell adhesion molecules, also termed cell adhesion recep-
tors, are one of three classes of macromolecules—along 
with extracellular matrix molecules and adhesion plaque 
proteins—that mediate cell adhesion, an activity that is 
critical for the commencement and maintenance of the 
three-dimensional structure and normal function of 
tissues.1,2 Cell adhesion molecules are predominantly 
transmembrane glycoproteins that mediate binding to 
extracellular matrix molecules or to associated receptors 
on other cells in a manner that determines the specifi city 
of cell–cell or cell–extracellular matrix interactions.1 
There are fi ve families of adhesion receptors—integrins, 
cadherins, immunoglobulin cell adhesion molecules 
(IgCAMs), selectins, and CD44.1,3–7 Complexes formed by 
cell adhesion receptors are not static, but are dynamic 
units capable of obtaining and incorporating extracellular 
environmental signals and are indeed the foundation of 
two-way signaling between the cell and its external envi-
ronment.1,8 These cell adhesion molecule families are also 
involved in cell motility, migration, signaling, differentia-
tion, apoptosis, and gene transcription.5

The intricate processes involved in cancer invasion and 
metastasis require tumor cell detachment from the 
primary tumor, then tumor cell entry and exit from the 
lymphatic or vascular systems in turn, culminating in 
tumor cell growth at distant tissue sites.5,9 These steps can 
only take place with the dysregulation of normal cell–cell 
adhesion and cell–matrix interactions that are mediated 
by the cell adhesion receptor families.5 These families of 
cell adhesion molecules play a role in both non–small cell 
lung cancers (NSCLCs) and small cell lung cancers 
(SCLCs). Integrins, selectins, and cadherins have been 
relatively widely studied and IgCAMs and CD44 less 
so.
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opment of acute respiratory distress syndrome, research 
regarding the importance of integrins in lung cancer cell 
migration is ongoing.3,26 In squamous cell NSCLCs, for 
example, increased α1β1- and α2β1-integrin expression has 
been related to increased metastatic ability.3,27

α3β1-Integrin and Small Cell Lung Carcinoma

α3β1-Integrin, critical for lung development, is the primary 
laminin binding integrin, anchoring alveolar and bron-
chial epithelial cells to the basement membrane during 
fetal development through adulthood.3,28 A stepwise 
reduction in the expression of integrins, including α3β1-
integrin, occurs from normal epithelium, with the greatest 
amount to NSCLC and fi nally to SCLC with the least 
amount.3,29,30 The reduced expression of α3β1-integrin in 
SCLC has been attributed to that cancer’s aggressive-
ness.3 Also, α3β1-integrin has been found to be signifi -
cantly reduced in poorly differentiated NSCLCs.3,29 
However, Bartolazzi et al. noted that 82% of NSCLC 
patients studied expressed integrins, with no association 
found with type and degree of differentiation.3,31 Further-
more, Bartolazzi et al. found that only 13% of SCLCs 
expressed α3β1-integrin in their series.3,31 Using an SCLC 
cell line, Barr et al. found that decreased α3β1-integrin 
expression correlated with highly invasive behavior and 
metastatic behavior in SCLCs.3,32 c-Myc expression 
reportedly leads to reduced α3β1-integrin expression, and 
α3β1-integrin is thought to mediate the homotypic adhe-
sion of SCLC cells.3 Unengaged α3β1-integrin may sup-
press the growth of disaggregated SCLC cells; and the 
downregulation of the α3-subunit might contribute to 
enhanced tumorgenicity of c-Myc–overexpressing SCLCs 
by allowing growth of tumor cells that have reduced 
contact with ligand-expressing substratum or cells, a con-
dition occurring during primary tumor growth, tumor 
invasion, and tumor metastases.3

CXCR4 Chemokine Receptors

As mentioned earlier, cancer cells must pass through 
blood or lymphatic circulation and through the vessel 
walls in order to metastasize. Metastatic tumor cells are 
thought to coopt signals normally controlling leukocyte 
movement, such as chemokine-mediated cell migration.33 
Emigration from vessels is regulated by a sequence of 
distinct molecular signals, one of which involves chemo-
kines that activate integrins and direct migration of leu-
kocytes.33 The chemokine stromal cell–derived factor-1 
(SDF-1/CXCL12) is a CXC chemokine expressed in bone 
marrow stromal cells.33 CXCR4, the receptor for CXCL12, 
has a critical role for the homing of hematopoietic 
stem cells in the bone marrow microenvironment.33 The 
CXCR4/CXCL12 axis may regulate migration and metas-
tasis of several cancers, and the neutralization of the 

CXCR4/CXCL12 axis has been shown in vivo to inhibit 
or attenuate metastases of breast cancer.33 Using a murine 
model, Phillips et al. reported similar fi ndings with regard 
to NSCLC and concluded that the CXCL12/CXCR4 
axis is involved in regulating NSCLC metastases.33,34 
As SCLC has a propensity to metastasize to the bone 
marrow, Hartmann, et al., using three SCLC cell lines, 
examined the signaling mechanisms that regulate 
CXCL12-infl uenced adhesion of SCLC cells to fi bronec-
tin, collagen, and stromal cells.33 The authors found that 
CXCL12-induced integrin activation resulted in increased 
adhesion of SCLC cells to fi bronectin and collagen and 
mediated α2-, α4-, α5-, and β1-integrins as well as CXCR4 
activation—able to be inhibited by CXCR4 antagonists.33 
The authors further noted that stromal cells protected 
SCLC cells from chemotherapy-induced apoptosis—a 
protection that could also be antagonized by CXCR4 
inhibitors.33 Hartmann et al. concluded that activation of 
integrins and CXCR4 chemokine receptors cooperate in 
mediating adhesion and survival signals from the tumor 
microenvironment to SCLC cells and that CXCR4 antag-
onists in combination with cytotoxic drugs should be con-
sidered as potential therapy in SCLCs to overcome 
CXCL12-mediated adhesion and survival signals in the 
tumor microenvironment.33

Cyclooxygenase-2

Cyclooxygenase (COX-2) expression in tumor cells has 
been shown to play a key role in lung cancer progression, 
and nonsteroidal antiinfl ammatory drug inhibition of 
COX-2 has been shown to reduce cancer risk in human 
beings and to suppress cancer growth in animal models. 
Cyclooxygenase-2 inhibitors may also be a useful adjunct 
to standard chemotherapy protocols in treating NSCLC 
patients.10,35–39 Inhibition of COX-2 activity, with subse-
quent inhibition of prostaglandin synthesis, is generally 
considered the mechanism involved in inhibition, but 
some studies suggest that other mechanisms may be 
involved, such as cell cycle progression, induction of 
apoptosis, and inhibition of angiogenesis.10,40,41 α5β1-
Integrin is a fi bronectin receptor, and its interaction is 
important for cell adhesion and migration, matrix assem-
bly, cytoskeletal organization, and tumor develop-
ment.10,42,43 The α5β1-integrin ligand fi bronectin stimulates 
lung cancer cells, an effect mediated by α5β1-integrin 
signals. The α5-integrin subunit is typically absent in 
normal lung but has been shown to be signifi cantly 
expressed in lung cancer cells, and NSCLC patients over-
expressing the subunit have signifi cantly decreased 
overall survival compared with patients with normal 
expression of that subunit.10,44 Han and Roman, examin-
ing human NSCLC cell lines, explored the link between 
COX-2 inhibitor anticancer effects and α5β1-integrin 
expression and found that COX-2 inhibitors suppress α5 
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gene expression in human NSCLC cells, mediated by 
increased Sp1 protein and Sp1–DNA binding, along with 
an associated decrease in c-Jun and AP-1–DNA binding 
in the α5 gene promoter.10 Activation of Sp1 and the ERK 
signaling pathway contribute to α5 gene downregulation 
in the presence of COX-2 inhibitors.10 Further research 
into this mechanism of action against NSCLC—involving 
COX-2 inhibitors relating to α5 gene expression and con-
sequently tumor cell recognition of extracellular matrixes 
such as fi bronectin—may allow for better future thera-
pies for NSCLC patients.

Focal Adhesion Kinase

As integrin receptors are not catalytically active, they 
must recruit and activate other signaling molecules. Focal 
adhesion kinase, a nonreceptor tyrosine kinase enriched 
in focal adhesions and ubiquitously expressed during 
development, plays a key role in cell migration, prolifera-
tion, and survival.13 Focal adhesion kinase may be a 
critical mediator of integrin signaling and has been linked 
to the integrin and growth factor receptor–signaling 
pathways that regulate several biologic processes con-
cerning neoplastic transformation, invasion, and metasta-
sis, including cell adhesion, migration, and apoptosis.13,45–47 
Focal adhesion kinase phosphorylation and kinase activ-
ity are regulated by integrin-mediated and matrix-
dependent cell adhesion in tumor cells of many 
cancers.13,48,49 Focal adhesion kinase overexpression and 
phosphorylation are related to increased cell tumor cell 
motility, invasion, and cytoskeleton alteration.13 Carelli et 
al., examining 60 NSCLCs and surrounding nonneoplas-
tic lung parenchyma, as well as 5 normal lungs, found 
focal adhesion kinase to be weakly expressed in nonneo-
plastic lung parenchyma and upregulated in NSCLC.47 
The authors also found focal adhesion kinase upregula-
tion to be signifi cantly related to higher disease stage, 
suggesting focal adhesion kinase upregulation in 
NSCLCs is potentially involved with NSCLC progres-
sion.47 Mukhopadhyay et al., examining a squamous cell 
NSCLC cell line, Calu-1, found that tumor cells from the 
cell line bound collagen type IV through β1-integrin and 
resulted in focal adhesion kinase phosphorylation.13,50 
In a later study, Mukhopadhyay et al., studying potential 
mechanisms of focal adhesion kinase activation and 
regulation in human NSCLC cell line Calu-1 cells, 
found multiple and potentially parallel collagen type 
IV/β1 integrin-mediated signaling events in the tumor 
cells, involving focal adhesion kinase, extracellular signal 
regulating kinases, and protein kinase C.13 Future 
studies defi ning focal adhesion kinase regulation and 
signaling, and the relationship between focal adhesion 
kinase and β1-integrin may enable researchers to identify 
molecular targets to block the process of NSCLC 
metastasis.

Other Integrin-Related Research

Recent research into a variety of aspects of integrin 
molecular biology has opened up new avenues of inves-
tigation for new prognostic markers and therapies for 
lung cancer. Targeted therapy is becoming a realistic 
approach to NSCLC treatment. Gefi tinib and erlontinib, 
epidermal growth factor receptor (EGFR) inhibitors, are 
being used to treat patients with NSCLC refractory to 
standard chemotherapy.51–53 Integrin has been proposed 
as another potential target for molecular therapy.51,54 In 
a 2006 article, Lau et al. identifi ed a peptide ligand, 
cNGXGXXc, that targets α3β1-integrin, an integrin that 
promotes adhesion that is overexpressed in NSCLC.51 
Using a technique allowing tumor cell growth on beads, 
the authors captured cancer cells in pleural fl uid.51 Such 
a technique using the novel peptide ligand might be 
developed to produce target-specifi c diagnostic and ther-
apeutic agents for NSCLC treatment.51

α5β3-Integrin and α5β5-integrin have been shown to be 
critical for tumor growth and angiogenesis.55 In 2006, 
Albert et al. studied the effect of the integrin antagonist 
cilengitide (EMD 121974) and ionizing radiation on 
human umbilical vein endothelial cell line cells and 
human NSCLC cell line cells and found that irradiation 
induces expression of α5β3-integrin in all cell lines exam-
ined.55 The authors found an increased rate of apoptosis 
and decreased endothelial tubule formation after combi-
nation treatment and an increase in detached cells after 
cilengitide treatment.55 These fi ndings suggest a potential 
benefi t of therapy regimens incorporating integrin antag-
onists for NSCLC patients.

Lack of cellular adhesion may be important in the 
metastatic potency of NSCLC.56 Examining eight NSCLCs 
and eight normal bronchi from the respective patients, 
Boelens et al. in 2006 identifi ed 43 cancer-related 
genes, 5 of which are related to epithelial adhesion, 
including α3-integrin and β4-integrin.56 α3-Integrin was 
found to be upregulated in adenocarcinoma, and β4-
integrin was found to be upregulated in squamous cell 
carcinoma, leading authors to conclude that their role in 
cellular adhesion affects the metastatic potential of 
NSCLC.56

Addressing the problem of chemotherapy resistance in 
SCLC in 2006, Hodkinson found that extracellular matrix 
activates phosphatidylinositol-3 kinase (PI3K) signaling 
in SCLC cells, preventing etoposide-induced caspase-3 
activation and subsequent β1-integrin/PI3K-dependent 
apoptosis.57 By β1-integrin/PI3K activation, extracellular 
matrix overrides treatment-induced cell cycle arrest and 
apoptosis, allowing SCLC cells to survive with persistent 
DNA damage, thereby accounting for the acquisition of 
drug resistance in these tumor cells.57 The authors note 
that this chemoprotective effect is not mediated by altered 
SCLC cell proliferation or by DNA repair.57
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In 2004, Oshita et al., examining 72 patients with patho-
logic stage I adenocarcinomas less than 2 cm in diameter, 
studied the effect of surviving, cyclin D1, vascular endo-
thelial growth factor (VEGF), and β1-integrin and found 
that overall survival of patients expressing surviving, 
cyclin D1, and β1-integrin was signifi cantly worse for 
patients not expressing each gene.58 Furthermore, while 
no individual gene expression independently predicted 
poor prognosis, overall survival was signifi cantly worse 
when two or more genes were positive than in patients 
with no or one gene overexpressed.58 The authors found 
that only having two or more genes positive was a signifi -
cant independent prognostic factor for poor prognosis in 
these patients with early stage small adenocarcinomas.58

Nicotine increases DNA synthesis and proliferation of 
vascular endothelial cells in vitro.59,60 Endothelial cells 
express nonneuronal nicotinic receptors and α5β3-
integrin receptors.59,61,62 In 2006, Mousa and Mousa used 
human cancer cell line cells to study the effect and mech-
anism of nicotine on angiogenesis and various angiogen-
esis-mediated processes and found the proangiogenesis 
effect of nicotine to be mediated by the nonneuronal 
nicotinic receptor and the α5β3-integrin receptors on 
endothelia cell surfaces, mediated through intracellular 
signaling involving mitogen-activated protein kinase 
(ERK1/2).59 Nicotine has endothelial cell–stimulating 
effects causing increased angiogenesis similar to the 
effects of a standard growth factor such as basic fi broblast 
growth factor.59 The authors conclude that nicotine’s pro-
angiogenesis effects may promote tumor cell growth.59 
The continuing research into the various aspects of the 
molecular interactions of integrins in lung cancer patients 
may one day yield more effective therapeutic regimens 
and prognostic indicators for lung cancer patients.

Cadherins

Similar to integrins, the cadherin family of cellular adhe-
sion molecules has been, and continues to be, widely 
studied as it relates to lung cancer. The cadherin family 
consists of calcium-dependent cell–cell adhesion mole-
cules that are highly conserved transmembrane glycopro-
teins with similar domains for homophilic binding, calcium 
binding, and interaction with intracellular proteins.6,63,64 
The cytoplasmic domain of cadherins interacts with 
catenins (α-catenin, β-catenin, γ-catenin) and the result-
ing complexes associate with cortical actin fi laments.6,65 
The cadherin–catenin interaction is necessary for cad-
herin-mediated adhesion and association of the com-
plexes with the cytoskeleton.6,66 The cadherin family 
contains 16 members, of which the most signifi cant is E-
cadherin (epithelial cadherin), which is found in epithe-
lial tissues and involved in formation and maintenance 
of cell histoarchitecture.6 Other important cadherins 

include N-cadherin (neural cadherin), found in neural 
and muscle tissues, P-cadherin (placental cadherin), R-
cadherin (retinal cadherin), and VE-cadherin (vascular 
endothelial cadherin).6,67 Loss of function or secretion of 
the E-cadherin–catenin complex, or any of its compo-
nents, eliminates a cell’s capacity to adhere, with resulting 
loss of normal tissue architecture.6 Altered or absent E-
cadherin expression has been identifi ed in various cancers, 
including stomach, head and neck, bladder, prostate, 
breast, and colon.6,68–72 α-Catenin absence or alteration 
has been identifi ed in breast, gastric, and esophageal 
cancers,6,73,74 and alteration of β-catenin expression or 
phosphorylation has been found in cancers of the esopha-
gus, stomach, and colon.6,75 Reduced E-cadherin expres-
sion has also been identifi ed in lung cancer.6,76

E-Cadherin

Cadherins are essential for tight junctions between cells, 
and E-cadherin is the cadherin most strongly expressed 
in epithelial cells.63,77,78 Cadherins form a complex with 
cytoplasmic proteins known as catenins, and the resulting 
complex, along with other cytoskeletal components such 
as actin, constitutes the intercellular adherence junc-
tion.63,65,77,79 Cadherin-mediated cell adhesion suppresses 
invasion of cancer cells in vitro, and dysfunction of the 
E-cadherin system correlates with cancer invasion in 
human cancers.77,80–84 There are two groups of catenins—
α-catenins and β-catenins.77 The human lung cancer cell 
line PC9 expresses an aberrant α-catenin messenger 
RNA and the cells have very loose cell–cell associa-
tions.77,85,86 α-Cadherin is considered by some authors to 
be indispensable for cadherin-mediated cell–cell adhe-
sion.77 Researchers have identifi ed reduced or heteroge-
neous E-cadherin expression and/or α-catenin expression 
in undifferentiated invasive cancers, and impaired expres-
sion of E-cadherin and α-catenin has been associated 
with increased lymph node metastases in breast, esopha-
geal, and head and neck cancers.69,72,73,77,87–90 The prognos-
tic value of reduced E-cadherin expression in cancer 
patients has not been widely studied.68,70,77,91–93

The relationship between E-cadherin and α-catenin is 
mediated by β-catenin, and β-catenin in turn mediates the 
interactions of the cadherin–catenin complex with the c-
ErbB2 gene product and EGFR.77,94–97 Adenomatous pol-
yposis coli protein, a tumor suppressor gene product, 
interacts with β-catenin and plakoglobin and is important 
in the E-cadherin–mediated cell adhesion system, infl u-
encing tumor invasion and metastasis.77

Kato et al., studying 84 cases of intrabronchial precan-
cerous lesions, including squamous metaplasia, squamous 
metaplasia with atypia, and dysplasia, 21 cases of in situ 
carcinoma, 4 cases of tumor microinvasion of the bron-
chial wall, and 32 cases of stage I well-differentiated 
squamous cell NSCLC, noted that downregulation of 
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E-cadherin and/or catenins was associated with squa-
mous metaplasia with atypia in intrabronchial lesions.77 
The authors concluded that downregulation of α-catenin 
and/or β-catenin, possibly refl ecting a dysfunctional cad-
herin-mediated cell–cell adhesion system, is a marker for 
atypia during bronchial epithelium carcinogenesis.77

Cadherins and Cyclooxygenase-2

Cyclooxygenase-2 and its metabolite prostaglandin E2 
(PGE2) are critical for regulating diverse cellular functions 
under both physiologic and pathologic conditions.98–101 
Cyclooxygenase-2 is overexpressed in human NSCLC, 
and its inhibition causes tumor reduction in vivo in murine 
lung cancer models.98,102 Cyclooxygenase-2 activity is 
identifi ed throughout the progression of a premalignant 
lesion to the metastatic phenotype.98,103 Higher COX-2 
expression has been identifi ed in lung adenocarcinoma 
lymph node metastases.98,103 Cyclooxygenase-2 overex-
pression has been associated with angiogenesis, decreased 
host immunity, and enhanced invasion and metastasis, 
and therefore COX-2 has been considered to have an 
important role in multiple pathways in lung cancer 
carcinogenesis, suggesting it has a multifaceted role in 
conferring malignant and metastatic phenotypes.98,104–108 
Cyclooxygenase-2 may be a central element in orches-
trating the multiple genetic alterations required for lung 
cancer invasion and metastasis.98,108 Cyclooxygenase-
2–dependent invasive capacity in NSCLC is due to 
PGE2-mediated regulation of CD44 and matrix 
metalloproteinase-2.98

Normal cell–cell adhesion disruption leads to enhanced 
tumor cell migration and proliferation, with resulting 
invasion and metastasis.98,109,110 Downregulating the cad-
herin family or catenin family members, or activation of 
signaling pathways that prevent cell–cell cadherin junc-
tion assembly, can cause this disruption.98,109 As such, 
extracellular matrix and cell–cell adhesion are signifi cant 
barriers to tumor metastasis.98,109 The E-cadherin–catenin 
complex is required for intercellular adhesiveness and 
normal tissue architecture maintenance.98,109 E-cadherin 
reduction has been likened to tumor invasion, metastasis, 
and poor prognosis.98,111 E-cadherin loss, along with 
increased COX-2 expression, has been identifi ed in famil-
ial adenomatous polyposis; however, pathways of COX-2 
regulation of E-cadherin in NSCLC have not been exten-
sively studied.98,107 Dohadwala et al., studying NSCLC 
cells and cell lines including human lung adenocarcinoma 
and human lung squamous cell carcinoma, COX-2-sense, 
and COX-2-antisense cells, recently identifi ed a pathway 
whereby COX-2/PGE2 contribute to the regulation of 
E-cadherin expression in NSCLC.98

The authors made several observations that lead them 
to conclude that PGE2 functions in an autocrine or para-
crine fashion to modulate transcriptional repressors of 

E-cadherin, thus regulating COX-2–dependent E-cad-
herin expression in NSCLC, and that therefore the inhibi-
tion or blockage of PGE2 production or activity might 
play a role in NSCLC prevention and treatment.98 Those 
observations include the following: (1) Genetically modi-
fi ed COX-2-sense NSCLC cells express low levels of 
E-cadherin and show reduced capacity for cellular aggre-
gation, and genetic or pharmacologic inhibition of tumor 
COX-2 led to increased E-cadherin expression and to 
augmented homotypic cellular aggregation by NSCLC 
cells in vitro, with an inverse relationship between COX-2 
and E-cadherin identifi ed in situ by double immunohis-
tochemical staining of human lung adenocarcinoma 
tissue. (2) Non–small cell lung carcinoma cell treatment 
with exogenous PGE2 markedly decreased E-cadherin 
expression, while COX-2-sense cell treatment with cele-
coxib resulted in increased expression of E-cadherin. (3) 
The transcriptional E-cadherin suppressors ZEB1 and 
Snail were upregulated in COX-2-sense cells and PGE2-
treated NSCLC cells but were decreased in COX-2-
antisense cells. Furthermore, PGE2 exposure caused 
enhanced ZEB1 and Snail binding at the chromatin level, 
with Small interfering RNA-mediated knockdown of 
ZEB-1 or Snail interrupting PGE2’s capacity to down-
regulate E-cadherin. (4) An inverse relationship between 
E-cadherin and ZEB1 and a direct relationship between 
COX-2 and ZEB were identifi ed by immunohistochemi-
cal staining of human lung adenocarcinoma tissue.98

Cadherins and Epidermal Growth 
Factor Receptor

Epidermal growth factor receptor is overexpressed in 
many NSCLCs, and treatment with the EGFR tyrosine 
kinase inhibitors gefi tinib and erlotinib has shown 
improved survival in some chemotherapy-resistant 
NSCLC patients.112–115 Nonetheless, about half of these 
NSCLC patients have tumor progression within 8 months 
and show no treatment benefi t.112 Activating mutations in 
the EGFR tyrosine kinase domain have been shown to 
increase EGFR copy number and/or expression of EGFR 
protein, correlating with response and survival after 
EGFR tyrosine kinase inhibitor therapy.112,116,117

Epidermal growth factor receptor’s activation and sig-
naling through its downstream targets is modulated by 
E-cadherin; specifi cally, E-cadherin inhibits EGFR ligand 
activation and enhances Akt activation in neighboring 
cells.112,114–117 High phosphorylated Akt levels may predict 
tumor response to EGFR tyrosine kinase inhibitors.114,118 
In lung cancer cell lines, E-cadherin expression is regu-
lated by β-catenin signaling and by zinc fi nger proteins, 
including the Slug/Snail family, SIP1, and ZEB1.112,119 
These transcription factors regulate gene expression by 
interaction with two 5´-CACCTG (E-box) promoter 
sequences.112,120 This regulation is facilitated by inter-
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action with the transcriptional corepressor CtBP, which 
recruits histone deacetylase (HDAC), causing chromatin 
condensation and gene silencing.112,121 Inhibiting HDACs 
using trichostatin A in lung cancer cell lines reactivates 
E-cadherin expression.112,119 Histone deacetylase inhibi-
tors are potential therapeutic agents that promote dif-
ferentiation and apoptosis in hematologic and solid 
malignancies through chromatin remodeling and regula-
tion of gene expression.112,122 A benzamide HDAC inhibi-
tor, MS-275, is being investigated in hematologic and 
solid cancers and causes changes in histone acetylation 
that last for several weeks after being administered.112,123 
Witta et al., examining cell cultures, investigated E-
cadherin expression in response to EGFR tyrosine kinase 
inhibitors and found a signifi cant correlation between 
NSCLC cell line cell sensitivity to gefi tinib and E-
cadherin expression, as well as ZEB1.112 The authors 
suggest that E-cadherin and ZEB1 have predictive value 
for EGFR tyrosine kinase inhibitor responsiveness.112 
Furthermore, the authors noted that E-cadherin transfec-
tion into a gefi tinib-resistant cell line increased the cell 
line cells’ sensitivity to gefi tinib and that pretreating 
resistant cell lines with the HDAC inhibitor MS-275 
induced E-cadherin as well as EGFR, leading to a growth 
inhibitory and apoptotic effect of gefi tinib similar to that 
found in gefi tinib-sensitive NSCLC cell lines, including 
those with EGFR mutations.112 The authors concluded 
that combined HDAC inhibitor and gefi tinib therapy 
may be a new treatment regimen that to overcome 
NSCLC tumor cell resistance to EGFR inhibitors.112

Deeb et al. immunohistochemically evaluated 130 
resectable NSCLCs for E-cadherin and EGFR and found 
no signifi cant association between E-cadherin expression 
and EGFR expression except that patients exhibiting E-
cadherin negativity and EGFR positivity in tumor cells 
had a worse prognosis than those patients with tumor 
cells showing E-cadherin positivity and EGFR negativity 
(p = 0.026).124 Future studies continuing to examine the 
relationship between EGFR and E-cadherin may provide 
information valuable for the development of prognostic 
indicators as well as for lung cancer therapy. In 2002, Al 
Moustafa et al., after examining human lung cancer cell 
lines, reported that EGFR modulation regulated the E-
cadherin–catenin complex and cell motility of the lung 
cancer cells. They concluded that restoration of the cad-
herin–catenin complex with EGFR inhibitors might be 
benefi cial in treating NSCLC patients.125

H-Cadherin

The H-cadherin gene, a cadherin superfamily member 
that has been isolated and mapped to 16q24, lacks the 
cytoplasmic domain, unlike E-cadherin, P-cadherin, and 
N-cadherin.126 Genetic abnormalities in the H-cadherin 
gene have been identifi ed in human cancer cell lines and 

in lung, stomach, and ovarian cancers.126 Takeuchi et al. 
noted that expression of H-cadherin downregulated sur-
factant protein D in bronchoalveolar cells.127 Evaluating 
the role of H-cadherin in NSCLC, Zhong et al. examined 
6 NSCLC cell lines and 35 pairs of primary NSCLC 
tumors and nonmalignant lung tissue. They noted that 
H-cadherin loss was related to more advanced local 
tumor growth, although the result did not reach statistical 
signifi cance.126 The authors concluded that H-cadherin 
loss occurs often in NSCLC patients and that the loss 
might facilitate tumor cell implantation and local growth 
in NSCLC.126 Toyooka et al., noting that H-cadherin 
might be a tumor suppressor gene, examined the meth-
ylation status of H-cadherin promoter in breast and lung 
cancers and correlated it with mRNA expression.128 The 
authors noted that frequent aberrant methylation of H-
cadherin in breast and lung cancers was due to loss of 
gene expression, but expression might occasionally be 
lost by other mechanisms.128

Other Cadherin-Related Research

Bremnes et al., reported on 193 NSCLC patients with 
stages I to III disease in a 2002 article. They determined 
that reduced E-cadherin and catenin expression was 
associated with tumor cell dedifferentiation, local tumor 
invasion, regional metastasis, and reduced survival in 
NSCLC. They concluded that E-cadherin is an indepen-
dent prognostic factor in NSCLC patients.129

α-1,6-Fucosyltransferase catalyzes core fucosylation by 
transferring a fucosyl residue from GDP-fucose to the 
asparagine-linked GlcNAC residue of complex N-glycans 
by α-16 linkage, a process important in posttranslational 
glycoprotein modifi cation and functional regulation.130 
Normally, core fucosylated N-linked oligosaccharide 
content is low, but there are markedly increased levels 
found in lung, stomach, and liver tumorigenesis.130 The 
calcium-dependent transmembrane glycoprotein E-
cadherin, with fi ve-repeated extracellular domains, per-
forms homotypic cell–cell adhesion by the clustering of 
symmetric cis dimers of N-terminal domains, an event 
necessary for regulating cell growth and migration.130 The 
N-terminal extracellular domain CAD1, containing a 
histidine-alanine-valine sequence necessary for cell–cell 
adhesion, is critical for cell–cell contact.130 Because 
reduced E-cadherin levels are related to increased tumor 
invasiveness in some cancers, and because bisected high 
mannose type N-linked glycan has been identifi ed on E-
cadherin, Geng et al. examined the biologic function of 
core fucosylation on E-cadherin in human NSCLC cells.130 
They noted that α-1,6-fucosyltransferase regulates E-
cadherin–mediated cell adhesion and as such might be 
important in tumor development and progression.130 The 
authors further hypothesized that core fucosylation of 
E-cadherin might impair N-glycan three-dimensional 
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architecture, with resulting conformational asymmetry 
that suppresses E-cadherin function.130 The demonstra-
tion of core fucosylated E-cadherin might be an impor-
tant prognostic factor in NSCLC.130

In 2003, Choi et al., studying 141 pathologic stage I 
NSCLC patients without preoperative chemotherapy or 
radiotherapy, found that decreased E-cadherin and β-
catenin expression was correlated in stage I NSCLC, 
indicating tumor cell dedifferentiation.110 Furthermore, 
the authors found that reduced β-catenin expression cor-
related with poor recurrence-free survival in stage I 
adenocarcinomas.110

Nakashima et al., examining 150 NSCLC patients, 
found that E-cadherin expression and tumor vascularity 
were signifi cant prognostic factors.131 The authors also 
noted that N-cadherin expression was associated with 
tumor angiogenesis and that its expression was a prog-
nostic factor in large cell NSCLC patients.131

Bremnes et al., reviewing the medical literature for the 
relevance of the E-cadherin–catenin adhesion complex in 
malignancy, concluded that inactivation of the complex, 
induced by genetic and epigenetic events, was important 
for multistage carcinogenesis, and it appeared to be asso-
ciated with dedifferentiation, local invasion, regional 
metastases, and reduced survival in NSCLC patients.132

In a 2005 article reporting on mRNA expression and 
genetic structural analyses of the E-cadherin and nm23 
genes in 54 NSCLC patients and 46 normal lung controls, 
Chen et al. did not identify any E-cadherin or nm23 
genetic mutation; however, the authors noted that E-
cadherin and nm23 mRNA reduction was related to 
poor histologic differentiation, increased tumor stage, 
and increased lymph node metastases.133 They concluded 
that E-cadherin and nm23 dysfunction are important in 
NSCLC progression and that further understanding of 
their expression may provide information important for 
future treatment of NSCLC.133

Herbst et al. examined 60 stage I NSCLC cases for 
expression of E-cadherin, type IV collagenase (matrix 
metalloproteinase [MMP]-2 and MMP-9), the angiogenic 
molecules basic fi broblast growth factor VEGF/vascular 
permeability factor, and interleukin (IL)-8 by colorimet-
ric in situ mRNA hybridization. They found higher ratios 
of type IV collagenase expression to E-cadherin expres-
sion (the MMP:E-cadherin ratio) in NSCLC patients with 
tumor recurrence versus patients who remained disease-
free (p = 0.00003).134 They also found that lower MMP:
E-cadherin ratios (<2) were related to longer patient sur-
vival (p = 0.0002) and to a reduced rate of disease recur-
rence (p = 0.0001) and that the MMP:E-cadherin ratio 
was a signifi cant prognostic factor when corrected for age 
(p = 0.0001).134

Kimura et al. studied the expression of S100A4 (a 
member of the S100 family that has been associated with 
a malignant phenotype, including cell motility), E-

cadherin, α-catenin, and β-catenin in 135 NSCLC cases.135 
The authors found that (1) S100A4 correlated with tumor 
progression (p = <0.001) and with lymph node metastases 
(p = <0.05);(2) E-cadherin expression was closely related 
to tumor differentiation and inversely associated with 
S100A4 expression;(3) α-catenin expression was related 
to lymph node metastases and decreased patient survival; 
and (4) patients with S100A4 positive/α-catenin negative 
tumor cell expression had signifi cantly shorter survival 
than patients with S100A4 negative/α-catenin positive 
tumor cell expression.135 They concluded that both 
S100A4 and α-catenin are important in NSCLC pro-
gression and metastasis, and their immunohistochemical 
detection may be helpful in defi ning a subpopulation of 
NSCLC patients with a poor prognosis.135

To determine the value of VEGF in NSCLC and its 
association with vascularity and E-cadherin expression, 
Stefanou et al. in 2003 examined 88 NSCLC cases and 
found that the simultaneous high VEGF expression and 
reduced E-cadherin expression correlated with tumor 
dedifferentiation and that reduced E-cadherin expression 
was associated with poor tumor differentiation.136 The 
authors concluded that VEGF and E-cadherin evaluation 
may be helpful in determining the biologic behavior of 
NSCLC and provide therapeutically useful information.136

Shimamoto et al. examined 45 NSCLC patients for 
methylation status of p16INK4a and E-cadherin genes by 
methylation-specifi c PCR.137 They found that E-cadherin 
gene inactivation by promoter methylation occurs in 
some epithelial cancers. Seventy-six percent of NSCLC 
patients had an abnormal methylation pattern in at least 
one gene. Although the authors identifi ed no difference 
in overall patient survival between methylated and 
unmethylated p16INK4a patients, NSCLC patients with 
hypermethylation of both genes (concordant pattern) 
had a signifi cantly better prognosis.137 In contrast, NSCLC 
patients with hypermethylated p16INK4a but an unmethyl-
ated E-cadherin gene (discordant pattern) had a signifi -
cantly worse prognosis.137 The authors concluded that the 
methylation pattern of p16INK4a and E-cadherin may be 
of prognostic benefi t for NSCLC patients.137

In a 2005 article, Tang et al., after examining 112 NSCLC 
cases and 30 benign pulmonary lesions immunohisto-
chemically for nm23, E-cadherin, and β-catenin expres-
sion, found that downregulation of nm23, E-cadherin, 
and β-catenin was related to NSCLC metastases.138 Qiao 
et al. examined 365 NSCLC cases via tissue microarray 
in 2005. They found that reduced E-cadherin expression 
was signifi cantly related to lymph node metastases (p = 
0.001), histologic dedifferentiation (p = 0.010), advanced 
clinical stage (p = 0.024), and poor prognosis (p = 0.0001). 
They concluded that E-cadherin dysfunction is important 
in lung cancer progression and that E-cadherin expres-
sion is an independent prognostic factor for NSCLC 
patients.139
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Charalabopoulos et al. studied serum levels of soluble 
E-cadherin in 20 newly diagnosed NSCLC patients and 
29 healthy volunteers and found that NSCLC patients 
had signifi cantly increased circulating levels of soluble 
E-cadherin compared with healthy volunteers (p = 
0.001).140 The authors identifi ed an association between 
serum soluble E-cadherin levels and distant metastases 
but not between increased levels and histologic type, 
gender, or smoking history.140 The NSCLC patients in the 
study with increased soluble E-cadherin levels had a 
worse outcome, but the increased levels did not statisti-
cally represent an independent prognostic factor.140 Con-
tinuing research regarding cadherins and their relationships 
to primary and metastatic lung cancer may allow for 
newer prognostic and therapeutic modalities for the 
treatment of NSCLC and SCLC.

Selectins

Although research regarding selectins and lung cancer is 
ongoing, the majority of the research has been performed 
in the realm of their activity in leukocytes. The selectin 
family of adhesion molecules, consisting of L-, E-, and P-
selectin, has been studied predominantly by examination 
of the recruitment of leukocytes from the circulation.4 
Adhesion with selectins is calcium dependent, and the 
ligands are cell surface glycans possessing a specifi c sialyl-
Lewis X–type structure also found in blood group 
antigens.1,4 P-selectin binds to P-selectin glycoprotein 
ligand-1 (PSGL-1), L-selectin interacts with glycosyl-
ation-dependent cell adhesion molecule-1 and CD34, and 
E-selectin possibly reacts with E-selectin ligand-1.4 Selec-
tins, similar to IgCAMs, are expressed on cell surfaces in 
low levels.4 P-selectin is recruited from storage in Weibel-
Palade bodies to the cell surface after infl ammatory 
stimuli activate cells, and E-selectin is synthesized and 
transported to the cell surface upon exposure to infl am-
matory mediators.4,141 L-selectin, present on leukocyte 
surfaces, is shed from the cell surface into circulation.4,142 
Enhanced cell surface selectin expression is related to 
slowing and rolling of leukocytes at the endothelial cell 
wall.4,143 Targeted disruption of P-selectin in mice con-
fi rms that the selectin–ligand interaction is vital for leu-
kocyte recruitment from the circulation, and this step has 
been examined for possible therapeutic intervention for 
infl ammatory diseases, with antibodies against selectins 
and against carbohydrate moieties used to block infl am-
matory cell recruitment in animal models.4,143,144

The selectin family of cell adhesion molecules interacts 
with their cognate glycoprotein ligands to mediate tether-
ing, rolling, and weak adhesion.145 The integrin family of 
cell adhesion molecules interacts with their ligands of the 
IgCAM superfamily to mediate fi rm adhesion and signal 
transduction, eventually triggering shape changes in the 

adherent leukocytes and transendothelial migration.145 
P-selectin rapidly translocates to the cell surface by exo-
cytosis and mediates leukocyte rolling to the activated 
endothelial cells and heterotypic aggregation of activated 
platelets to leukocytes upon thrombogenic and infl am-
matory challenges.145,146 P-selectin interacts with the leu-
kocyte surface sialomucin PSGL-1, which is expressed on 
a variety of human leukocytes.145 P-selectin has been 
found to bind to several human cancers and cancer cell 
lines, including NSCLC and SCLC, colon cancer, breast 
cancer, malignant melanoma, gastric cancer, and neuro-
blastoma.145,147–149 Cells from the human malignant 
melanoma cell line NKI-4 bind P-selectin and express 
glycoprotein ligands for P-selectin that are functionally 
and structurally distinct from leukocyte PSGL-1.145,149

Research regarding lung cancer and selectins is limited 
compared to that relating to integrins and cadherins, 
but P Selectin has been shown to stain tissue section 
of human lung cancer.145 Also, platelets attach in a P 
Selectin-dependent manner to NCI-H345 cells, a human 
SCLC cell line.145,147 P selectin antibodies, but not E 
selectin antibodies, inhibit adhesion of human SCLC cells 
to activated human umbilical vein endothelial cells.145,147 
P selectin specifi cally mediates adhesion of NCI-H345 
cells by interaction with glycoprotein ligands distinct 
from PSGL-1.145

Sialyl-Lewis X (sLe-X) and sialyl-Lewis A (sLe-A) are 
cancer-associated carbohydrate antigens involved in metast-
asis.150 Both serve as ligands for P-, I-, and E-selectin that 
are found on the surfaces of platelets, leukocytes, and 
endothelial cells, and both mediate adhesion of tumor 
cells to endothelial cells.150,151 Their importance in tumor 
metastasis is supported by the fi ndings that (1) their anti-
bodies block tumor cell adhesion on endothelial cells in 
vitro, (2) their expression is associated with an increased 
metastatic potential of tumor cells, and (3) their anti-
bodies have inhibitory effects on angiogenesis.150,152 
Increased sLe-X and sLe-A antigen expression is often 
found in cancers, including lung cancer; however, despite 
correlations between their expression and poor prognosis 
in breast and colon cancers, such a prognostic correlation 
with lung cancer is controversial.150,153

Lung cancers that overexpress sialomucins (highly 
sialylated mucins) have been found to have an increased 
risk of recurrence and metastasis, and patients with sialo-
mucin-expressing tumors tend to have postoperative 
relapses and poor prognosis despite attempted curative 
resection.150,154 Sialomucin overexpression correlates with 
at least one mucin core peptide, MUC5AC apomucin, 
and its overexpression in cancer cells may guide the 
cancer cell’s pattern of glycosylation and generate spe-
cifi c sialylated carbohydrate antigens, such as sLe-X and 
sLe-A, that mediate the cancer cell’s metastatic or inva-
sive behavior.150,155 Yu et al., examining 61 stages I and II 
NSCLC patients immunohistochemically for sLe-X, 
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sLe-A, and MUC5AC, found that expressions of sLe-X 
and MUC5AC were both associated with adenocarci-
noma subtype and that NSCLCs with sLe-X and/or 
MUC5AC expression had an increased risk of postopera-
tive distant metastases.150 They also found that NSCLC 
patients with sLe-X expression or MUC5AC expression 
had overall survival. The authors concluded that sLe-X 
expression was related to MUC5AC protein and the 
expression was associated with worse survival.150

CD24, a ligand of P-selectin, is a gene that is expressed 
in developing and regenerating tissue, as well as leuko-
cytes, keratinocytes, and renal tubules.156 It is expressed 
in cancers not only in hematologic malignancies but also 
in a variety of solid tumors, including renal cell cancer, 
SCLC, nasopharyngeal cancer, liver cancer, urinary 
bladder cancer, glioma, breast cancer, and ovarian 
cancer.156 Investigating the status of CD24 in NSCLC 
patients, Kristiansen et al. examined 89 NSCLC patients 
immunohistochemically with monoclonal CD24 antibody 
and found that high CD24 expression in NSCLC corre-
lated with signifi cantly shorter survival (p = 0.033) and 
that CD24 expression and tumor stage and grade were 
independent prognostic factors for NSCLC patients.156 
The authors concluded that the decreased survival of 
NSCLC patients with strong CD24 tumor cell positivity 
may be related to an enhanced propensity for P-
selectin–mediated hematogenous metastasis formation.156

E-selectin is the endothelial ligand for sialyl carbohy-
drate antigens expressed on the surface of tumor cells.157 
Its secretion is reportedly stimulated by tumor cells, and 
serum titers have correlated with prognosis in breast 
cancer patients and, in a limited number of studies, in 
NSCLC patients.157–159 D’Amico et al. studied preopera-
tive and postoperative serum levels of E-selectin, CD44, 
basic epidermal growth factor, hepatocyte growth factor, 
basic fi broblast growth factor, urokinase plasminogen 
activator, and urokinase plasminogen activator receptor 
by enzyme-linked immunosorbent assay.157 The authors 
found that decreasing serum E-selectin levels and increas-
ing CD44 and urokinase plasminogen activator receptor 
levels were signifi cantly associated with increased recur-
rence risk.157 CD44 is further discussed later.

P-selectin, present on activated platelets and endothe-
lial cells after thrombogenic and infl ammatory challenges, 
interacts with cancer cells in a manner that promotes 
tumor metastasis.160,161 Although P selectin has several 
roles in tumor metastasis, its role in the initial step of 
metastasis, compared with other adhesion molecules, is 
singular and necessary for the metastatic process.160,162 As 
such, interference with the P-selectin–tumor cell inter-
action may attenuate the ability for long-term organ 
colonization with tumor cells.160 Heparin, aside from its 
anticoagulant effects, interferes with tumor cell–platelet 
association via antiplatelet agents targeted to P-selectin–
mediated interaction has been shown to potentially 

inhibit both spontaneous and experimental metastasis in 
vivo; however, the bleeding risk from heparin administra-
tion is signifi cant.160 Modifi ed heparins, with diminished 
anticoagulant activity but with retained antimetastatic 
properties, have recently been developed; however, their 
evaluation with respect to NSCLC is limited.160 Gao 
et al., using a large cell NSCLC cell line, NCI H460, and 
a lung adenocarcinoma cell line, SPC-A-1, examined the 
interaction of NSCLC cells with P-selectin and modifi ed 
heparins and found that the administration of modifi ed 
heparin can reduce P-selectin binding with NSCLC cells 
with a capacity similar to that of heparin.160 The P-selectin 
binding with NSCLC cells involved heparin sulfate-like 
proteoglycans on the tumor cell surfaces.160 The authors 
concluded that modifi ed heparins may be of potential 
antimetastatic value for P-selectin–mediated NSCLC 
metastasis.160 Although research regarding selectins and 
lung cancer is relatively limited compared with the cad-
herins and integrins, continued study of the selectins and 
their interactions with primary and metastatic lung 
cancers could provide insight into potentially more effec-
tive lung cancer therapies.

Immunoglobulin-Like Cell 
Adhesion Molecules

Less research has been performed regarding IgCAMs 
and lung cancer than regarding the more widely studied 
cellular adhesion molecule superfamilies such as integ-
rins and cadherins. The IgCAMs are a superfamily of cell 
adhesion molecules that have diverse structures and 
functions but that all contain one or more of a common 
Ig-like repeat characterized by two cysteines separated 
by 55 to 75 amino acids.4,163 The Ig-like domains are 
expressed on the extracellular domain of the protein, and 
typically these molecules span the cell membrane and 
contain only a short cytoplasmic tail.4,163 The molecules 
are important in nervous system development, embry-
onic development, and immune and infl ammatory 
responses.4,163,164

Neural cell adhesion molecules (NCAM) are critical 
for the preservation and integrity of the nervous 
system.4,164 The IgCAM intercellular cell adhesion mole-
cules (ICAMs) are important for cellular adhesion in the 
immune system. The ICAMs, including vascular cell adhe-
sion molecule-1 (VCAM-1) and mucosal addressin cell 
adhesion molecule-1 (MAdCAM-1) serve as ligands for 
integrins.4,142,143 Platelet-endothelial cell adhesion mole-
cule (PECAM), another IgCAM, is vital for leukocyte 
adhesion and is important in cell–cell contact to promote 
adhesion between endothelial cells and leukocytes.4 
Modulation in ICAM expression may help regulate the 
type of leukocyte recruited to an area of infl ammation 
and the temporal pattern of leukocyte recruitment.4,142
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Alveolar macrophages may be important in the immune 
response to lung cancer.165 Some authors have found 
NSCLC-associated alveolar macrophages to correlate 
positively with tumor regression, whereas other authors 
have found the presence of NSCLC-associated alveolar 
macrophages to be related to increased microvessel 
counts and a poorer prognosis.165,166 Pouniotis et al. exam-
ined bronchoalveolar lavage specimens from NSCLC and 
SCLC patients and controls. They found that ICAM-1 
surface expression was decreased on alveolar macro-
phages in NSCLC and SCLC patients, except for 
adenocarcinoma patients, and concluded that there are 
type-specifi c alterations in uptake ability, cytokine secre-
tion, and phenotype in alveolar macrophages from lung 
cancer patients that may cause an inability to stimulate 
antitumor immunity.165

Intercellular cell adhesion molecule-3, found on leuko-
cytes and endothelial cells, interacts with lymphocyte 
function-associated antigen-1 and is involved in leuko-
cyte intercellular adhesion.167 It may also be important 
for angiogenesis and may play a role in tumor progres-
sion, as studies have shown a relationship between ICAM-
3 and some diseases.167,168 Radiation-resistant cervical 
cancer cases have shown increased ICAM-3 expression 
in tumor stromal endothelial cells and lymphocytes.167,169 
Kim et al., examining H1299 human lung cancer cell line 
cells in an attempt to determine the ICAM-3–activated 
downstream pathway in the cells, found that ICAM-3 
expression induces cancer cell proliferation, and an 
increased ICAM-3 expression contributes to cancer 
progression.167

Some adhesion molecules serve not only as adhesion 
substances but also as regulators of other cell functions 
by infl uencing signaling, a process termed “outside-to-in 
signaling.”170 β1-Integrins, β2-integrins, and CD28 induce 
costimulatory signals in the binding of T cells to antigen-
presenting cells via multiple cellular signaling molecules, 
including focal adhesion kinases, causing cell activation 
and cytokine production.170,171 Adhesion molecules are 
regulated by intracellular signaling induced by various 
cellular stimuli in the process termed “inside-to-out sig-
naling.”170 Intercellular cell adhesion molecule-3 expres-
sion is highly regulated by locally produced infl ammatory 
cytokines such as IL-1β, tumor necrosis factor-α, IL-6, 
and interferon-γ.170,172 The ICAM-1/leukocyte function–
associated antigen-1 pathway regulates important cell–
cell interactions such as leukocyte adhesion and migration, 
including tumor cell killing by natural killer cells and 
cytotoxic T lymphocytes.170,173 Although several tumor 
cells highly express ICAM-1, a potent ligand for leuko-
cyte function–associated antigen-1 on cytotoxic T lym-
phocytes in vitro, many tumor cells remain viable against 
killing by cytotoxic T lymphocytes in vivo.170 Examining 
11 human lung cancer cell lines, Yasuda et al. hypothe-
sized that β1-integrin engagement by matrix proteins 

potentially occurs in lung cancer cells in vivo and that 
continuous β1-integrin stimulation reduces ICAM-1 
expression, ICAM-1–mediated adhesion of cancer cells 
to cytotoxic T lymphocytes, and cytotoxic T-lymphocyte 
killing of those cancer cells.170 Furthermore, such pro-
cesses may lead to escape of lung cancer cells in vivo 
from immunologic surveillance.170 The authors based 
their hypothesis on the fi ndings that (1) β1-integrin 
engagement on certain lung cancer cells by a specifi c 
antibody or by ligand matrixes such as fi bronectin or col-
lagen—extracellular matrix proteins that surround cancer 
cells, including lung cancer cells—markedly reduced 
ICAM-1 expression on the cell surface and induced 
soluble ICAM-1;(2) ICAM-1 downregulation by β1-
integrin stimulation was abrogated by tyrosine kinase 
inhibitors or by transfection of dominant negative trunca-
tions of focal adhesion kinase;(3) β1-integrin stimulation 
reduced ICAM-1–dependent adhesion of lung cancer 
cells to T cells, a process completely inhibited by tyrosine 
kinase inhibitors and by transfection of dominant nega-
tive forms of focal adhesion kinase; and (4) β1-integrin 
stimulation prevented lung cancer cell killing by autolo-
gous cytotoxic T lymphocytes.170

Human Vα24+Vβ11+natural killer T cell (Vα cell) acti-
vation induces effective antitumor responses with sec-
ondary immune effects via activation of natural killer 
cells and conventional T cells.174 Konishi et al., in a 2004 
study analyzing the characteristics of human natural 
killer T cells in lung cancer patients, found that ICAM-1 
expression on tumor cells is associated with Vα cell cyto-
toxicity, suggesting that Vα cells may be important in 
antitumor response to lung cancer.174

Zhang et al. examined VEGF expression and ICAM-1 
expression in 86 NSCLC patients and found that positive 
VEGF expression was signifi cantly positively related, and 
ICAM-1 expression was signifi cantly negatively related, 
to lymph node metastases, tumor stage, prognosis, and 
hematogenous tumor metastases.175 Patients with both 
positive VEGF expression and negative ICAM-1 expres-
sion had the lowest 5-year survival rates of the patients.175 
The authors concluded that VEGF and ICAM-1 expres-
sions correlate with malignant behavior in NSCLC and 
that they may be important in NSCLC development and 
metastases.175

Noting that ICAM-1 expression has been identifi ed in 
colon cancer, lung cancer, bladder cancer, melanoma, 
pancreatic cancer, and hepatocellular cancer, Shin et al. 
in a 2004 study examined serum ICAM-1 in 84 NSCLC 
patients and identifi ed no difference in serum ICAM-1 
concentrations in different stages of lung cancer and no 
difference among the histologic types of NSCLC.176 They 
found that overall survival times of NSCLC patients 
with low (<306 ng/mL) concentrations of serum ICAM-1 
tended to be longer than those of patients with higher 
serum ICAM-1 concentrations and concluded that high 
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serum ICAM-1 levels portended a poor prognosis for 
NSCLC patients.176

Osaki et al. measured serum concentrations of soluble 
ICAM-1 in 80 NSCLC patients and found that the con-
centrations were signifi cantly positively correlated with 
tumor size (p = 0.002) and that overall patient survival 
tended to be longer for patients with low (<306 ng/mL) 
serum concentrations of ICAM-1.177 The authors con-
cluded that serum ICAM-1 might be a useful diagnostic 
marker or monitoring marker for NSCLC patients.177

Impairment of alveolar macrophages in vitro cytotox-
icity and tumoricidal function in lung cancer patients has 
been reported in several studies.178 Dabrowska et al. cul-
tured cells from 13 NSCLC patients, 6 patients with non-
malignant pulmonary disease, and 6 healthy volunteers 
to evaluate the expression of ICAM-1 by fl ow cytometry 
on alveolar macrophages after interferon-γ stimulation. 
They found that interferon-γ increased alveolar macro-
phage ICAM-1 expression in all patient groups (p = 
0.05).178 The degree of increase in alveolar macrophage 
ICAM-1 expression was signifi cantly lower in NSCLC 
patients (p = 0.002) than in other patients (p = 0.022) and 
healthy volunteers (p = 0.002).178 The authors hypothe-
sized that the impaired reactivity of alveolar macrophage 
ICAM-1 expression after interferon-γ stimulation in 
NSCLC patients might be associated with functional 
defects in alveolar macrophages in those patients.178 
Ongoing research into the IgCAMs and their associations 
with other molecular pathway components such as VGFR 
and focal adhesion kinase, as well as their interactions 
with T lymphocytes, alveolar macrophages, and other 
immune system components, may one day lead to the 
development of better prognostic markers and targeted 
therapies for lung cancer patients.

CD44

CD44 is a relatively recent addition to the cellular adhe-
sion molecule superfamily, and research regarding CD44 
and lung cancer is limited. CD44, a transmembrane 
protein on cell surfaces, is distributed extensively and can 
be detected on lymphocytes and fi broblasts.179 CD44 is a 
principal cell surface receptor for hyaluronan, a major 
extracellular matrix component, and it communicates 
cell–matrix interactions into cells via “outside-in signal-
ing.”180 CD44 assists in cell–cell interactions and cell–
matrix interactions. It has been identifi ed in several 
isoforms on tumor cells, and serum levels have been 
shown to be prognostically relevant in stomach cancer 
patients.157,181 Tumor expression of CD44 has been found 
to be an independent predictor of cancer recurrence with 
both colorectal cancer and NSCLC.157,182 Several isoforms 
are expressed by tumor cells, and serum levels have been 
reported to have prognostic signifi cance in gastric 

cancer.157 CD44v expression, related to tumor progres-
sion, metastasis, and prognosis, has been detected in 
cancers of the lung, colon, esophagus, liver, cervix, and 
kidney, as well as reticulosarcoma.179

The secretion of E-selectin, an endothelial ligand for 
sialyl carbohydrate antigens expressed on the surface of 
tumor cells, is reportedly stimulated by tumor cells, and 
serum E-selectin titers have reportedly correlated with 
prognosis in breast cancer and, in a few small studies, in 
NSCLC.157 D’Amico et al. examined serial serum samples 
from 196 stage I NSCLC patients and found that decreas-
ing serum E-selectin levels (p = 0.002), increasing serum 
C44 levels (p = 0.001), and increasing serum urokinase 
plasminogen activator receptor (p = 0.003) predicted 
NSCLC recurrence before clinical or radiographic deter-
mination.157 Future research regarding such markers 
might one day allow for the prediction of NSCLC recur-
rence in patients who have undergone resection therapy 
so that earlier and improved systemic therapy might be 
provided.

Noting that surgical manipulation of lung cancers may 
increase circulating tumor cells and contribute to meta-
static recurrence after resection, and that COX-2 is over-
expressed in most NSCLCs and upregulated the cell 
adhesion receptor CD44, Backhus et al. examined human 
NSCLC cells with a murine model of tumor metastasis to 
determine the effects of perioperative COX blockade 
on the metastatic potential of circulating tumor cells, 
CD44 expression, and cancer cell adhesion to extracellu-
lar matrix.183 The authors found that the COX inhibitor 
celecoxib signifi cantly reduced establishment of metasta-
ses by circulating tumor cells in the murine model and 
also inhibited CD44 expression and extracellular matrix 
adhesion in vitro. These results suggest that perioperative 
modulation of COX-2 may minimize the risk of periop-
erative circulating tumor cell metastases.183

Lee et al. studied 52 NSCLCs and found that lung 
adenocarcinoma recurrence was associated with negative 
expression of CD44v6–10 or CD44v3–10 mRNA and 
with low-level expression of CD44v6 or CD44v3 by 
immunohistochemistry.184 Furthermore, negative CD44v6 
mRNA expression and reduced CD44v6 protein expres-
sion were associated with decreased disease-free and 
overall survival rates for NSCLC patients, suggesting that 
CD44 splicing pattern is associated with lung adenocar-
cinoma disease progression.184

Tumor cells are surrounded in vivo by, and encounter, 
extracellular matrix components such as hyaluronan pri-
marily through CD44 on the cell surface, indicating that 
engagement of CD44 by extracellular matrix always 
occurs on tumor cells.185 CD44 is a transmembrane gly-
coprotein involved in various cell adhesion events, includ-
ing lymphocyte migration, early hematopoiesis, and tumor 
metastasis.185,186 Many primary carcinoma tissues express 
CD44 at high levels.185 Studying 11 lung cancer cell lines, 
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Yasuda et al. identifi ed CD44 at high levels of expression 
in lung cancer cells and found that engagement of CD44 
by a specifi c antibody or potent ligand hyaluronan 
reduced Fas expression and Fas-mediated apoptosis of 
lung cancer cells. These results suggest that continuous 
stimulation of tumor cells by hyaluronan—abundantly 
present around tumor cells in vivo—primarily by CD44, 
leads to immune escape from cytotoxic T-lymphocyte–
dependent killing in vivo.185

Noting that CD44 expression has been shown to be 
important for tumor progression in human breast cancer, 
colon cancer, melanoma, lymphoma, gastric cancer, and 
lung cancer, Suzuki and Yamashiro studied 93 Japanese 
lung adenocarcinoma patients and found that reduced 
expression of CD44v3 and CD44v6 were associated with 
invasion in lung adenocarcinoma.187

CD44, expressed in a large number of normal and 
malignant tissues, interacts with its ligands hyaluronate 
and osteopontin and is involved in lymphocyte homing, 
as well as T-lymphocyte activation and tumor metasta-
sis.188 Several CD44 isoforms have been identifi ed, arising 
from mRNA alternative spicing, with CD44s, also termed 
CD44h, being the isoform expressed with hematopoietic 
cells, fi broblasts, glial cells, and melanoma cells.188 The 
isoform generally identifi ed on epithelial cells and epithe-
lial tumor cells is high-molecular-weight CD44, contain-
ing one or more alternatively spliced exons.188 CD44 
isoform alterations are associated with the transforma-
tion of normal cells into cancer cells.188 CD44 isoforms, 
including high-molecular-weight CD44 isoforms such as 
CD44v6, have been shown to be overexpressed in 
NSCLC.188 CD44 isoform function in tumors varies with 
the organ involved.188 CD44s overexpression in mela-
noma and lymphoma enhances tumorigenicity, whereas 
upregulation of CD44s in colon cancer reduces tumori-
genicity.188 CD44 expression reduction in NSCLC has 
been shown to be associated with lymph node metastases 
and shortened disease-free survival.188

Takahashi et al., investigating the role of CD44s 
downregulation in NSCLC cell culture cells, found that 
enhanced susceptibility of the cells to activated macro-
phage toxicity was mediated by the interaction between 
CD44s expression on the tumor cells and osteopontin 
produced by activated alveolar macrophages.188 The 
authors concluded that the CD44s isoform is signifi cantly 
downregulated in NSCLC compared with normal lung 
tissue and may confer a protective advantage to NSCLC 
cells by allowing escape from tumoricidal effector cells, 
including activated alveolar macrophages.188 Continuing 
research concerning the interactions between CD44 and 
alveolar macrophages might give insights for newer ther-
apeutic regimens to enhance patient alveolar macrophage 
response to lung cancer.

The interplay between CD44 and extracellular matrix 
proteins such as osteopontin may regulate osteoclastic 

motility, responsible for osteolytic metastases.189 In a 2006 
study, Li et al., using human SCLC cells injected into 
nude mice and examining them for metastatic lesions, 
concluded that osteoclasts play an important role in 
degrading unmineralized extracellular matrixes in lung 
cancer cell bone metastases. They also found that osteo-
pontin may facilitate osteoclastic migration in the metas-
tasis by mediating its affi nity to CD44 on the osteoclast 
cell membrane, leading to immediate osteolysis.189 Further 
research regarding the association between CD44 and 
osteolysis might be valuable in providing improved thera-
pies targeted toward metastatic disease in SCLC and 
other lung cancers.

Conclusion

Research continues regarding the various mechanisms of 
action of each of the cell adhesion molecules, and their 
interactions with other molecular pathways, in the devel-
opment and spread of lung cancer. New and effective 
prognostic markers and therapeutic regimens to benefi t 
lung cancer patients will hopefully result from this 
work.
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of death genes in C. elegans2 and their counterparts in 
mammals.

Apoptosis and Other Forms of 
Cell Death

Earlier, cell death was broadly classifi ed into only two 
distinct types: apoptosis and necrosis. However, in recent 
years, it has become increasingly evident that such a clas-
sifi cation is an oversimplifi cation. Although 12 different 
types of cell death have been described in the literature, 
they can be grouped into fi ve major types: apoptosis, 
necrosis, autophagy, paraptosis, and autoschizis. Some 
forms of death are classifi ed under one of these other 
headings. For example, anoikis and oncosis are forms of 
apoptosis (triggered by cell detachment) and necrosis, 
respectively. Because of overlap and shared signaling 
pathways among different death programs, it is diffi cult 
to devise exclusive defi nitions for each of these cell death 
programs.

Necrosis

Necrosis results from a variety of accidental and lethal 
actions by toxins or physical stimuli or in association with 
pathologic conditions, such as ischemia. Necrosis is char-
acterized by cellular edema, lysis of nuclear chromatin, 
disruption of the plasma membrane, and loss of cellular 
contents into the extracellular space, resulting in infl am-
mation (see Figure 4.1). In contrast, in the setting of 
apoptosis, membrane damage occurs late in the process, 
and dead cells are engulfed by neighboring cells or phago-
cytes, leading to little or no infl ammation (see Figure 4.1). 
Although necrosis has mostly been regarded as an acci-
dental form of cell death, more recent data have sug-
gested that necrosis can also occur as a programmed form 
of cell death. There is growing evidence that necrotic and 
apoptotic forms of cell death may have similarities.6 

Introduction

In multicellular organisms, cell death plays an important 
role in development, morphogenesis, control of cell 
numbers, and removal of infected, mutated, or damaged 
cells. The term apoptosis was fi rst coined in 1972 by Kerr 
et al.1 to describe the morphologic features of a type of 
cell death that is distinct from necrosis and is today con-
sidered to represent programmed cell death. In fact, the 
evidence that a genetic program existed for physiologic 
cell death came from the developmental studies of the 
nematode Caenorhabditis elegans.2 As time has pro-
gressed, however, apoptotic cell death has been shown to 
occur in many cell types under a variety of physiologic 
and pathologic conditions. Cells dying by apoptosis 
exhibit several characteristic morphologic features that 
include cell shrinkage, nuclear condensation, membrane 
blebbing, nuclear and cellular fragmentation into mem-
brane-bound apoptotic bodies, and eventual phagocytosis 
of the fragmented cell (Figure 4.1).

Cell death is central to the normal development of 
multicellular organisms during embryogenesis and main-
tenance of tissue homeostasis in adults.3 During develop-
ment, sculpting of body parts is achieved through selective 
cell death, which imparts appropriate shape and creates 
required cavities in particular organs. In adults, cell death 
balances cell division as a homeostatic mechanism regu-
lating constancy of tissue mass. Deletion of injured cells 
because of disease, genetic defects, aging, or exposure to 
toxins is also achieved by apoptosis. In essence, apoptotic 
cell death has important biologic roles not only in devel-
opment and homeostasis but also in the pathogenesis of 
several disease processes.

Dysregulation of apoptosis is found in a wide spectrum 
of human diseases, including cancer, autoimmune dis-
eases, neurodegenerative diseases, ischemic diseases, viral 
infections,4 and lung diseases.5 Our knowledge of cell 
death and the mechanisms of its regulation increased 
dramatically in the past two decades with the discovery 
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Nevertheless, necrosis has been shown to occur in cells 
having defects in apoptotic machinery or upon inhibition 
of apoptosis,7 and this form of cell death is emerging as 
an important therapeutic tool for cancer treatment.8

Autophagy

Autophagy, which is also referred to as type II pro-
grammed cell death, is characterized by sequestration of 
cytoplasm and organelles in double or multimembrane 

structures called autophagic vesicles, followed by degra-
dation of the contents of these vesicles by the cell’s own 
lysosomal system (see Figure 4.1). The precise role of 
autophagy in cell death or survival is not clearly under-
stood. Autophagy has long been regarded as a cell 
survival mechanism whereby cells eliminate long-lived 
proteins and organelles. In this regard, it is argued that 
autophagy may help cancer cells survive under nutrient-
limiting and low-oxygen conditions and against ionizing 
radiation.9,10 However, recent observations that there is 

Figure 4.1. Morphologic features of cell death. Necrosis: Cells 
die by necrosis, and their organelles are characteristically 
swollen. There is early membrane damage with eventual loss of 
plasma membrane integrity and leakage of cytosol into extra-
cellular space. Despite early clumping, the nuclear chromatin 
undergoes lysis (karyolysis). Apoptosis: Cells die by type I pro-
grammed cell death (also called apoptosis); they are shrunken 
and develop blebs containing dense cytoplasm. Membrane 
integrity is not lost until after cell death. Nuclear chromatin 
undergoes striking condensation and fragmentation. The cyto-
plasm becomes divided to form apoptotic bodies containing 
organelles and/or nuclear debris. Terminally, apoptotic cells and 
fragments are engulfed by phagocytes or surrounding cells. 
Autophagy: Cells die by type II programmed cell death, which 
is characterized by the accumulation of autophagic vesicles 
(autophagosomes and autophagolysosomes). One feature that 

distinguishes apoptosis from autophagic cell death is the source 
of the lysosomal enzymes used for most of the dying-cell deg-
radation. Apoptotic cells use phagocytic cell lysosomes for this 
process, whereas cells with autophagic morphology use the 
endogenous lysosomal machinery of dying cells. Paraptosis: 
Cells die by type III programmed cell death, which is character-
ized by extensive cytoplasmic vacuolization and swelling and 
clumping of mitochondria, along with absence of nuclear frag-
mentation, membrane blebbing, or apoptotic body formation. 
Autoschizis: In this form of cell death, the cell membrane forms 
cuts or schisms that allow the cytoplasm to leak out. The cell 
shrinks to about one-third of its original size, and the nucleus 
and organelles remain surrounded by a tiny ribbon of cyto-
plasm. After further excisions of cytoplasm, the nuclei exhibit 
nucleolar segregation and chromatin decondensation followed 
by nuclear karyorrhexis and karyolysis.



42 P. Saikumar and R. Kar

decreased autophagy during experimental carcinogenesis 
and heterologous disruption of an autophagy gene, Beclin 
1 (Bcn1), in cancer cells11,12 suggest that breakdown of 
autophagic machinery may contribute to development of 
cancer. Other interesting studies have shed some light on 
the relationship between autophagy and apoptosis. These 
investigations have shown prevention of caspase inhibi-
tor z-VAD–induced cell death in mouse L929 cells by 
RNA interference directed against autophagy genes 
atg7 and Bcn113 and protection of Bax−/−, Bak−/− murine 
embryonic fi broblasts against staurosporine- or etopo-
side-induced cell death by RNA interference against 

autophagy genes atg5 and Bcn1.14 However, both of these 
studies were done in cells whose apoptotic pathways had 
been compromised. Thus, it remains to be seen whether 
cells with intact apoptotic machinery can also die by 
autophagy and whether apoptotic-competent cells lacking 
autophagy genes will be resistant to different death 
stimuli.

Paraptosis

Paraptosis has recently been described as a form of cell 
death characterized by extensive cytoplasmic vacuolation 
(see Figure 4.1) caused by swelling of mitochondria and 
endoplasmic reticulum. This form of cell death does not 
involve caspase activation, is not inhibited by caspase 
inhibitors, but is inhibited by the inhibitors of trans-
cription and translation, actinomycin D, and cyclohexi-
mide, respectively,15 suggesting a requirement for new 
protein synthesis. The tumor necrosis factor receptor 
family TAJ/TROY and the insulin-like growth factor I 
receptor have been shown to trigger paraptosis.16 Parap-
tosis appears to be mediated by mitogen-activated protein 
kinases and inhibited by AIP1/Alix, a protein inter-
acting with the calcium-binding death-related protein 
ALG-2.16

Autoschizis

Autoschizis is a recently described type of cell death that 
differs from apoptosis and necrosis and is induced by 
oxidative stress.17 In this type of death, cells lose cyto-
plasm by self-morsellation or self-excision (see Figure 
4.1). Autoschizis usually affects contiguous groups of cells 
both in vitro and in vivo but can also occasionally affect 
scattered individual cells trapped in subcapsular sinuses 
of lymph nodes.18 The nuclear envelope and pores remain 
intact while the cytoplasm is reduced to a narrow rim 
surrounding the nucleus. The chromatin marginates along 
the nuclear membrane, and mitochondria and other 
organelles around the nucleus aggregate as a result of 
cytoskeletal damage and condensation of the cytosol. 
Interestingly, the rough endoplasmic reticulum is pre-
served until the late stages of autoschizis, in which cells 

fragment and the nucleolus becomes condensed and 
breaks into smaller fragments.19 Eventually, the nuclear 
envelope and the remaining organelles dissipate with cell 
demise.

Apoptosis

Genetic studies in the nematode worm C. elegans led to 
the characterization of apoptosis. Activation of specifi c 
death genes during the development of this worm results 
in death of exactly 131 cells, leaving 959 cells intact.2 
Further studies revealed that apoptosis can be divided 
into three successive stages: (1) commitment phase, in 
which death is initiated by specifi c extracellular or intra-
cellular signals; (2) execution phase; and (3) clean-up 
phase, in which dead cells are removed by other cells with 
eventual degradation of the dead cells in the lysosomes 
of phagocytic cells.20 The apoptotic machinery is con-
served through evolution from worm to human.21 In C. 
elegans, execution of apoptosis is mediated by CED-3 
and CED-4 proteins. Commitment to a death signal 
results in the activation of CED-3 by CED-4 binding. The 
CED-9 protein prevents activation of CED-3 by binding 
to CED-4.22,23

Mechanisms of Apoptosis

Caspases

Studies over the past decade have indicated that two 
distinct apoptotic pathways are followed in mammalian 
systems: the extrinsic or death receptor pathway and the 
intrinsic or mitochondrial pathway. The executioners in 
both intrinsic and extrinsic pathways of cell death are the 
caspases,24 which are cysteine proteases with specifi city to 
cleave their substrates after aspartic acid residues. The 
central role of caspases in apoptosis is underscored 
by the observation that apoptosis and all classic changes 
associated with apoptosis can be blocked by inhibition 
of caspase activity. To date, 12 mammalian caspases 
(caspase-1 to -10, caspase-14, and mouse caspase-12) 
have been identifi ed.25 Caspase-13 was later found to 
represent a bovine homolog and caspase-11 appears 
to be a murine homolog of human caspases-4 and -5, 
respectively.

Caspases are normally produced as inactive zymogens 
containing an N-terminal prodomain followed by a large 
and a small subunit that constitute the catalytic core of 
the protease. They have been categorized into two dis-
tinct classes: initiator and effector caspases. The upstream 
initiator caspases contain long N-terminal prodomains 
and one of the two characteristic protein–protein interac-
tion motifs: the death effector domain (DED; caspase-8 
and -10) and the caspase activation and recruitment 



4. Apoptosis and Cell Death 43

domain (caspase-1, -2, -4, -5, -9, and -12). The downstream 
effector caspases (caspase-3, -6, and -7) are characterized 
by the presence of a short prodomain. Apart from the 
structural differences, a prominent difference between 
initiator and effector caspases is their basal state. Both 
the zymogen and the activated forms of effector caspases 
exist as constitutive homodimers, whereas initiator 
caspase-9 exists predominantly as a monomer both before 
and after proteolytic processing.26 Initiator caspase-8 has 
been reported to exist in an equilibrium between mono-
mers and homodimers.27 Although the initiator caspases 
are capable of autocatalytic activation, the activation of 
effector caspases requires formation of oligomeric com-
plexes with their adapter proteins and often intrachain 
cleavage within the initiator caspase.

Caspases have also been divided into three categories 
based on substrate specifi city.28 Group I members 
(caspase-1, -4, and -5) have a substrate specifi city for the 
WEHD sequence with high promiscuity; group II members 
(caspase-2, -3, and -7 and CED-3) prefer the DEXD 
sequence and have an absolute requirement for aspartate 
(D) at P4; and members of group III (caspase-6, -8, and -9 
and the “aspase” granzyme B) have a preference for (I/
L/V)EXD sequences. Several reports have suggested a 
role for group I members in infl ammation and that of 
group II and III members in apoptotic signaling events.

Extrinsic Death Pathway

The extrinsic pathway involves binding of death ligands 
such as tumor necrosis factor-α (TNF-α), CD95 ligand 
(Fas ligand), and TNF-related apoptosis-inducing ligand 
(TRAIL) to their cognate cell surface receptors TNFR1, 
CD95/Fas, TRAIL-R1, TRAIL-R2, and the DR series of 
receptors,29 resulting in the activation of initiator caspase-
8 (also known as FADD-homologous ICE/CED-3-like 
protease or FLICE) and subsequent activation of effector 
caspase-3 (Figure 4.2).30 The cytoplasmic domains of 
death receptors contain the “death domain,” which plays 
a crucial role in transmitting the signal from the cell’s 
surface to intracellular signaling molecules. Binding of the 
ligands to their cognate receptors results in receptor 
trimerization and recruitment of adapter proteins to the 
cell membrane, which involves homophilic interactions 
between death domains of the receptors and the adapter 
proteins. The adapter protein for the receptors TNFR1 
and DR3 is TNFR-associated death domain protein 
(TRADD)31 and that for Fas, TRAIL-R1, TRAIL-R2, and 
DR4 is Fas-associated death domain protein (FADD).32

The receptor/ligand and FADD complex in turn 
recruits caspase-8 to the activated receptor, resulting in 
the formation of death-inducing signaling complex 
(DISC) and subsequent activation of caspase-8 through 
oligomerization and self-cleavage. Depending on the cell 

type and/or apoptotic stimulus, caspase-8 can also be acti-
vated by caspase-6.33 Activated caspase-8 then activates 
effector caspase-3. In some cell types, cleavage of caspase-
3 by caspase-8 also requires a mitochondrial amplifi ca-
tion loop involving cleavage of proapoptotic protein Bid 
by caspase-8 and its translocation to the mitochondrial 
membrane, triggering the release of apoptogenic proteins 
from mitochondria into cytosol (see Figure 4.2). In these 
cell types, overexpression of Bcl-2 and Bcl-xL can block 
CD95-induced apoptosis.34

Tumor necrosis factor-α is produced by T cells and 
activated macrophages in response to infection. Although 
TNF-α–mediated signaling can be propagated through 
either TNFR1 or TNFR2 receptors, the majority of bio-
logic functions are initiated by TNFR1.35 Binding of 
TNF-α to TNFR1 causes release of inhibitory protein 
silencer of death domain protein (SODD) from TNFR1, 
which enables recruitment of adapter protein TRADD. 
Signaling induced by activation of TNFR1 or DR3 
diverges at the level of TRADD. In one pathway, nuclear 
translocation of the transcription factor nuclear factor-κB 
(NF-κB) and activation of c-Jun N-terminal kinase (JNK) 
are initiated, which results in the induction of a number 
of proinfl ammatory and immunomodulatory genes.36 In 
another pathway, TNF-α signaling is coupled to Fas 
signaling events through interaction of TRADD with 
FADD.37 The TNFR1–TRADD complex can alterna-
tively engage TRAF2 protein, resulting in activation of 
transcription factor c-Jun, which is involved in survival 
signaling. Furthermore, binding of receptor interaction 
protein to TNFR1 through TRADD results in activation 
of transcription factor NF-κB, which suppresses apoptosis 
through transcriptional upregulation of antiapoptotic 
molecules such as TRAF1, TRAF2, cIAP1, cIAP2, and 
FLIP. The FLICE-associated huge protein was identifi ed 
to be a CED-4 homolog interacting with the DED of 
caspase-8 and was shown to modulate Fas-mediated 
activation of caspase-8.38 Another class of protein, FLIP 
(FLICE inhibitory protein), was shown to block Fas-
induced and TNF-α–induced DISC formation and sub-
sequent activation of caspase-8.39

Cytotoxic T cells play a major role in vertebrate defense 
against viral infection.40 They induce cell death in infected 
cells to prevent viral multiplication and spread of infec-
tion.41 Cytotoxic T cells can kill their targets either by 
activating the Fas ligand/Fas pathway or by injecting 
granzyme B, a serine protease, into target cells. Cytotoxic 
T cells carry Fas ligand on their surface but also carry 
granules containing the channel-forming protein perforin 
and granzyme B. Upon recognizing the infected cells, the 
lymphocytes bind and secrete granules onto the surface 
of infected cells. Perforin then assembles into transmem-
brane channels to allow the entry of granzyme B into the 
target cell. Upon entry, granzyme B, which cleaves after 
aspartate residues in proteins (“aspase”), activates one or 
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more of the apoptotic proteases (caspase-2, -3, -7, -8, and 
-10) to trigger the proteolytic death cascade (see Figure 
4.2). Fas ligand/Fas and perforin/granzyme B systems are 
the main apoptotic machinery that regulates homeostasis 
in immune cell populations.

Intrinsic Death Pathway

Cells can respond to various stressful stimuli and meta-
bolic disturbances by triggering apoptosis. Drugs, toxins, 
heat, radiation, hypoxia, and viral infections are some of 

Figure 4.2. Schematic representation of apoptotic signaling 
pathways. Extracellular Pathway: Following the binding of 
peptides such as TNF-α or Fas ligand (FASL), the receptors 
oligomerize and recruit adapter proteins (Fas-associated death 
domain [FADD], tumor necrosis factor receptor [TNFR]–
associated death domain [TRADD]) to form death-inducing 
signaling complexes, causing the activation of the initiator 
caspase-8, which sequentially activates effector caspases (e.g., 
caspase-3). Other adapter proteins (FLASH), inhibitory pro-
teins (FLIP), or proteins involved in survival pathways as well 
as death mechanisms (receptor interaction protein [RIP]) may 
participate in complex mechanisms that determine life or death. 
The TNF-α TNFR1 complex can also elicit an antiapoptotic 
response by recruiting TRAF2, which results in NF-κB–
mediated upregulation of antiapoptotic genes. In cytotoxic T 
lymphocyte–induced death, granzyme B, which enters the cell 
through membrane channels formed by the protein perforin, 
activates caspases by cleaving them directly or indirectly. Intra-
cellular Pathways: Lack of survival stimuli (withdrawal of growth 
factor, hypoxia, genotoxic substances, etc.) is thought to gener-
ate apoptotic signals through ill-defi ned mechanisms, which 

lead to translocation of proapoptotic proteins such as Bax to 
the outer mitochondrial membrane. In some cases, transcription 
mediated by p53 may be required to induce proteins such as 
Bax. Translocated Bax undergoes conformational changes in 
the outer membrane to form oligomeric structures (pores) that 
leak cytochrome c from mitochondria into the cytosol. Forma-
tion of a ternary complex of cytochrome c, the adapter protein 
Apaf-1, and the initiator caspase-9 results in the activation 
of caspase-9 followed by sequential activation of effector 
caspase(s) such as caspase-3 and others. The action of caspases, 
endonucleases, and possibly other enzymes leads to cellular 
disintegration. For example, the endonuclease CAD (caspase 
activated DNAse) becomes activated when it is released from 
its inhibitor ICAD upon cleavage of ICAD by an effector 
caspase. Antiapoptotic proteins such as Bcl-2 and Bcl-xL inhibit 
the membrane-permeabilizing effects of Bax and other pro-
apoptotic proteins. Cross-talk between extra- and intracellular 
pathways occurs through caspase-8–mediated Bid cleavage, 
which yields a 15 kDa protein that migrates to mitochondria 
and releases cytochrome c, thereby setting in motion events that 
lead to apoptosis via caspase-9.
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the stimuli known to activate death pathways. Cell death, 
however, is not necessarily inevitable after exposure to 
these agents, and the mechanisms determining the 
outcome of the injury are a topic of active interest. The 
current consensus appears to be that it is the intensity 
and the duration of the stimulus that determine the 
outcome. The stimulus must go beyond a threshold to 
commit cells to apoptosis. Although the exact mechanism 
used by each stimulus may be unique and different, a few 
broad patterns can be identifi ed. For example, agents that 
damage DNA, such as ionizing radiation and certain 
xenobiotics, lead to activation of p53-mediated mecha-
nisms that commit cells to apoptosis, at least in part 
through transcriptional upregulation of proapoptotic 
proteins.42 Other stresses induce increased activity of 
stress-activated protein kinases, which result ultimately in 
apoptotic commitment.43 These different mechanisms 
converge in the activation of caspases.

A cascade of caspases plays the central executioner 
role by cleaving various mammalian cytosolic and nuclear 
proteins that play roles in cell division, maintenance of 
cytoskeletal structure, DNA replication and repair, RNA 
splicing, and other cellular processes. This proteolytic 
carnage produces the characteristic morphologic changes 
of apoptosis. Once the caspase cascade is initiated, the 
process of cell death has crossed the point of no return.

The roles of various caspases in apoptotic pathways 
and their relative importance for animal development 
have been examined in genetic studies involving knock-
out of different caspase genes. A caspase-1 (interleukin 
[IL]-1b converting enzyme [ICE]) knockout study sug-
gested that ICE plays an important role in infl ammation 
by activating cytokines such as IL-1b and IL-18. However, 
caspase-1 was not required to mediate apoptosis under 
normal circumstances and did not have a major role 
during development.44 Surprisingly, ischemic brain injury 
was signifi cantly reduced in caspase-1 knockout mice 
compared with wild-type mice,45 suggesting that infl am-
mation may contribute to ischemic injury. Caspase-3 defi -
ciency leads to impaired brain development and premature 
death. Also, functional caspase-3 is required for some 
typical hallmarks of apoptosis such as formation of apop-
totic bodies, chromatin condensation, and DNA fragmen-
tation in many cell types.46 Lack of caspase-8 results in 
the death of embryos at day 11 with abnormal formation 
of the heart,47 suggesting that caspase-8 is required for 
cell death during mammalian development. In support of 
this fi nding, knockout of FADD, which is required for 
caspase-8 activation, resulted in fetal death with signs of 
abdominal hemorrhage and cardiac failure.48 Moreover, 
caspase-8–defi cient cells did not die in response to signals 
from members of the TNF receptor family.47 However, 
cells lacking either FADD or caspase-8, which are resis-
tant to TNF-α–mediated or CD95-mediated death, are 
susceptible to chemotherapeutic drugs, serum depriva-

tion, ceramide, γ-irradiation, and dexamethasone-induced 
killing.48 In contrast, caspase-9 has a key role in apoptosis 
induced by intracellular activators, particularly those that 
cause DNA damage. Deletion of caspase-9 resulted in 
perinatal lethality, apoptotic failure in developing neurons, 
enlarged brains, and craniofacial abnormalities.49 In 
caspase-9–defi cient cells, caspase-3 was not activated, 
suggesting that caspase-9 is upstream of caspase-3 in the 
apoptotic cascade. As a consequence, caspase-9–defi cient 
cells are resistant to dexamethasone or irradiation, 
whereas they retain their sensitivity to TNF-α–induced 
or CD95-induced death49 because of the presence of 
caspase-8, the initiator caspase involved in death receptor 
signaling that can also activate caspase-3. Overall, these 
observations support the idea that different death signal-
ing pathways converge on downstream effector caspases 
(see Figure 4.2). Indeed, caspase-3 is regarded as one of 
the key executioner molecules activated by apoptotic 
stimuli originating either at receptors for exogenous mol-
ecules or within cells through the action of drugs, toxins, 
or radiation.

Regulators of Caspases

In C. elegans, biochemical and genetic studies have indi-
cated a role for CED-4 upstream of CED-3.50 Upon 
receiving death commitment signals, CED-4 binds to pro-
CED-3 and releases active CED-3.50 However, when 
overexpressed, CED-9 can inhibit the activation of pro-
CED-3 by binding to CED-4 and sequestering it away 
from pro-CED-3. Therefore, CED-3 and CED-4 are 
involved in activation of apoptosis, and CED-9 inhibits 
apoptosis. After the discovery of caspases as CED-3 
homologs, a search for activators and inhibitors analo-
gous to CED-4 and CED-9 led to the discovery of diverse 
mammalian regulators of apoptosis. The plethora of these 
molecules and their functional diversity allowed them to 
be classifi ed into four broad categories: (1) adapter pro-
teins, (2) the Bcl-2 family of regulators, (3) inhibitors of 
apoptosis (IAPs), and (4) other regulators.

Adapter Proteins

As stated earlier, two major pathways of apoptosis, involv-
ing either the initiator caspase-8 or the initiator caspase-9 
(see Figure 4.2), have been recognized. Signaling by death 
receptors (CD95, TNFRI) occurs through a well-defi ned 
process of recruitment of caspase-8 to the death receptor 
by adapter proteins such as FADD. Recruitment occurs 
through interactions between the death domains that are 
present on both receptor and adapter proteins. Receptor-
bound FADD then recruits caspase-8 through interac-
tions between DEDs common to both caspase-8 and 
FADD forming a DISC. In the DISC, caspase-8 activa-
tion occurs through oligomerization and autocatalysis. 
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Activated caspase-8 then activates downstream caspase-
3, culminating in apoptosis. The inhibitory protein, FLIP 
was shown to block Fas-induced and TNF-α–induced 
DISC formation and subsequent activation of caspase-
8.39 Of particular interest is cellular FLIP, which stimu-
lates caspase-8 activation at physiologically relevant 
levels and inhibited apoptosis upon high ectopic expres-
sion.51 Cellular FLIP contains two DEDs that can compete 
with caspase-8 for recruitment to the DISC. This limits 
the degree of association of caspase-8 with FADD and 
thus limits activation of the caspase cascade. It also forms 
a heterodimer with caspase-8 and caspase-10 through 
interactions between both the DEDs and the caspase-like 
domains of the proteins, thus activating both caspase-8 
and caspase-10.52

Apoptotic protease activating factor-1 (Apaf-1), a 
CED-4 homolog in mammalian cells, affects the 
activation of initiator caspase-9.53 This factor binds to 
procaspase-9 in the presence of cytochrome c and 2′-
deoxyadenosine 5′-triphosphate (dATP) or adenosine 
triphosphate (ATP) and activates this protease, which in 
turn activates a downstream cascade of proteases (see 
Figure 4.2).54 By and large, Apaf-1 defi ciency is embryoni-
cally lethal and the embryos exhibit brain abnormalities 
similar to those seen in caspase-9 knockout mice.55 These 
genetic fi ndings support the idea that Apaf-1 is coupled 
to caspase-9 in the death pathway. Unlike CED-4 in nem-
atodes, Apaf-1 requires the binding of ATP and cyto-
chrome c to activate procaspase-9. The multiple WD40 
repeats in the C-terminal end of Apaf-1 have a regulatory 
role in the activation of caspase-9.56

The Bcl-2 Family of Proteins

The CED-9 homolog in mammals is the Bcl-2 protein. 
Bcl-2 was fi rst discovered in B-cell lymphoma as a proto-
oncogene. Overexpression of Bcl-2 was shown to offer 
protection against a variety of death stimuli.57 The Bcl-2 
protein family includes both proapoptotic (Bcl-2, Bcl-xL, 
Bcl-w, Mcl-1, Nr13, and A1/Bfl -1) and antiapoptotic pro-
teins (Bax, Bak, Bok, Diva, Bcl-Xs, Bik, Bim, Hrk, Nip3, 
Nix, Bad, and Bid).58 These proteins are characterized by 
the presence of Bcl-2 homology (BH) domains: BH1, 
BH2, BH3, and BH4 (Figure 4.3). The proapoptotic 
members have two subfamilies: a multidomain and a 
BH3-only group (see Figure 4.3). The relative ratio of 
pro- and antiapoptotic proteins determines the sensitivity 
of cells to various apoptotic stimuli.

The best-studied proapoptotic members are Bax and 
Bid. Exposure to various apoptotic stimuli leads to 
translocation of cytosolic Bax from the cytosol to the 
mitochondrial membrane.59 Bax oligomerizes on the 
mitochondrial membrane along with another proapop-
totic protein, Bak, leading to the release of cytochrome c 
from the mitochondrial membrane into the cytosol.60 

Other proapoptotic proteins, mainly the BH3-only pro-
teins, are thought to aid in Bax–Bak oligomerization on 
the mitochondrial membrane. The antiapoptotic Bcl-2 
family members are known to block Bax–Bak oligomer-
ization on the mitochondrial membrane and subsequent 
release of cytochrome c into the cytosol.60,61 After release 
from the mitochondria, cytochrome c is known to interact 
with the WD40 repeats of the adaptor protein Apaf-1, 
resulting in the formation of the apoptosome complex.

Seven molecules of Apaf-1, interacting through their 
N-terminal caspase activation and recruitment domain, 
form the central hub region of the symmetric wheel-like 
structure, the apoptosome. Binding of ATP/dATP to 
Apaf-1 triggers the formation of the apoptosome, which 
subsequently recruits procaspase-9 into the apoptosome 
complex, resulting in its activation62. Activated caspase-9 
then activates executioner caspases, such as caspase-3 and 
caspase-7, eventually leading to programmed cell death.

Inhibitors of Apoptosis Proteins

The IAPs, fi rst discovered in baculoviruses and then in 
insects and Drosophila, inhibit activated caspases by 
directly binding to the active enzymes.63 These proteins 
contain one or more baculovirus inhibitor of apoptosis 
repeat domains, which are responsible for the caspase 
inhibitory activity.64 To date, eight mammalian IAPs have 
been identifi ed. They include X-linked IAP (XIAP), 

Figure 4.3. Structural homologies in anti- and proapoptotic 
proteins of the Bcl-2 family. Anti- and proapoptotic proteins of 
the Bcl-2 family proteins are depicted, indicating Bcl-2 homolo-
gous (BH) regions BH1, BH2, BH3, and BH4 and transmem-
brane (TM) domains.
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c-IAP1, c-IAP2, Melanoma IAP (ML-IAP)/Livin, IAP-
like protein-2 (ILP-2), neuronal apoptosis-inhibitory 
protein (NAIP), Bruce/Apollon, and Survivin. In 
mammals, caspase-3, -7, and -9 are inhibited by IAPs.62 
There are reports suggesting aberrant expression of IAPs 
in many cancer tissues. For example, cIAP1 is overex-
pressed in esophageal squamous cell sarcoma65; cIAP2 
locus is translocated in mucosa-associate lymphoid lym-
phoma66 and Survivin has been shown to be upregulated 
in many cancer cells.67

Other Regulators

The caspase inhibitory activity of IAPs is inhibited by 
proteins containing an IAP-binding tetrapeptide motif.62 
The founding member of this family is SMAC/DIABLO, 
which is released from the mitochondrial intermem-
brane space into the cytosol during apoptosis. In the 
cytosol, it interacts with several IAPs and inhibits their 
function. The other mitochondrial protein, Omi/HtrA2, 
is also known to antagonize XIAP-mediated inhibition 
of caspase-9 at high concentrations.68 A serine protease, 
Omi/HtrA2 can proteolytically cleave and inactivate IAP 
proteins and thus is considered to be a more potent sup-
pressor of IAPs than SMAC.69

It has been reported that the heat shock proteins 
Hsp90, Hsp70, and Hsp27 can inhibit caspase activation 
by cytochrome c either by interacting with Apaf-1 or 
other players in the pathway.70–72 A high-throughput 
screen identifi ed a compound called PETCM (α-[trich-
loromethyl]-4-pyridineethanol) as a caspase-3 activator. 
Further work with PETCM revealed its involvement in 
apoptosome regulation.73 This pathway also includes 
oncoprotein prothymosin-α and tumor suppressor puta-
tive HLA-DR–associated proteins. These proteins were 
shown to promote caspase-9 activation after apoptosome 
formation, whereas prothymosin-α inhibited caspase-9 
activation by inhibiting apoptosome formation.

Protein Targets of Caspases

In an apoptotic cell, the regulatory, structural, and house-
keeping proteins are the main targets of the caspases. 
The regulatory proteins mitogen-activated protein/extra-
cellular signal-regulated kinase kinase-1, p21-activated 
kinase-2, and Mst-1 are activated upon cleavage by cas-
pases.74 Caspase-mediated protein hydrolysis inactivates 
other proteins, including focal adhesion kinase, phospha-
tidylinositol-3 kinase, Akt, Raf-1, IAPs, and inhibitors of 
caspase-activated DNAse (ICAD). Caspases also convert 
the antiapoptotic protein Bcl-2 into a proapoptotic 
protein such as Bax upon cleavage. There are many struc-
tural protein targets of caspases, which include nuclear 
lamins, actin, and regulatory proteins such as spectrin, 
gelsolin, and fodrins.75

Degradation of nuclear DNA into internucleosomal 
chromatin fragments is one of the hallmarks of apoptotic 
cell death that occurs in response to various apoptotic 
stimuli in a wide variety of cells. A specifi c DNase, CAD 
(caspase-activated DNase), that cleaves chromosomal 
DNA in a caspase-dependent manner, is synthesized with 
the help of ICAD. In proliferating cells, CAD is always 
found to be associated with ICAD in the cytosol. When 
cells are undergoing apoptosis, caspases (particularly 
caspase-3) cleave ICAD to release CAD and allow its 
translocation to the nucleus to cleave chromosomal DNA. 
Thus, cells that are ICAD defi cient or that express 
caspase-resistant ICAD mutant do not exhibit DNA frag-
mentation during apoptosis.

Apoptosis and the Pathogenesis 
of Lung Diseases

Apoptosis plays a critical role in the postnatal lung.76 
Regulated removal of infl ammatory cells by apoptosis 
helps in the resolution of infl ammation in the lung.77 
Recent evidence also supports a role for apoptosis in the 
remodeling of lung tissue after acute lung injury78 and in 
the pathogenesis of chronic pulmonary hypertension,79 
idiopathic pulmonary fi brosis, and chronic obstructive 
pulmonary disease.80,81

Acute Lung Injury/Acute Respiratory 
Distress Syndrome

Acute lung injury, which clinically manifests itself as the 
acute respiratory distress syndrome (ARDS), involves 
disruption of the alveolar epithelium and endothelium, 
increased vascular permeability, and edema. Two main 
hypotheses link the pathogenesis of ARDS to apoptosis, 
namely, the “neutrophilic hypothesis” and the “epithelial 
hypothesis.” These two hypotheses are not mutually 
exclusive, and both could play important roles in the 
pathogenesis of ARDS.

The neutrophilic hypothesis suggests that neutrophil 
apoptosis plays an important role in the resolution of 
infl ammation and that the inhibition of neutrophil apop-
tosis or the inhibition of clearance of apoptotic neutro-
phils is deleterious in ARDS.82,83 Studies in humans 
showed that bronchoalveolar lavage fl uids from patients 
with early ARDS inhibit the rate at which neutrophils 
develop apoptosis in vitro.84 The inhibitory effect of 
bronchoalveolar lavage fl uids on neutrophil apoptosis is 
mediated by granulocyte/macrophage colony-stimulating 
factor, and possibly by IL-8 and IL-2.85,86 A membrane 
surface molecule, CD44, has been shown to play an 
important role in the clearance of apoptotic cells in vivo 
and in vitro.87 In a model of bleomycin-induced lung 
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injury, CD44-defi cient mice failed to clear apoptotic 
neutrophils, which was associated with worsened 
infl ammation and increased mortality.87 Activation of 
phagocytic cells inhibits production of proinfl ammatory 
cytokines, including IL-1β, IL-8, IL-10, granulocyte/
macrophage colony-stimulating factor, and TNF-α and 
increases release of anti-infl ammatory mediators such as 
transforming growth factor-β, prostaglandin E2, and 
platelet-activating factor.88,89 The net effects of these 
changes could favor resolution of infl ammation.

The epithelial hypothesis suggests that the apoptotic 
death of alveolar epithelial cells, in response to soluble 
mediators such as Fas ligand, contributes to the promi-
nent alveolar epithelial injury characteristic of ARDS. 
Several lines of evidence suggest a role for the Fas/Fas 
ligand system in epithelial cell apoptosis.90 Fas is expressed 
on alveolar and airway epithelial cells,91,92 and its expres-
sion increases in response to infl ammatory mediators 
such as lipopolysaccharide. Fas-mediated lung cell apop-
tosis is modulated by surfactant protein A, which inhibits 
apoptosis in vivo.93

Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease, caused primarily 
by smoking, generally refers to chronic bronchitis and 
emphysema. Several factors, including protease/anti-
protease imbalance, oxidative stress, cigarette smoke–
derived toxins, and infl ammation mediated by neutrophils, 
macrophages, and CD8+ T cells, have been shown to con-
tribute to the disease process. Furthermore, matrix metal-
loproteinase94 and vascular endothelial growth factor 
receptor inhibition,95,96 but not Fas/Fas ligand, have been 
shown to play role in the development of emphysema.

Asthma

Allergic asthma is characterized by intermittent or per-
sistent bronchoconstriction and has been linked to airway 
remodeling and chronic infl ammation, with increased 
numbers of eosinophils, CD4+ T cells, and mast cells. 
Although at present a role for apoptosis in asthma is not 
confi rmed, studies ex vivo have shown reduced apoptosis 
of circulating peripheral CD4+ T cells and eosinophils in 
asthma, which might contribute to infl ammation. Corti-
costeroids used to reduce infl ammation in asthma have 
been shown to induce eosinophil apoptosis.97

Pulmonary Fibrosis

Pulmonary fi brosis is characterized by epithelial damage, 
fi broblast proliferation, and deposition of collagen. 
Although the mechanism of alveolar epithelial cell apop-
tosis in pulmonary fi brosis is not known, several reports 
have suggested Fas pathway,98 angiotensin pathway,99 
activated T cell-derived perforin,100 IL-13 stimulation,101 

and transforming growth factor-β1 activation102 to play 
critical roles.

Lung Cancer

Because insuffi cient apoptosis is often associated with 
tumorigenesis, modulation of apoptotic and antiapoptotic 
targets seems to be an attractive approach to cancer 
therapy. Lung cancers can be divided into small cell 
lung cancers (SCLCs) and non–small cell lung cancers 
(NSCLCs).103 The SCLCs are relatively more sensitive to 
anticancer drugs and irradiation than are the NSCLCs,104 
but the molecular basis for this difference is not clearly 
known. Evaluation of apoptosis-associated substances 
has shown that caspase-8, Fas, and Fas ligand are often 
downregulated in SCLCs but not in NSCLCs.105 An inves-
tigation of the basis for these differences revealed that 
there were no differences in the levels of Bax and Bcl-xL, 
but the expression of Bcl-2 was found to be signifi cantly 
higher in SCLC than in NSCLC cell lines. The observa-
tion that in some cases Bcl-2 can be converted into a 
proapoptotic Bax-like death molecule may offer an 
explanation for the paradoxic expression of Bcl-2 in 
SCLC.106 The lack of expression of procaspase-1, -4, -8, 
and -10107 reported in SCLC suggests that these caspases 
probably do not contribute to spontaneous apoptosis in 
these cells. Apoptosis regulators Apaf-1 and procaspase-3 
are overexpressed and are functional in NSCLC cell lines. 
In both types of lung cancer, apoptotic stimuli result in 
cytochrome c release and activation of caspase-9 and 
caspase-3, but only SCLC cell lines showed a relocaliza-
tion of caspase-3 into the nucleus108; this suggests that the 
resistance of NSCLC cell lines is probably due to defec-
tive relocalization of caspase-3. The expression of caspase-
9 and caspase-7 in NSCLCs was found to be similar to 
normal lung tissue.109 However, these cell lines express 
the apoptosis inhibitor and splice variant of caspase-9 
CASP9b. In vitro, chemotherapy-resistant NSCLC cell 
lines exhibit decreased caspase-9 and caspase-3 expres-
sion,110 which suggests an inhibition of apoptosis induc-
tion via apoptosome formation in NSCLC.

Additionally, both NSCLC and SCLC cells express 
high and almost equal levels of Survivin.107 The resistant 
NSCLC cells showed higher expression of c-IAP2, and 
the radiosensitive SCLC cells exhibited increased expres-
sion of XIAP.111 These results suggest no correlation 
between the level of expression of the IAPs and the dif-
ference in the radiosensitivity between NSCLC and 
SCLC cells.

Conclusion

Cell death has become an area of intense interest and 
investigation in science and medicine because of the rec-
ognition that cell death, in general, and apoptosis, in par-
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ticular, are important features of many biologic processes. 
Involvement of many genes in the death process suggests 
that cell death is a complex phenomenon with many 
redundant mechanisms to ensure defi nitiveness. The real-
ization that defective cell death plays a central role in the 
pathogenesis of diseases has stimulated work on thera-
pies targeted to these processes, and this work will 
undoubtedly continue in the future.
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5
Roles of Mutation and Epimutation in 
the Development of Lung Disease

William B. Coleman

of mutation and epimutation to the pathogenesis of lung 
disease.

Mutations and Epimutations

Mutation refers to a change in the genome that is char-
acterized by an alteration in the nucleotide sequence of 
a specifi c gene and/or other alteration at the level of the 
primary structure of DNA. Point mutations, insertions, 
deletions, and chromosomal abnormalities are all classi-
fi ed as mutations. In contrast, epimutation refers to an 
alteration in the genome that does not involve a change 
in the primary sequence of the DNA. Aberrant DNA 
methylation and/or abnormal modifi cations of chromatin 
are considered epimutations. Despite the differences 
between mutation and epimutation, the consequences of 
these molecular processes on the normal expression and 
function of critical genes and proteins can be the same—
reduction of normal gene expression and/or loss of normal 
protein function.

Genetic Alterations

Disease-related genetic alterations can be categorized 
into two major groups: (1) nucleotide sequence abnor-
malities and (2) chromosomal abnormalities. Examples 
of both of these forms of molecular lesions have been 
characterized in familial and acquired diseases of the 
lung.

Nucleotide sequence alterations include changes in 
individual genes involving single nucleotide changes 
(missense and nonsense) and small insertions or dele-
tions (some of which result in frameshift mutations). 
Single nucleotide alterations that involve a change in the 
normal coding sequence of the gene (point mutations) 
can give rise to an alteration in the amino acid sequence 
of the encoded protein. Missense mutations alter the 
translation of the affected codon, whereas nonsense 

Introduction

The diseases of the lung refl ect a spectrum of pathologies 
and mechanisms of pathogenesis spanning genetic, infec-
tious, infl ammatory, obstructive, and neoplastic processes. 
Gene mutations and other genetic alterations play a sig-
nifi cant role in many lung diseases. Likewise, nongenetic 
alterations affecting the expression of key genes (epimu-
tations) may also contribute to the genesis of lung disease. 
In this chapter, the molecular bases of the major lung 
diseases are reviewed. This review is not intended to be 
comprehensive. Rather, the current state of understand-
ing related to the genes and molecular mechanisms 
(genetic and epigenetic) that contribute to major forms 
of lung disease (such as lung cancer) is discussed. For the 
interested reader, more complete reviews of specifi c 
topics are cited in the text.

Pathogenesis of Lung Disease

Lung disease represents an important human health 
problem. Respiratory infections occur commonly among 
people of all ages and represent a major concern in clini-
cal practice. Likewise, given the prevalence of cigarette 
smoking among the general population and the extent of 
air pollution (particularly in metropolitan areas), the 
development of lung diseases related to exposure to 
inhalants (including chronic bronchitis and emphysema) 
has signifi cantly risen in recent decades.1–3 Furthermore, 
the incidence of lung cancer has continued to increase at 
alarming rates, and lung cancer now represents the most 
common lethal neoplasm among men and women.4 It is 
recognized that environmental exposures contribute in 
substantial ways to the development of various lung dis-
eases. In addition, several genetic factors can predispose 
to or exacerbate environmentally induced lung diseases. 
This review focuses on (1) lung cancer, (2) emphysema, 
and (3) cystic fi brosis (CF) to illustrate the contributions 
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mutations alter codons that encode amino acids to 
produce stop codons. This results in premature termina-
tion of translation and the synthesis of a truncated protein 
product. Small deletions and insertions are typically clas-
sifi ed as frameshift mutations, because deletion or inser-
tion of a single nucleotide (for instance) will alter the 
reading frame of the gene on the 3′ side of the affected 
site. This alteration can result in the synthesis of a protein 
that bears very little resemblance to the normal gene 
product or production of an abnormal/truncated protein 
because of the presence of a stop codon in the altered 
reading frame. In addition, deletion or insertion of one 
or more groups of three nucleotides will not alter the 
reading frame of the gene but will alter the resulting 
polypeptide product, which will exhibit either loss of spe-
cifi c amino acids or the presence of additional amino 
acids within its primary structure.

Chromosomal alterations include the gain or loss of 
one or more chromosomes (aneuploidy), chromosomal 
rearrangements resulting from DNA strand breakage 
(translocations, inversions, and other rearrangements), 
and gain or loss of portions of chromosomes (amplifi ca-
tion, large-scale deletion). The direct result of chromo-
somal translocation is the movement of some segment of 
DNA from its natural location into a new location within 
the genome, which can result in altered expression of the 
genes that are contained within the translocated region. 
If the chromosomal breakpoints utilized in a transloca-
tion are located within structural genes, then hybrid (chi-
meric) genes can be generated. The major consequence 
of chromosomal deletion (involving a whole chromo-
some or a large chromosomal region) is the loss of spe-
cifi c genes that are localized to the deleted chromosomal 
segment, resulting in changes in the copy number of the 
affected genes. Likewise, gain of chromosome number or 
amplifi cation of chromosomal regions results in an 
increase in the copy numbers of genes found in these 
chromosomal locations.

Epigenetic Alterations

In contemporary terms, epigenetics refers to modifi ca-
tions of the genome that are heritable during cell division 
but do not involve a change in the DNA sequence.5 Epi-
genetics describes heritable changes in gene expression 
that are not simply attributable to nucleotide sequence 
variation.6 It is now recognized that epigenetic regulation 
of gene expression refl ects contributions from both DNA 
methylation as well as complex modifi cations of histone 
proteins and chromatin structure.7 Nonetheless, DNA 
methylation plays a central role in nongenomic inheri-
tance and in the preservation of epigenetic states, and it 
remains the most accessible epigenomic feature because 
of its inherent stability. Thus, DNA methylation repre-
sents a target of fundamental importance for the charac-

terization of the epigenome and for defi ning the role of 
epigenetics in disease pathogenesis.

Neoplastic Lung Diseases

Cancers of the lung and bronchus represent >90% of all 
respiratory system tumors.8 The major forms of primary 
lung cancer include small cell lung carcinoma (SCLC) 
and non–small cell lung carcinoma (NSCLC). The SCLCs 
account for approximately 10% of lung cancers, and 
NSCLCs account for the balance.9 Most NSCLCs can be 
classifi ed as one of several major histologic subtypes: 
squamous cell carcinoma (approximately 35% of lung 
cancers), adenocarcinoma (approximately 35% of lung 
cancers), and large cell carcinoma (approximately 15% 
of lung cancers).9

Pathogenesis of Lung Cancer

Several risk factors for the development of lung cancer 
have been identifi ed, and the majority of lung cancers can 
be linked to exposure to known carcinogenic agents, par-
ticularly cigarette smoke.10,11 Numerous mutagenic and 
carcinogenic substances have been identifi ed as constitu-
ents of the particulate or vapor phases of cigarette smoke, 
including benzo[a]pyrene, dibenza[a]anthracene, nickel, 
cadmium, polonium, urethane, formaldehyde, nitrogen 
oxides, and nitrosodiethylamine.12–14 There is also evi-
dence that smoking, combined with certain environmen-
tal (or occupational) exposures, results in potentiation of 
lung cancer risk. Urban smokers exhibit signifi cantly 
higher incidences of lung cancer than smokers from rural 
areas, suggesting a possible role for air pollution in the 
development of lung cancer.15 Occupational exposure to 
asbestos, bis(chloromethyl) ether, and chromium have 
been suggested to increase the risk of lung cancer devel-
opment.16,17 Likewise, high levels of exposure to the 
radioactive gas radon by miners working in uranium, 
iron, zinc, tin, and fl uorspar mines may also contribute to 
increased lung cancer risk.18,19 Common to all of these 
lung cancer risk factors are carcinogenic compounds 
with mutagenic properties, suggesting that a genotoxic 
event (resulting in mutation) contributes to disease 
pathogenesis.

Chromosomal Alterations in Lung Cancer

Chromosomal alterations have been widely documented 
in the various forms of lung cancer. In some cases, these 
alterations represent loss of individual chromosomes, 
chromosome arms, or specifi c chromosomal segments, 
consistent with deletion of a tumor suppressor locus. In 
other cases, these alterations represent gain of individual 
chromosomes or specifi c chromosomal segments, consis-
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tent with activation of a positive mediator of cell prolif-
eration. In addition, some chromosomal rearrangements 
(such as translocation) have been characterized in lung 
cancer. In each of these cases, the result is alteration of 
gene dose (either as gene loss or gene amplifi cation) and 
function (altered product or altered expression). The acti-
vation and inactivation of specifi c genes that function as 
positive and negative mediators of cell proliferation 
cooperate in the neoplastic transformation of lung epi-
thelial cells. A survey of chromosomal alterations found 
in lung cancer is provided below.

Amplifi cation of the c-Myc Protooncogene 
in Lung Cancer

Several chromosomal regions have been characterized 
to be overrepresented in lung cancer,20,21 suggestive of 
amplifi cation of chromosomal regions. One such fre-
quently overrepresented region is chromosome 8q, which 
harbors the c-Myc protooncogene.22 The c-Myc protoon-
cogene is a member of the basic helix-loop-helix super-
family of nuclear transcription factors.23 The Myc protein 
heterodimerizes with Max and the resulting Myc–Max 
protein complexes transcriptionally activate genes that 
contain a CAGCTG consensus binding sequence.24–27 
Increased expression of c-Myc has been reported for 
both SCLC and NSCLC.28–32 Likewise, amplifi cation of 
the c-Myc locus has been observed in both SCLC and 
NSCLC33 but may be more prevalent in SCLC.34 Thus, 
overexpression of c-Myc in lung cancer is the frequent 
consequence of gene amplifi cation at 8q24.35–37 Gene 
amplifi cation and overexpression of c-Myc occurs more 
frequently in advanced neoplasms and metastatic lesions, 
suggesting a role for this event in tumor progression and 
partially explaining the signifi cant correlation between 
c-Myc amplifi cation and poor prognosis36. Unlike other 
cancers (such as lymphoma), point mutation of c-Myc 
and c-Myc gene translocation related to a specifi c chro-
mosomal alteration have not been reported in lung 
cancer.

Common Chromosomal Deletions 
in Lung Cancer

Allelotype studies of lung cancer have identifi ed several 
recurring chromosomal deletions. In SCLC, frequent loss 
of heterozygosity (LOH) occurs at 3p (91%), 5q (71%), 
13q (96%), 17p (88%), and 22q (73%).38 The NSCLCs 
display frequent LOH at 2q (68%), 3p (82%), 5q (60%), 
9p (79%), 12q (63%), 13q (67%), 17p (89%), 18q (86%), 
and 22q (75%).39 However, distinct differences in the 
patterns of chromosomal deletion have been noted for 
the histologic subtypes of NSCLC. Among squamous cell 
carcinomas, frequent LOH was noted for 3p (82%), 9q 

(67%), 13q (60%), and 17p (88%).40 In contrast, fewer 
chromosomal losses were noted among adenocarcino-
mas, with 51% LOH at 17p representing the most fre-
quent alteration.40 In other studies, similar fi ndings have 
been reported.41–43

Deletions affecting a specifi c chromosomal region (as 
measured by LOH) may be indicative of the presence of 
a tumor suppressor gene (or other negative mediator of 
cell proliferation) at that chromosomal location. Among 
lung cancers, frequent LOH affecting 3p, 5q, 13q, 17p, and 
22q occurs in both SCLC and NSCLC. Several regions of 
chromosome 3p have been implicated in lung cancer, 
including 3p12–p14, 3p21, and 3p25.44–46 These observa-
tions suggest that there may be three (or more) tumor 
suppressor genes on human chromosome 3p46. Candidate 
tumor suppressor genes from chromosome 3p include 
FHIT at 3p12–p1447 and RASSF1 at 3p21.48 Loss of het-
erozygosity at chromosome 5q typically corresponds to 
loss at 5q13–q21.49 A number of genes map to this chro-
mosomal region, including MCC (for mutated in colorec-
tal cancer) and APC (for adenomatous polyposis coli).50–53 
Although neither of these genes has been shown to be 
mutated in lung cancer,54 frequent LOH at this chromo-
somal region suggests the involvement of one of these or 
other candidate genes localized to this region in the 
molecular pathogenesis of lung cancer. The tumor sup-
pressor gene Rb1 localizes to chromosome 13q14.1.55,56 
The expression of Rb1 is altered in a signifi cant percent-
age of primary lung cancer.57,58 The p53 tumor suppressor 
gene is located at 17p13.159 and is often lost because of 
chromosomal deletion of this region in all lung cancer 
types.60 The precise nature of the putative lung cancer 
tumor suppressor locus at chromosome 22q is not yet 
defi ned. However, a candidate gene, termed SEZ6L, has 
been localized to 22q12.1 and shown to be mutated in a 
SCLC cell line.61

Complex Chromosomal Rearrangements 
in Lung Cancer

Progress toward characterization of complex chromo-
somal rearrangements in lung cancer was hindered by 
technical limitations until recently when spectral karyo-
typing became available. A number of studies using spec-
tral karyotyping of lung cancer have now emerged.42,62,63 
These studies identifi ed a number of unbalanced chromo-
somal translocations, in many cases involving some of the 
same chromosomal regions that are frequently deleted in 
lung cancer. These complex chromosomal rearrange-
ments may alter the structure or expression of genes 
localized to the affected chromosomal regions. However, 
additional investigation will be required to characterize 
the molecular consequences associated with specifi c 
chromosomal rearrangements in lung cancer.
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Gene Mutations in Lung Cancer

Mutations affecting a variety of genes have been charac-
terized in lung cancer. Some of these mutations represent 
activating mutations of protooncogenes (or other posi-
tive mediators of cell proliferation), and others repres-
ent inactivating mutations of tumor suppressor genes 
(or other negative mediators of cell proliferation). 
Mutations in these genes synergize with other genetic 
(chromosomal) and epigenetic abnormalities to drive 
neoplastic transformation and tumorigenesis in the lung. 
This review focuses on mutations affecting K-ras, p53, 
and p16INK4A.

The ras Gene Family

Three genes constitute the ras gene family: H-ras, K-ras, 
and N-ras. The majority of ras mutations in human lung 
cancer occur in the K-ras gene.64,65 K-ras is mutated in 
15%–20% of all NSCLC and in 30%–50% of lung adeno-
carcinomas34,64,66–70 but is infrequently mutated in other 
lung cancer types.34,67 In lung adenocarcinomas, 85% of 
K-ras mutations affect codon 12.65 Certain carcinogens 
found in cigarette smoke, such as benzo[a]pyrene, have 
been shown to preferentially adduct codon 12 of K-ras, 
and this adduct is not effectively repaired.71,72 No K-ras 
mutations are found in adenocarcinomas of nonsmokers, 
supporting a specifi c role of tobacco carcinogens in the 
mutation of K-ras73. The majority of K-ras codon 12 muta-
tions are G to T transversions,74 resulting in either glycine 
to cysteine (GGT to TGT) or glycine to valine (GGT to 
GTT) amino acid substitutions in the mutant protein.

The ras protein functions in cell signaling like a hetero-
trimeric G protein, toggling between inactive and active 
forms. In response to a specifi c cell stimulus, inactive ras 
protein releases bound guanosine diphosphate (GDP) 
and binds a guanosine triphosphate (GTP) molecule.75,76 
In this GTP-bound active confi guration, cell signaling 
occurs until the intrinsic GTPase activity of the ras protein 
itself cleaves the GTP to GDP, resulting in reacquisition 
of the inactive confi guration.75,76 Mutant K-ras proteins 
lack intrinsic GTPase activity and remain in a continu-
ously active form.77 The constitutive activation of K-ras 
through this mutational mechanism leads to the induc-
tion of multiple signaling pathways involved with cell 
proliferation and cell survival.78

Tumor Suppressor p53

The p53 tumor suppressor gene is one of the most fre-
quently mutated genes in cancer.79,80 The p53 gene may 
be involved in the molecular pathogenesis of lung cancer 
through chromosomal deletion of 17p13.1, as well as 
through gene mutation. Approximately 50% of NSCLCs 
and 90% of SCLCs harbor mutations in the p53 gene.81–83 

The p53 mutational spectrum in lung cancer indicates 
that G to T transversions dominate and that specifi c 
hotspot codons are frequently mutated (including codons 
157, 158, 175, 245, 248, 249, and 273).84 The types of muta-
tions detected may refl ect the interaction of the DNA 
with specifi c carcinogens found in cigarette smoke.85,86

The p53 protein functions as a transcriptional regulator 
and mediator of cellular responses to DNA damage and 
stress.87 Point mutation of p53 leads to synthesis of mutant 
forms of the protein that do not fold properly,88 resulting 
in a nonfunctional protein that will not bind DNA.89,90 
When this mutant protein oligomerizes with other p53 
molecules (normal or mutant), the resultant tetramers (or 
higher order oligomers) are nonfunctional.91 Thus, cells 
with mutant p53 (or p53 defi ciency due to chromosomal 
deletion) become susceptible to progressive genomic 
instability and accumulation of additional genetic 
damage.92,93

Tumor Suppressor p16INK4A

Inactivating mutations of the p16INK4A tumor suppressor 
gene are common in lung cancer, particularly in NSCLCs94. 
p16INK4A is also subject to inactivation through deletion 
of chromosome 9p21 or hypermethylation of its promoter 
CpG island95. Thus, three different molecular mechanisms 
can lead to the inactivation of the p16INK4A gene in lung 
cancer.96 The p16INK4A tumor suppressor gene encodes a 
cyclin-dependent kinase (Cdk) inhibitor that plays a key 
role in Rb1-mediated cell cycle control pathway. The 
p16INK4A protein inhibits the activities of Cdk4–cyclin D, 
Cdk6–cyclin D, and Cdk2–cyclin E, leading to a blockade 
of pRb phosphorylation (with persistence of E2F seques-
tration) and growth suppression.97 When p16INK4A is 
mutated, the function of the protein is lost, resulting in a 
loss of normal cell cycle control and a persistent progres-
sion of cells through the cell cycle.

Epimutations in Lung Cancer

Several genes are known to be hypermethylated in lung 
cancer, resulting in gene silencing.98 Among these genes, 
p16INK4A is found to be methylated in >40% of lung 
cancers examined.95,96 Although it is recognized that 
hypermethylation of p16INK4A occurs frequently in lung 
cancer, there is debate regarding the importance of this 
mechanism of inactivation among lung cancer patients 
who are smokers versus nonsmokers (or never smokers). 
In one study, deletion or mutation of the p16INK4A gene 
was observed only in the lung cancers of smokers, whereas 
hypermethylation was found only among nonsmokers.99 
In contrast, other studies have found hypermethylation 
of p16INK4A as the prevalent mechanism of inactivation 
among lung cancers from smokers.100 Other epigeneti-
cally regulated genes in lung cancer include CDH1,101 
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CDKN1A,102 DAPK1,103 ESR1,104 GJB2,105 GSTP1,106 
HS3ST2,107 PRDM2,108 PRKCDBP,109 RASSF1,110 and 
SFN.111 Like p16INK4A, RASSF1 may be subject to inacti-
vation through multiple molecular mechanisms, including 
hypermethylation110 and deletion of chromosome 3p21.48 
Using recently developed array-based methods, a number 
of putative targets for promoter methylation in lung 
cancer (including some new gene targets) have been 
identifi ed, including HIC1, IRF7, ASC, RIPK3, FABP3, 
and PAX3.112

Obstructive Lung Diseases

The major forms of obstructive lung disease include 
emphysema, chronic bronchitis, bronchiectasis, and 
asthma. Emphysema and chronic bronchitis are often 
grouped together and referred to as chronic obstructive 
pulmonary disease (COPD). Various factors contribute 
to the development of COPD, including cigarette smoking. 
The majority of patients with COPD are long-term heavy 
cigarette smokers, but only a minority of cigarette smokers 
develop COPD, suggesting a role for additional (possibly 
genetic) factors in the development of this condition. In 
addition, obstructive lung disease is a major clinical mani-
festation of CF, which is a multiorgan disease with a clear 
genetic component. In this section, genetic and epigenetic 
alterations in specifi c genes contributing to emphysema 
and CF are reviewed.

Pathogenesis of Emphysema

Emphysema is characterized by permanent enlargement 
of the airspaces distal to the terminal bronchiole, accom-
panied by bronchiolar wall damage, but without fi brosis. 
There are four major forms of emphysema, which are 
classifi ed by their anatomic distribution within the lobule: 
(1) centriacinar, (2) panacinar, (3) paraseptal, and (4) 
irregular.113 Centriacinar emphysema accounts for the 
majority (>95%) of cases. The clinical treatment of 
emphysema does not depend on the classifi cation of the 
disease, however. The etiologic mechanisms for develop-
ment of emphysema have not been fi rmly established, but 
the prevailing theory focuses on alterations in the balance 
between protease and antiprotease enzymes.114 This 
theory holds that an imbalance between protease enzymes 
(particularly elastase) and antiproteases (such as α1-
antitrypsin) in the lung leads over time to alveolar wall 
destruction.114 According to this idea, emphysema will 
develop when the elastase–antielastase balance is altered 
through a relative increase in elastase activity (perhaps 
in association with cigarette smoking or persistent 
lung infection) or a relative decrease in the antielastase 
defense mechanisms (as in the case of α1-antitrypsin 
defi ciency).115

Gene Mutations in Emphysema

The best-characterized genetic risk factor for emphysema 
is α1-antitrypsin defi ciency.116 However, α1-antitrypsin 
defi ciency is a rare condition and accounts for only 1%–
2% of patients with emphysema,117 typically those with 
panacinar pathology.115 α1-Antitrypsin is a member of the 
serine protease inhibitor superfamily of proteins, which 
function to inactivate neutrophil elastase and other pro-
teases to maintain the protease–antiprotease balance.118 
Normally, α1-antitrypsin is synthesized in the liver and 
secreted into the blood, producing serum concentrations 
of 20–53 μmol/L.115 In defi cient individuals, α1-antitrypsin 
levels in the serum fall below 20 μmol/L.115 A number of 
different mutant alleles for α1-antitrypsin have been 
identifi ed and characterized.119 Most clinically recognized 
cases of α1-antitrypsin defi ciency are due to the presence 
of the Z allele, which is characterized by the substitution 
of lysine for glutamic acid at position 342 (Glu342Lys).115 
The Glu342Lys mutation leads to polymerization of the 
Z form of α1-antitrypsin within hepatocytes, resulting in 
impaired secretion and reduction of the plasma levels of 
α1-antitrypsin to 15% of normal.118,120 To compound the 
α1-antitrypsin defi ciency in these patients, the Z form 
of α1-antitrypsin does not function properly.121 Thus, defi -
ciency in the antielastase activity of α1-antitrypsin due to 
diminished serum levels and decreased activity of the 
defective protein (Z form) sets up a chronic condition in 
the patient characterized by a relative excess of elastase 
activity and destruction of lung tissue.

Pathogenesis of Cystic Fibrosis

Cystic fi brosis is a fairly common genetically based mul-
tiorgan disease caused by a disorder in epithelial trans-
port function affecting fl uid secretion in exocrine glands 
and the epithelial lining of the respiratory, gastrointesti-
nal, and reproductive tracts.122 Chronic lung disease is one 
of the major clinical manifestations of CF. Affected indi-
viduals have impaired lung clearance because of the pro-
duction of thick mucus by the submucosal glands of the 
respiratory tree and develop secondary obstruction of the 
air passages. The inspissation of these mucus secretions 
leads to impaired air fl ow and creates a setting for fre-
quent, persistent pulmonary infections culminating in 
bronchiectasis.123

Gene Mutations in Cystic Fibrosis

The molecular basis for the development of CF is muta-
tion of the cystic fi brosis transmembrane conductance 
regulator (CFTR) gene.124,125 The symptomatology of CF 
is highly variable from patient to patient, possibly owing 
to differences in CFTR function because of specifi c muta-
tions.126–128 Given that epithelia in CF patients behave as 
though they are impermeable to chloride ions,129 it was 
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expected that the CFTR gene would encode a chloride 
channel. However, it was found that the CFTR gene 
encodes an ABC transporter homolog that actually func-
tions as a chloride channel that is directly activated by 
phosphorylation.125 The most common mutation in the 
CFTR gene is designated ΔF508 and results in deletion 
of phenylalanine at position 508 within nucleotide binding 
domain 1 of the CFTR protein.125 The ΔF508 mutation 
accounts for >65% of CFTR mutations, although >1,000 
other CFTR mutations have been documented. The 
ΔF508–CFTR protein is not properly folded during post-
translational processing and is rapidly degraded, resulting 
in defi ciency of CFTR protein.130

Epimutations in Cystic Fibrosis

Evidence in the literature strongly suggests that loss of 
CFTR function causes CF, and a large number of muta-
tions in the CFTR gene have been characterized.125 
However, there is some evidence that the CFTR gene 
may be subject to methylation-dependent epigenetic 
regulation. The promoter of the CFTR gene is remark-
ably GC rich.131,132 Early studies found hypermethylation 
of the CFTR promoter in various cell lines analyzed, 
which correlated with low levels of expression.133,134 
However, a more detailed bisulfi te sequencing analysis of 
the CFTR promoter has not been reported. Nevertheless, 
these results suggest that the CFTR gene may be subject 
to epigenetic regulation through promoter hypermethyl-
ation, possibly representing a nonmutational mechanism 
for inactivation of CFTR leading to CF.
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6
Bioinformatics and Omics

Timothy Craig Allen and Philip T. Cagle

Omics

Omics—a suffi x signifying the measurement of the entire 
complement of a given level of biologic molecules and 
information—today encompasses a variety of new tech-
nologies that can help explain normal and abnormal cell 
pathways, networks, and processes via the simultaneous 
monitoring of thousands of molecular components.6,7

Genomics

Genomics provides platforms for the study of genomes 
and their genes, including haplotyping and single nucleo-
tide polymorphism detection by investigating single 
nucleotide polymorphisms (SNPs) and mutations using 
high-throughput genome sequencing techniques such as 
high-density DNA microarrays/DNA (oligonucleotide) 
chips.7,38–44 The base sequence of the genes of the human 
mitochondrial genome was completed in 1981, and in 
2003 the base sequence of the genes of the entire human 
genome was completed.45–47 The human genomic sequence 
data from the International Human Genome Sequencing 
Consortium can be mined using tools that are now pub-
licly available.48 Public databases can also be mined for 
SNPs, human mitochondrial genomes, and other human 
DNA polymorphic markers.49–54

Transcriptomics

Also termed functional genomics, transcriptomics pro-
vides information about the expressions of individual 
genes at the messenger RNA (mRNA) level and corre-
lates patterns of expression with biologic function.7,55–64 A 
variety of techniques have been developed to investigate 
gene expression. These techniques include serial analysis 
of gene expression (SAGE), suppression subtractive 
hybridization (SSH), differential display (DD) analysis, 

Introduction

The term genomics originated in 1920 to describe the 
complete set of chromosomes and their associated genes; 
however, it has been in the past decade that the use of 
omics—genomics, transcriptomics, and proteomics—and 
bioinformatics has led to dramatic advances in the 
understanding of the molecular and genetic bases of 
disease.1–29 This chapter briefl y reviews the subject, with 
subsequent chapters providing more details on specifi c 
technologies.

Bioinformatics

Bioinformatics has become an essential part of omics 
research and requires unique practical and analytical 
skills for appropriate results interpretation. Bioinfor-
matics uses computers and statistics to perform 
extensive omics-related research by searching biologic 
databases and comparing gene sequences and protein 
data on a vast scale to identify sequences or proteins 
that differ between diseased and healthy tissues or 
between different phenotypes of the same disease.30–37 
The techniques used in omics are called high through-
put because they involve analysis of very large numbers 
of genes, gene expressions, or proteins in one proce-
dure or combination of procedures. The vast amounts 
of data generated by these high-throughput studies 
typically require computers for analysis and compari-
son of differences between diseased and physiologic 
cells and tissues, a key feature of bioinformatics. Omics 
and bioinformatics are used not only for studying genes 
and signaling pathways involved in human diseases but 
also for identifying potential targets of therapy and the 
design of therapeutic drugs.
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RNA arbitrarily primer–PCR (RAP-PCR), amplifi ed 
restriction fragment-length polymorphism (AFLP), total 
gene expression analysis (TOGA), and use of internal 
standard competitive template primers in a quantitative 
multiplex RT-PCR method [StaRT-(PCR)], restriction 
endonucleolytic analysis of differentially expressed 
sequences (READS), differential screening (DS), high-
density cDNA fi lter hybridization analysis (HDFCA), 
and gene expression microarrays.65–67

Proteomics

Proteomics is discussed in detail in Chapter 13. Pro-
teomics investigates individual protein concentrations 
present in a biologic system and studies the structural, 
functional, and regulatory roles of proteins in the cell 
and in pathways, including how and where they are 
expressed.7,68–86 Because gene function is ultimately per-
formed by the proteins transcribed from the genes and 
mRNA, proteomics is essential to comprehend the actual 
defi nitive functioning of a gene or pathway.3,4 Fortunately, 
proteomics can be performed on surgical specimens, 
including needle biopsy tissue, cytology specimens, serum, 
and other fl uids.3,4 Frequently, two-dimensional gel elec-
trophoresis (two-dimensional polyacrylamide gel elec-
trophoresis) and mass spectrometry are employed in 
proteomics to initially fractionate the groups of proteins 
in a specimen. Proteins in a given sample fraction may 
later be identifi ed using fi ngerprinting or sequence tag 
techniques.3,4

Metabolomics

Metabolomics (also termed metabonomics) involves 
study of metabolic profi les by investigating the com-
pounds in a process and the characterization and quanti-
fi cation of small organic molecules in either circulatory 
or cell tissue systems.7,87–90 Nuclear magnetic resonance 
and mass spectrometry are techniques frequently used in 
metabolomics.7,87–90

DNA Microarrays

DNA microarrays are employed to simultaneously screen 
for the presence or expression of large numbers of 
genes.91–98 Suppression subtractive hybridization selec-
tively amplifi es target cDNA fragments (differentially 
expressed genes) and suppresses nontarget DNA.99,100 
Serial analysis of gene expression is used for global analy-
sis of gene expression and provides a comprehensive 
qualitative and quantitative expression profi les of virtu-
ally every gene in a cell population or tissue, and SAGE 
libraries from different cells and tissues have been 
created.101–103

Conclusion

Rapid medical advances in the laboratory have not 
necessarily translated into rapid treatment advances. 
However, continuing omics research to understand the 
conceptual framework of disease—including disease pro-
gression and treatment response—along with improved 
and more effi cient bioinformatics tools to analyze the 
great amounts of data originating from omics investiga-
tions may permit future diagnostic, prognostic, and thera-
peutic benefi t to arise from these technologies.6
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Molecular Pathology

Gregory L. Blakey and Daniel H. Farkas

nologies couple ease of use with adaptability. With these 
methods, a digested sample is loaded onto a column to 
which nucleic acids bind in the presence of chaotropic 
salts. Microcentrifugation of the column followed by 
washing removes proteins and other macromolecules. 
Finally, nucleic acids are eluted with buffer or water. As 
with more traditional techniques, conventional spin 
column–based nucleic acid isolation suffers from the 
need for manual labor, not an insignifi cant factor in the 
busy clinical laboratory.4,5

Automation of nucleic acid extraction techniques has 
increased laboratory effi ciency and decreased turnaround 
time. Of particular importance for quantitative testing, 
reduced inter- and intraoperator variability also results. 
Commonly used automated nucleic acid extraction tech-
niques often rely on magnetized glass beads. After cell 
lysis, nucleic acids bind the beads, which can be roboti-
cally manipulated with a magnet. The beads are washed, 
and then nucleic acids are eluted with water or an appro-
priate buffer. Throughput of automated extraction robots 
ranges from approximately 6 samples to 96 or more per 
run. Depending on the model, these machines are capable 
of processing various sample types, including plasma, 
whole blood, fresh tissue, and formalin-fi xed tissue. 
Typical isolation choices include total nucleic acid, DNA, 
and RNA.

Although nucleic acids are most commonly purifi ed for 
use in molecular protocols, crude cell lysates can be used 
in selected cases. Such an approach may be especially 
useful when only minute amounts of samples are avail-
able, as with macro- or microdissected cells. In these 
instances, the decrease in nucleic acid yield because of 
the extraction process might be unacceptable. Crude 
lysates have been successfully used as starting material 
for polymerase chain reaction (PCR)-based clinical 
diagnostics.6

Introduction

Once a highly specialized subdiscipline of laboratory 
medicine, molecular diagnostics now infi ltrates all of ana-
tomic and clinical pathology. The shift from dependence 
on a few, relatively cumbersome methods to a wider 
range of technologies has facilitated this expansion. In 
addition, the completion of the Human Genome Project 
and the growing amount of sequence data related to 
infection, cancer, and other disease states have yielded 
additional applications of molecular biology for the clini-
cal laboratory (Figure 7.1). As the various phases of 
testing can be automated in many instances, molecular 
biologic experience is no longer a prerequisite. In fact, 
performance of nucleic acid extraction and amplifi cation 
in a tabletop unit is possible.1, 2 Increasingly, miniaturiza-
tion will further move molecular testing to the point of 
care.3

Although varying from protocol to protocol, the 
workfl ow for many molecular pathologic tests follows a 
similar scheme (Figure 7.2). As with other laboratory 
tests, preanalytic variables can dramatically affect molec-
ular assay results. Therefore, appropriate care should be 
paid to specimen collection, transport, processing, and 
storage. In particular, fresh samples submitted for 
analysis of RNA must be rapidly processed to prevent 
degradation.

Nucleic Acid Extraction

Although the traditional organic means of extracting 
nucleic acids, with phenol and chloroform, are useful in 
the clinical laboratory, less cumbersome methods now 
dominate. For instance, silica-based spin column tech-
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Figure 7.1. Molecular diagnostics encompasses the use of 
nucleic acids to diagnose infection, malignancy (hematologic 
and solid tumors), and genetic diseases. Other major foci include 
the investigation of human remains and crime scenes (forensics) 
and evaluation of transplant donors and recipients (human leu-
kocyte antigen [HLA] testing).

Figure 7.2. The general steps in many molecular diagnostic 
protocols are similar. For example, a blood sample received for 
genetic testing fi rst may be processed to isolate white blood 
cells. Then, DNA is extracted from these cells and used to set 
up polymerase chain reaction. A multitude of detection methods 
are available (see text for further discussion).

Figure 7.3. Numerous techniques allow 
detection and analysis of polymerase 
chain reaction (PCR) products, ampli-
cons. Amplicons can be sized by gel 
electrophoresis, detected in real-time 
with fl uorescent probes, and sequenced 
with a variety of methods. Mass spec-
trometry approaches allow precise 
fragment sizing or base composition 
determination, and DNA “chips” permit 
parallel hybridization of amplicon 
and thousands of probes. (Sequencing 
diagram modifi ed from Blakey and 
Farkas,7 by permission of the Colorado 
Association for Continuing Medical 
Laboratory Education.)

Amplifi cation Technologies

Target Amplifi cation

Polymerase Chain Reaction

In combination with a variety of other methods (Figure 
7.3), PCR remains the core molecular pathologic 
technique. It results in a many fold increase in target 
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sequences by virtue of repeated cycles in which product 
becomes additional template. Despite the superior sen-
sitivity and convenience of PCR versus Southern blot-
ting and other venerable methods, the potential for 
contamination of the laboratory space and reagents 
with reaction products—amplicons—slowed entry of 
molecular diagnostics into traditional laboratory set-
tings. The relatively recent availability of thermal 
cyclers that can continually monitor product formation 
has mitigated this problem. These instruments allow 
real-time PCR in which subsequent detection steps 
requiring opening of the reaction vessel are usually not 
needed. Besides lowering the risk of contamination, 
real-time PCR allows rapid turnaround time; the high-
speed thermal cyclers used rapidly change the reaction 
temperature of metal blocks or air in which reaction 
vessels are suspended. Applications of real-time PCR 
include genotyping, pathogen identifi cation, and target 
quantifi cation.

Besides the standard reagents (primers fl anking the 
target site, heat-resistant polymerase, deoxyribonucleo-
tide triphosphates (dNTPs), and various buffer compo-
nents), real-time PCR requires fl uorescent molecules for 
ultimate product detection. Fluorescent dyes such as 
SYBR Green that nonspecifi cally bind double-stranded 
DNA can be used, but false-positive results may occur. 
More commonly, polymorphism and mutation detection 
are accomplished with fl uorescently labeled oligonucle-
otide probes. Some of the most frequently used of the 
many such probe systems are hybridization probes, 
hydrolysis probes, and molecular beacons. Paired hybrid-
ization probes anneal to adjacent sites on the target 
sequence. One hybridization probe has an acceptor fl uo-
rophore, the other a donor fl uorophore. When in close 
proximity, the energy from the donor excites the accep-
tor via fl uorescence resonance energy transfer (FRET; 
Figure 7.4A). The real-time thermal cycler measures 
this signal. A hydrolysis probe consists of a single oligo-
nucleotide labeled with reporter and quencher fl uoro-
phores; fl uorescence is inhibited by FRET between the 
two. Upon dissociation of the two fl uorophores by the 
exonuclease activity of the DNA polymerase during the 
extension phase of PCR, the reporter emits light (Figure 
7.4B). Similarly, molecular beacons contain a stem-loop 
structure that brings together reporter and quencher 
fl uorophores attached to the respective ends of the 
probe. When the probe binds to the target sequence, 
the reporter and quencher are physically separated 
(Figure 7.4C).

Melting curve analysis with hybridization probes 
can be used to distinguish different target sequences. 
Hybridized strands separate at the melting tempera-
ture (Tm). To determine Tm, after PCR is completed, 
the thermal cycler slowly increases the temperature 

while continuously monitoring fl uorescence. As the 
temperature rises, probes that are less tightly bound 
to target, either by design or because of mismatches, 
dissociate fi rst. Stronger, more stable, target–probe 
hybrids melt at higher temperatures. By plotting the 
change in fl uorescence produced versus temperature, 
different target amplicon species, (e.g., normal vs. 
mutant or different pathogens) can be distinguished 
(Figure 7.5).

Real-time PCR permits relatively easy quantifi cation 
of analytes such as microbial genomes or fusion tran-
scripts. As the initial concentration of an analyte of inter-
est increases, the reaction cycle number where fl uorescence 
exceeds background decreases. Therefore, external cali-
brators can be used to construct a standard curve, permit-
ting quantifi cation.

Polymerase chain reaction systems with 96- and 384-
well plates increase throughput. Multiplexing (more than 
one reaction per tube or well) enhances this. However, 
untoward interactions between the various components 
of a multiplexed reaction limit the number of analytes 
that can be interrogated simultaneously. High-through-
put gene expression profi ling may be accomplished by 
advances such as highly parallel picoliter-scale PCR.8 
With potentially superior dynamic range and reproduc-
ibility versus microarrays (see later), real-time PCR may 
allow gene expression profi ling to enter more widespread 
clinical use.

Other Target Amplifi cation Techniques

Besides PCR, target amplifi cation techniques include the 
proprietary nucleic acid sequence based amplifi ca-
tion and transcription-mediated amplifi cation, both of 
which rely on the isothermal production of RNA 
intermediates.

Signal Amplifi cation

Instead of increasing the number of targets to boost sen-
sitivity, signal amplifi cation techniques rely on multiply-
ing the detection signal. Signal amplifi cation techniques 
include Hybrid Capture, Invader, and branched chain 
DNA (bDNA), all proprietary.

With Hybrid Capture, in wide use for the identifi cation 
of human papillomavirus, hybrids of viral DNA and probe 
RNA are bound by antibodies attached to a reaction well. 
Labeled antibodies complete the sandwich of the hybrids, 
allowing chemiluminescent detection.

Invader assays depend on recognition of the combina-
tion of the target, a probe, and a so-called Invader oligo-
nucleotide by a proprietary enzyme (Cleavase); probe 
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Figure 7.4. Many different strategies allow detection of ampli-
cons in real-time polymerase chain reaction (PCR). These three 
probe systems rely on fl uorescence resonance energy transfer 
(FRET) between fl uorophores. Blue arrows represent light 
emitted by the thermal cycler. (A) Dual hybridization probes 
bind the target sequence, whereupon the acceptor fl uorophore 
(A) on one probe receives light from the adjacent donor fl uo-
rophore (D) on the other probe. As the PCR progresses, fl uo-
rescence increases. (Modifi ed from Blakey and Farkas,7 by 
permission of the Colorado Association for Continuing Medical 
Laboratory Education.) (B) A hydrolysis probe, an oligonucle-

otide labeled with reporter (R) and quencher (Q) fl uorophores, 
binds the target sequence during the extension phase of PCR. 
Taq polymerase hydrolyzes bound probe, freeing the reporter 
from the quencher. (Modifi ed from Blakey and Farkas,7 by per-
mission of the Colorado Association for Continuing Medical 
Laboratory Education.) (C) A molecular beacon probe, com-
posed of a stem-loop oligonucleotide structure with terminal 
reporter (R) and quencher (Q) fl uorophores. Binding of the 
probe to the target sequence separates quencher from reporter, 
allowing fl uorescence of the latter.

cleavage results. A probe fragment in turn interacts with 
a looped DNA structure labeled with reporter and 
quencher fl uorophores (FRET cassette). Cleavage again 
results, releasing the reporter, which fl uoresces. Invader 
chemistry is isothermal. Thus, a thermal cycler is not 
required. In addition, as amplicons are not produced, the 

risk of contamination is minimized. Genotyping is a 
common application.

bDNA technology uses a combination of capture 
molecules and labels to amplify the amount of signal. 
Applications include quantifi cation of human immuno-
defi ciency, hepatitis B, and hepatitis C viruses.
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Restriction Fragment Analysis and 
Southern Blotting

Restriction Fragment-Length Polymorphism

Restriction fragment-length polymorphism (RFLP) anal-
ysis, previously a mainstay of genotyping, involves cutting 
target molecules (usually after amplifi cation with PCR) 
with a restriction endonuclease, followed by gel electro-
phoresis. The resulting fragment patterns can be com-
pared to those of controls to deduce the genotype. Many 
RLFP assays have been supplanted by those based on 
real-time PCR.

Southern Blotting

A particularly laborious and time-consuming (turnaround 
times of many days) technique, the Southern blot is still 
used in the clinical laboratory, particularly when target 
sequences are too long to safely amplify with PCR. In 
Southern blotting, relatively large quantities (microgram) 
of DNA are digested with a restriction endonuclease, 

fractionated via gel electrophoresis, and then transferred 
to a solid support, such as a nylon membrane. Labeled 
probes then hybridize to complementary target sequences, 
permitting detection.

Sequencing

Sequencing is used widely in genetics laboratories, par-
ticularly for the identifi cation of heterogeneous muta-
tions within a given gene or exon.

Sanger Sequencing

In Sanger sequencing, fl uorescently labeled dideoxyribo-
nucleotide triphosphates are incorporated into growing 
nucleotide strands, causing chain termination. The result-
ing fragments are resolved with slab gel or, more com-
monly, capillary electrophoresis, to yield the sequence. 
Sequence read lengths are in the hundreds of base 
pairs. Common sequencing primers and protocols, high-
throughput 384-capillary sequencers, and sophisticated 
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Figure 7.5. Amplicons can be distinguished by melting curve 
analysis. Two hybridization probe pairs differentiate between a 
mixture of analytes 1 and 2 in this illustration (left). As the 
thermal cycler ramps up the temperature, one of the probes for 
analyte 2 dissociates fi rst (middle), resulting in drop in total 

fl uorescence. The temperature at which this loss of fl uorescence 
occurs is the melting temperature for analyte 2. A second drop 
indicates the dissociation of at least one of the analyte 1 probes 
(right).
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analysis software form the large-scale sequencing pipe-
line required for the timely detection of polymorphisms 
and mutations in the high-volume clinical molecular 
genetics laboratory.

Real-time Sequencing

Pyrosequencing, or real-time sequencing, depends on a 
proprietary chemical cascade that converts the pyrophos-
phate byproduct of nucleotide incorporation to light 
(Figure 7.6). With inkjet printer technology, the pyrose-
quencing instrument adds individual dNTPs in a specifi ed 
order to reaction vessels. Only when a dNTP incorporates 
at a given position is light generated and detected by the 
instrument; therefore, the sequence of the target can be 
inferred.

Although Sanger sequencing remains the predominant 
sequencing technique, real-time sequencing offers several 
advantages. Sequence reads can begin immediately after 
the sequencing primers. In addition, detection occurs 
during the sequencing reaction, reducing turnaround 
time. Compared with real-time PCR, pyrosequencing has 
the advantage of quicker assay development in some 
instances, given that design and optimization of fl uores-
cently labeled probes is not required. Limitations of pyro-
sequencing include diffi culty reading homopolymeric 
repeats (several consecutive identical bases) and the rela-
tively short sequence read lengths (less than approxi-
mately 100 base pairs).

Advanced Sequencing

Rapid progress in high-throughput sequencing tech-
nologies hastens the goal of quickly and inexpensively 
sequencing a human genome for clinical purposes. One 
recently introduced machine, based on pyrosequenc-
ing chemistry and the so-called shotgun sequencing 
approach, can sequence a bacterial genome in as little 
as a few hours.9 An effort to more fully characterize 
genomic changes of malignancies, the National Insti-
tutes of Health’s Cancer Genome Atlas project (http://
cancergenome.nih.gov), could eventually generate new 
clinical assays based on new sequencing technologies.

Methylation Detection Methods

Epigenetic changes, modifi cations to the genome that do 
not alter the sequence itself, are involved in the regula-
tion of gene expression. Means to identify one such class 
of epigenetic change, methylation of cytosines, include 
methylation-sensitive restriction enzymes that gene-
rate differential RFLP patterns and chemical conversion 
(bisulfi te treatment) of methylated bases followed by 
sequencing.

Fluorescence In Situ Hybridization 
and Microarrays

Fluorescence In Situ Hybridization

Fluorescently labeled probes hybridized to histologic and 
cytologic preparations allow the detection of transloca-
tions, amplifi cations, and deletions. Fluorescence in situ 
hybridization (FISH) is used widely in the study of hema-
tologic malignancies, solid tumors, and genetic disorders. 
Platforms with automated hybridization and analysis will 
increase the practicality of FISH in the clinical laboratory. 
Although generally less sensitive than PCR, FISH has the 
advantage of preserving histologic context.

Chromosomal Microarrays

Composed of hundreds or thousands of probes or clones 
representing every chromosome, chromosomal microar-
rays achieve a higher resolution than the staining tech-
niques of classic cytogenetics. Thus, this technique, also 
known as array comparative genomic hybridization, may 
detect small deletions and duplications missed by tradi-
tional karyotyping. Prior to hybridization, samples may 
undergo whole genome amplifi cation to increase sensitiv-
ity. Preliminary studies have shown that formalin-fi xed 
cells and tissues may be successfully used with chromo-
somal microarrays,10,11 raising the possibility of its routine 
use in anatomic pathology.

Figure 7.6. Pyrosequencing takes advantage of the pyrophos-
phate byproduct of nucleotide incorporation into a growing 
DNA strand. Pyrophosphate is converted to light by sulfurylase 
and luciferase. Apyrase degrades excess deoxyribonucleotide 
triphosphate. As nucleotides are added individually in a prede-
termined order, the target sequence can be deduced as the 
DNA strand grows. Hence, pyrosequencing is also known as 
sequencing by synthesis. The large arrow represents the sequenc-
ing primer. ATP, adenosine triphosphate; dAMP, deoxyadenosine 
monophosphate; PPi, inorganic phosphate. (Modifi ed from 
Blakey and Farkas,7 by permission of the Colorado Association 
for Continuing Medical Laboratory Education.)
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Oligonucleotide Microarrays

Oligonucleotide microarrays are constructed by spotting 
hundreds to thousands of oligonucleotide probes onto a 
glass slide or other substrate. Alternatively, probes can be 
incorporated in situ during construction of the array. By 
hybridizing cDNA, derived from cellular mRNA via 
reverse transcription, to these arrays, the expression 
levels of the various genes in a cell can be measured. 
Gene expression profi ling has been repeatedly demon-
strated to generate “signatures” that correlate with prog-
nosis of different cancers, although variabilities in the 
means of assay performance and statistical analysis have 
sometimes rendered interlaboratory comparison diffi cult. 
Platform standardization and other efforts to improve 
reproducibility will likely pave the way for gene expres-
sion profi ling to more fully enter routine clinical use. 
Selected example applications of microarray technolo-
gies are listed in Table 7.1.

Liquid Bead Microarrays

Liquid bead arrays consisting of sets of labeled poly-
styrene microbeads can be used to simultaneously inter-
rogate numerous targets for genotyping, pathogen 
identifi cation, and other purposes. As with traditional 
fl ow cytometry, beads are passed single fi le through a 
laser-based detector. One laser identifi es the bead 
based on its unique color while another quantifi es 
attached analyte. Besides nucleic acids, proteins, cyto-
kines, and other biomolecules can be attached to 
the beads, enhancing the multiplexing power of this 
technology.

Mass Spectrometry

Although not “molecular pathology”—the diagnosis of 
disease using nucleic acids—in the strict sense, proteomic 
profi ling with mass spectrometry is touted by some as a 
powerful tool for the screening and diagnosis of malig-
nancies and the identifi cation of pathogens. Numerous 
variants of mass spectrometry separate proteins by mass 
and charge (Figure 7.7A). The resultant protein mass fi n-
gerprints reveal the relative quantities of the protein 
and peptide species present (Figure 7.7B). Such patterns 
derived from blood may constitute proteomic disease sig-
natures.12 Confi rmation of these sometimes controversial, 
nascent diagnostic approaches is needed before imple-
mentation in the clinical laboratory.

Systems Biology Approaches

The emerging fi eld of systems biology seeks to more fully 
understand life in terms of its myriad molecular networks. 
This outlook contrasts with the reductionist bent of 

Table 7.1. Applications of microarray technologies.

Application Format Comment

Gene expression 
profi ling

Solid phase, 
liquid bead

Can identify disease-specifi c 
signatures

Global 
chromosomal 
abnormality 
detection

Solid phase Resolution depends on 
number of clones or 
probes; may not detect 
balanced translocations

Pathogen detection Solid phase, 
liquid bead

Has potential to replace 
many conventional 
virologic and bacteriologic 
methods

Polymorphism and 
mutation 
detection

Solid phase, 
liquid bead

A pharmacogenetic test is 
the fi rst Food and Drug 
Administration–approved 
microarray-based assay

Sequencing Solid phase Alternative to traditional 
sequencing techniques

Figure 7.7. (A) Mass spectrometry can be used to separate 
serum proteins. Following ionization or other means of dissocia-
tion, proteins move through the mass analyzer based on the ratio 
of mass to charge. A detector measures this time of fl ight (TOF). 
(B) Mass spectrometry TOF yields quantitative “proteomic pro-
fi les,” as shown in this simplifi ed diagram. The species with the 
lowest mass/charge ratio (triangle) is more abundant than the 
two species with higher mass/charge ratios (rectangle and 
diamond). Serum proteomic signatures may be composed of the 
shed proteins and peptides of cancer and other diseases.
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molecular biology and the common clinical practice of 
employing one or a few biomarkers to diagnose a given 
disease. Much more predictive, less reactive medi-
cal care is promised by use of multiparameter, high-
throughput molecular tools.13 Although molecular 
diagnostic assays now serve primarily as adjuncts to 
other methods in surgical pathology, the use of global, 
systems-based approaches may challenge the dominance 
of histopathology.

Implementing Molecular Pathology

Laboratory Design Considerations

To prevent contamination, laboratories manipulating 
amplicons generated by PCR or other target amplifi ca-
tion technologies must strictly observe a unidirectional 
workfl ow, from sample processing to detection (Figure 
7.8). Reagent preparation should ideally be done in an 
area of the laboratory separate from sample processing 
and nucleic acid extraction. Both of these activities benefi t 
from positive air pressure or “still boxes” and ultraviolet 
light to minimize airborne contaminants. Most impor-
tantly, the laboratory’s postamplifi cation room, where 
reaction vessels are opened post-PCR, must be kept sepa-
rate from the rest of the laboratory. Dedicated gloves and 
gowns should be kept in this area. In addition, negative 
air fl ow can prevent escape of amplicons.

Laboratory Staffi ng

Early molecular pathology laboratories relied on staff 
trained in molecular biology to perform and troubleshoot 
assays. Now, those with more traditional medical tech-
nologist training increasingly perform these functions in 
part because of better educational opportunities. The 

American Society for Clinical Pathology, the American 
Board of Bioanalysis, and the National Credentialing 
Agency for Laboratory Personnel offer certifi cation in 
molecular diagnostics. In addition, there are several 
degree-granting programs. The Training and Education 
section of the Association for Molecular Pathology 
website provides an updated list of molecular training 
available for technologists (http://www.amp.org/T&E/
training&edu.htm).
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or frozen tissue. The probes used in in situ hybridization 
can highlight amplifi cations, specifi c translocations, or 
genomic material from infectious organisms. In paraffi n-
embedded tissues, FISH is a particularly powerful tool 
for molecular analysis, given the known diffi culties in 
DNA extraction from fi xed material.

Comparative genomic hybridization (CGH) is another 
relatively new technique that can detect and map changes 
in copy number for specifi c DNA sequences. The DNA 
from a test genome (e.g., a tumor) and a reference genome 
(e.g., normal tissue) are differentially labeled and hybri-
dized to normal metaphase chromosomes. In the past few 
years, microarray-based formats for CGH (array CGH) 
have been developed and are beginning to be widely used 
in preference to chromosome-based CGH. Overrepre-
sentation (amplifi cations) or underrepresentation (dele-
tions) of the test sample signal can be resolved with 
computer software. This technique is excellent for disco-
very of unique genetic alterations (deletions and ampli-
fi cations) but is not commonly used as a diagnostic tool.

In anatomic pathology laboratories genetic material is 
often analyzed at the nucleic acid level, especially with 
the powerful tool of polymerase chain reaction (PCR). 
Currently many of the PCR-based diagnostic molecular 
tests yield positive or negative results to identify disease-
specifi c genetic changes. As molecular testing becomes 
more focused on quantitation of molecular targets, the 
need for relatively pure cell populations will increase. 
Tissue microdissection is an excellent method to obtain 
relatively pure cellular samples of morphologically con-
fi rmed cell types.1–3 This cellular purity will result in more 
accurate test results. Microdissection can be performed 
in a variety of ways, all of which have different advanta-
ges and disadvantages that have been reviewed elsewhere. 
Basically, these methods range from simple and inexpen-
sive manual methods to laser-capture microdissection 
methods that require expensive and complex equipment. 
Microdissection of target tissue is followed by DNA 
or RNA extraction. The common sequence of tissue 

Introduction

Molecular testing in anatomic pathology is becoming 
increasingly important for most organ systems, including 
in the lung. Such tests are used both diagnostically and 
prognostically and are particularly important in the 
workup of neoplasia and for identifi cation or subclassifi -
cation for certain infectious processes. Fresh and frozen 
tissues are always considered to be the most optimal 
source of DNA and RNA that serves as the template for 
targeted molecular analysis. However, archival paraffi n-
embedded tissue is an attractive alternative source of 
tissue for clinical testing. Paraffi n-embedded tissue can 
be a critical source of nucleic acid when unexpected 
diagnoses are rendered in the pathologic evaluation of 
tissue material. It also, however, provides the advantage 
of allowing for archival analysis with correlation to 
outcome.

Molecular analysis can be performed at different levels 
of resolution, from the whole chromosome down to the 
specifi c nucleotide sequence. At the chromosomal level, 
classic cytogenetics discerns chromosome structure and 
number and can detect most major translocations and 
deletions. This technique requires fresh cells that are 
capable of entering into cell division. The cells are arres-
ted in metaphase in order for the chromosomes to be 
visualized individually for analysis. A newer technique 
that can be combined with classic cytogenetics is spectral 
karyotyping. For this specialized analysis, the metaphase 
chromosomes are subjected to fl uorescent in situ hybri-
dization (FISH) with specifi c probes that are labeled with 
combinations of fi ve different fl uorescent tags. The result 
involves the “painting” of each chromosome with a 
unique fl uorescent signal that can be differentiated with 
the assistance of a computer detection system. This tech-
nique allows for resolution of complex karyotypes.

Chromogenic in situ hybridization (CISH) or FISH 
enables detection of known sequences of DNA and can 
be performed on whole cells or sections cut from paraffi n 
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processing in anatomic clinical or developmental mole-
cular pathology laboratories is illustrated in Figure 8.1.

Anatomic Pathology Testing to Detect 
or Characterize Neoplasia

Rapid advances in molecular technologies and expanding 
knowledge about lung tumor carcinogenesis has resulted 
in many studies of potential diagnostic and prognostic 
biomarkers. Based on current understanding, lung cancers 
have multiple genetic and epigenetic alterations, inclu-
ding inactivation of tumor suppressor genes and activa-
tion of oncogenes. These molecular changes can be 
correlated with the sequential morphologic changes of 
multistep carcinogenesis. The status of the many genes 
involved in tumorigenesis has been explored with multi-
ple different molecular techniques, including loss of hete-
rozygosity (LOH), array CGH, direct gene sequencing, 
gene expression profi ling, FISH, and proteomics. Each of 
these assays is discussed in the relevant chapters on spe-
cifi c assays throughout this book. In the following discus-
sion, a more general overview of molecular testing in lung 
carcinomas is presented.

Oncogenes

Protooncogenes are wild-type universally present genes 
that stimulate carcinogenesis when mutated. The mutant 
forms are designated as oncogenes. Oncogenes act as 
dominant genes, in which a mutation in only one copy of 
the gene leads to activation usually through overexpres-
sion of a protein product. A variety of mutational events 

can transform a protooncogene into an oncogene, inclu-
ding point mutations, translocations, amplifi cations, and 
deletions. Because most of these mutations are activating 
mutations and cause overexpression, the aberrant protein 
product may be detectable by immunohistochemistry. In 
some cases, an amplifi ed gene will be detected by in situ 
hybridization. However, overexpression of an oncogene 
protein product by immunohistochemistry alone does not 
necessarily signify a mutation, because other nonmuta-
tional mechanisms can also be responsible for protein 
overexpression.

In surgical pathology, some of the most common onco-
gene assays detect translocations, particularly for sarco-
mas and hematologic malignancies. These tumorigenic 
translocations often reposition an oncogene partner next 
to a constitutively active gene. The oncogene is then aber-
rantly and constitutively activated in the cells harboring 
the translocation. Depending on the clustering of break-
points, translocation assays can use reverse-transcription 
and polymerase chain reaction, PCR alone, or in situ 
hybridization. Most epithelial tumors do not have consis-
tent useful translocations. The most common applications 
of translocation testing in lung pathology include FISH 
or PCR-based assays for t(11;22) in extraosseus Ewing’s 
sarcoma/primitive neuroectodermal tumor and t(x;18) in 
synovial sarcoma of the pleura.

Most oncogenes that have been associated with epithe-
lial tumors involve specifi c point mutations in notorious 
genes. One of the most important oncogenes in non–small 
cell carcinoma is KRAS. KRAS mutations usually involve 
one of three important codons (12, 13, or 61) and often 
consist of G to T transversions. These unique mutations 
have been associated with the genetic damage from 
tobacco.4 KRAS mutations occur almost exclusively in 
adenocarcinoma and not usually squamous or small cell 
carcinomas. About 30% of adenocarcinomas harbor 
KRAS mutations.5,6 Interestingly, KRAS mutations have 
been reported in 25%–40% of atypical adenomatous hyper-
plasia as well. This molecular alteration has been suggested 
to indicate a relationship between atypical adenomatous 
hyperplasia and carcinoma.7 The clustering of mutations in 
KRAS mutations in lung adenocarcinoma makes it feasible 
to use a simple and rapid PCR-based sequencing assay for 
detection of these mutations. Even in small or low cellularity 
samples, such as sputum or bronchoalveolar lavage fl uid 
samples, the assay can be applied.

In fact, mutational analysis has been proposed as an 
early indicator, because mutations at KRAS codon 12 can 
be detected up to 4 years before the clinical diagnosis of 
cancer. Unfortunately, KRAS mutations are not specifi c 
for carcinoma. They have also been detected in the sputum 
of patients whose tumors are negative for KRAS muta-
tions and even in individuals with no clinically detectable 
carcinoma.8–11 This highlights the fact that mutations 
in KRAS are a component of the carcinogenesis 

Figure 8.1. Tissue processing in anatomic, clinical, and devel-
opmental molecular pathology laboratories. Manual or laser 
capture microdissection (LCM) of frozen or paraffi n-embedded 
target tissue is followed by DNA, RNA, or protein extraction 
and subsequently analyzed by the appropriate molecular tech-
niques. LOH, loss of heterozygosity; SNP, single nucleotide 
polymorphism.
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pathway but do not represent entirely specifi c correlation 
with malignant transformation. KRAS mutations are also 
associated with smoking tobacco. Therefore, their occur-
rence in individuals at high risk for lung cancer may also 
indicate widespread precancerous lesions that harbor 
these mutations. Although KRAS may be a good biomar-
ker for early diagnosis of lung adenocarcinoma, the major 
limitation remains the relatively low frequency of KRAS 
mutations in primary lung cancers overall; only a small 
proportion of high-risk patients may potentially benefi t 
from the test. In addition, this test does not entirely solve 
the problem of early detection of adenocarcinoma of 
the lung in nonsmokers, who do represent an important 
population of lung cancer patients in recent years.

Tumor Suppressor Genes

Tumor suppressor genes (TSGs) in the wild-type state 
have two active copies (alleles). These genes are thought 
to functionally suppress carcinogenesis in their routine 
cellular activity. Because both copies of the TSG must be 
mutated for tumorigenesis, TSGs are designated as reces-
sive genes. This is in contrast to dominant protooncoge-
nes, in which only one mutation is needed. We rarely test 
for both hits when assessing the status of TSGs. The most 
common assays for identifying TSGs include LOH, CGH, 
array CGH, and FISH. The LOH studies have provided 
clues to the localization of the many TSGs involved in 
lung carcinogenesis.

In general, alterations of chromosomes 3p, 9p21, 13q14, 
and 17p13 are frequently observed, even in the early 
precursor lesions.12,13 These molecular alterations are 
thought to be cumulative and progressive. Advanced 
tumors frequently show widespread complete or partial 
loss of each chromosomal arm, whereas precursor lesions 
tend to show more focal and smaller chromosomal 
losses.14 Most of these molecular alterations are thought 
to also correlate with smoking-related damage and may 
not necessarily indicate an increased risk for develop-
ment of invasive carcinoma. Therefore, it is unlikely that 
any of these markers in isolation will be able to serve as 
a mechanism for diagnosis.

Molecular Anatomic Testing for Targeted 
Therapies in Lung Cancer

The development of small-molecule inhibitors of the epi-
dermal growth factor receptor (EGFR) opened a new 
chapter for the treatment of patients with advanced lung 
cancer. It is clear from the experience with targeted 
therapy for breast cancer that standardized assays for 
assessing and predicting the effects of therapeutic agents 
are ideally developed in parallel with targeted therapies. 
The fi rst assays used in the search for biomarkers for drug 

therapy with EGFR inhibitors were tests for EGFR 
protein expression by immunohistochemistry and gene 
copy number by FISH.15–17 There is a good correlation 
between immunohistochemistry and FISH results, mean-
ing that amplifi cation correlates with increased protein 
expression. Unfortunately, the assays were not able to 
predict patient response to EGFR inhibitors. In addition, 
impact of EGFR status on patient survival, as assessed 
by FISH and immunohistochemistry has also been 
controversial. In 2004, mutations in the EGFR gene 
were identifi ed, and there appeared to be a strong rela-
tionship between clinical responsiveness to the tyrosine 
kinase inhibitor gefi tinib and the presence of gene muta-
tions.18 Epidermal growth factor receptor mutations 
appear to be exclusive to lung cancer; only extremely rare 
mutations have been identifi ed in other types of cancer, 
particularly in colorectal carcinoma.19 The same deletion 
in exon 19 as is seen in lung cancer has also been rarely 
detected in squamous cell carcinoma of the head and 
neck.20

Epidermal growth factor receptor mutations have a 
unique pattern in terms of affected populations. They are 
usually seen in adenocarcinomas, most commonly in 
never smokers, and are more prevalent in East Asian 
women.21 Although EGFR mutations correlate with the 
clinical response to tyrosine kinase inhibitors, recent cli-
nical trials showed that survival benefi t cannot be explai-
ned only by mutations. This led to renewed interest in the 
relationship between EGFR gene amplifi cation or protein 
expression and survival after treatment with tyrosine 
kinase inhibitors. In addition, the genetic status of EGFR-
related genes has also been explored. A recent study 
showed that gefi tinib was most effective in non–small cell 
lung cancer patients with a high EGFR gene copy number, 
high protein expression, or EGFR mutations.22 Because 
only high EGFR gene copy number determined by FISH 
correlated with prolonged survival, the authors proposed 
EGFR FISH analysis as an ideal clinical test for selecting 
patients for tyrosine kinase inhibitor therapy.

Anatomic Pathology Testing for 
Infectious Agents

As microbiology becomes more and more grounded in 
molecular technology, sophisticated assays can be readily 
applied to tissues in anatomic pathology. Molecular 
testing for infectious agents is increasingly useful as a 
diagnostic tool. Immunohistochemistry and in situ hybri-
dization remain the popular ancillary techniques for 
surgical pathologists, because they can be applied to routine 
diagnostic material coupled with histologic evaluation. 
However, paraffi n-embedded tissues can also serve as 
excellent source material for PCR-based organism 
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identifi cation assays. This is particularly useful when 
tissue was not sent directly for cultures or when suspicion 
is high but immunohistochemistry and in situ hybridiza-
tion are negative or inconclusive. DNA and RNA extrac-
ted from formalin-fi xed paraffi n-embedded tissue are 
usually more fragmented than DNA from fresh or frozen 
tissue. Several laboratories are now equipped to do testing 
for Mycobacterium species and viruses, such as cytome-
galovirus, in anatomic pathology material.

Despite the increase in isolates of Mycobacterium 
tuberculosis in the United States since 1985, there are 
now more isolates of nontuberculous mycobacteria 
(NTB) such as Mycobacterium avium complex. The dia-
gnosis of tuberculosis for many years has been based on 
special stains of smears for acid-fast bacilli and mycobac-
terial cultures. The special stains for acid-fast bacilli are 
not sensitive and do not allow the identifi cation of the 
different Mycobacterium species. Mycobacterial cultures 
are specifi c, but results are usually not available for 2 to 
3 weeks or longer. Polymerase chain reaction using oli-
gonucleotide primers specifi c for gene fragments in M. 
tuberculosis has been used to identify tuberculosis orga-
nisms from archival formalin-fi xed paraffi n-embedded 
tissue.23 This method may detect organism with high spe-
cifi city and sensitivity and is much faster than conventio-
nal cultures. The sensitivity of PCR is better than that of 
the special stains, in which a few mycobacteria might be 
missed on routine histologic sections. However, PCR 
results should always be interpreted in a clinical context. 
In diagnostic molecular pathology, sampling error is an 
important source of false-positive and false-negative 
results. The percentage of false-negative results after 
PCR amplifi cation of M. tuberculosis from formalin-fi xed, 
paraffi n-embedded tissue varies among studies from 2% 
to 19% depending on the PCR technique employed.24 
The DNA extraction used for this method is performed 
from several whole thick sections, because the rate of 
PCR positivity seems to be at least partially related to 
the quantity of DNA used for amplifi cation. Therefore, 
PCR techniques may have some disadvantages, such as 
possibly increased effect of tissue inhibitors or increased 
possibility of false-positive results due to contamination. 
Because of the relatively low amount of template DNA 
needed for amplifi cation, PCR-based analysis is now 
increasingly performed on microdissected areas from 
tissue sections. For surgical pathologists, a molecular 
identifi cation of mycobacteria can be the method of 
choice when the tissue obtained by biopsy is not sent for 
culture.

Several types of amplifi cation assays are available for 
quantitation of cytomegalovirus and other viruses, most 
of which use a form of real-time or quantitative PCR. 
Currently, most assays are designed for peripheral blood, 
and therefore surgical pathologists are rarely involved in 
ordering these tests.
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target’s nucleotide base letters A, C, G, and T and the 
sugar phosphate backbone. Other components of PCR 
include a thermostable DNA polymerase such as Taq 
polymerase, two oligonucleotide primers, four deoxynu-
cleotide triphosphates, magnesium, buffer, and a thermo-
cycler. Polymerase chain reaction achieves amplifi cation 
of the DNA by repeating a three-step cycle over and 
over. These three steps are denaturation, annealing, and 
extension.

In the denaturation step, target double-stranded DNA 
(dsDNA) is heated to a high temperature (94°–95°C) in 
order to break the hydrogen bonds between nucleotide 
bases on opposing strands. The dsDNA denatures, split-
ting into two intact single strands (ssDNA) that are com-
plementary to each other. In the second (annealing) step, 
the reaction mix is cooled to typically 50°–65°C, allowing 
ssDNA oligonucleotide primers to bind (anneal) to the 
portion of the target ssDNA to which they have specifi -
cally been designed. The investigator must know the 
sequence of the target DNA (at least in the region of the 
primers) in order to design the primers. Two primers are 
required—one that is complementary to the 3′ → 5′ ori-
ented target strand in Figure 9.1 (the forward primer), 
and one primer that is complementary to the 5′ → 3′ 
target strand in the fi gure (the reverse primer). Since 
these primers are in overwhelming abundance compared 
with the target DNA, they will anneal to the target DNA 
much more frequently than the full-length target DNA 
will anneal to its full-length complementary strand as the 
reaction is cooled. In the third (extension) step, as the 
temperature is raised to its working optimum (72°C), Taq 
polymerase recognizes these partially double-stranded 
DNAs and uses the forward and reverse primers as initia-
tion points to begin extending the primers via polymer-
ization in a 5′ → 3′ direction along the two new (nascent) 
strands. DNA polymerase does this by selecting high-
energy deoxynucleotide triphosphates (dNTPs) from 
solution and placing them in the nascent strands directly 
across from their complementary base in the template 

Polymerase Chain Reaction

Polymerase chain reaction (PCR) enables one to deter-
mine if a specifi c needle is present in a haystack, and it 
can be used as a step toward the characterization of the 
needle. It is a quick, powerful, inexpensive DNA amplifi -
cation technique that has become a fundamental tool in 
molecular pathology.

Theory

The PCR is one of the most signifi cant technical innova-
tions in molecular biology.1 The PCR was devised by 
Kary Mullis and colleagues2,3 at Cetus Corporation in 
California and was fi rst described in a 1985 paper dem-
onstrating its application in the prenatal diagnosis of 
sickle cell anemia2 and then further described in an 
ensuing paper.3 These works detailed how a DNA 
sequence could be enzymatically amplifi ed in vitro using 
specifi c oligonucleotide primers and bacterial (Klenow) 
DNA polymerase. With refi nement of PCR over the next 
3 years, it was found that a robust PCR using a thermo-
stable polymerase could amplify a DNA sequence by a 
factor of over 107, even when the target DNA made up 
only 1 of 100,000 DNA strands in a reaction.4 Since then, 
additional improvements and variations to the original 
reaction have been made, affording even more effi ciency, 
sensitivity, and utility to this tool. Its application specifi -
cally to diseases of the lungs has ranged from detection 
of infectious diseases5–7 to study of infl ammatory mecha-
nisms,8,9 to use in mutation analysis,10–12 to detection of 
tumors and metastases.13–15

Principles

The principle of PCR is illustrated in Figure 9.11. The 
target DNA to be amplifi ed in vitro can be human 
genomic, bacterial, viral, plasmid, or previously PCR-
amplifi ed DNA and is represented in the fi gure by the 
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Figure 9.1. Polymerase chain reaction steps. A single double-
stranded DNA fragment is denatured and cycled through three 
steps—denaturation, annealing, and extension—to create an 

exact copy of the original. Taq polymerase extends primers by 
selecting deoxyribonucleotide triphosphates from the reaction 
solution based on the nucleotide sequence of the target DNA.
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(target) strand. During the fi rst round (cycle) of PCR, the 
DNA polymerases extend the nascent strands for a rela-
tively long distance before falling off. At the end of the 
fi rst cycle, two double-stranded copies of a portion of the 
target DNA have been generated from one copy.

During the second cycle (Figure 9.2, where DNA strands 
are symbolized by lines) the same process happens, but 
now the polymerase can only proceed as far down the 
DNA as the point where the opposite primer started. At 
the end of the second cycle the PCR products (amplicons) 
include two relatively short fragments of ssDNA whose 
two ends now correspond exactly to the locations of the 
forward and reverse primers. Both the genomic DNA and 

new amplicons can serve as templates in successive PCR 
cycles.16 With subsequent cycles, the longer dsDNA PCR 
products are diluted out by the more numerous shorter 
dsDNA PCR products.17,18 In a perfect PCR the amount 
of dsDNA doubles with each cycle so that after 30 cycles 
there are more than 1 billion copies of the original dsDNA 
(230 = 1.1 billion) and more than 1 trillion copies after 40 
cycles (240 = 1.1 trillion). Because the primers recognize 
only the target DNA they are designed for, only a specifi c 
segment of DNA is amplifi ed, even if it makes up only a 
fraction of all the different DNA sequences in a reaction.4 
This preferential amplifi cation greatly facilitates post-
PCR analysis of the target sequence.

Figure 9.2. Thirty-fi ve cycles of polymerase chain reaction 
(PCR). DNA strands are abbreviated as lines. In the fi rst cycle, 
two long PCR products of variable length (red, green lines) are 
polymerized, but with ensuing cycles the overwhelming PCR 

product is short, as defi ned by the positions of the forward (red) 
and reverse (green) primers. In a perfect PCR, several million 
amplicons are present after 35 cycles and ready for post-PCR 
analysis.
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Polymerase chain reaction cycling is done in a ther-
mocycler, a small automated tabletop instrument pro-
grammed by the investigator. A typical program (Table 
9.1) starts with a 5–10 min denaturation at 94°–95°C in 
order to ensure that the majority of the DNA (especially 
large chromosomal strands) is denatured. This is followed 
by 30–50 cycles of brief denaturation/annealing/exten-
sion. The PCR concludes with a 5–10-min fi nal polymer-
ization step at 72°C to ensure nearly all amplicons are 
extended to their full length.

Practical Polymerase Chain Reaction

Thermocyclers must be properly programmed in order to 
create an effi cient PCR. Most programs are roughly 
similar (see Table 9.1), except for the annealing tempera-
ture and time intervals of each step. The annealing tem-
perature is dependent on the melting temperature of the 
primers, and the time spent at the different steps is dic-
tated by the size of the target DNA. The denaturation 
temperature is generally the same in all PCRs (94°–95°C), 
just as the extension temperature is usually 72°C, because 
most polymerases used in PCR work best at this tempera-
ture (but see later discussion of polymerases and real-
time PCR).

Denaturation Step Programming

The initial denaturation, which occurs prior to any cycling, 
is typically 94°–95°C for 5–10 min. This gives human chro-
mosomal DNA time to unravel and split into single 
strands. Smaller (e.g., viral) DNA targets may require 
only 3–5 min. Because ssDNA tends to reanneal while 
cooling, the dsDNA must be redenatured at 94°C for 
10–60 sec at the beginning of each cycle. GC-rich targets 
may require hotter/longer denaturations, while for-
mamide or dimethylsulfoxide (DMSO) can be added to 
promote denaturation.19 Avoid temperatures above 95°C 
or excessive cycles, as Taq stability decreases under these 
conditions.20

Annealing Step Programming and 
Primer Design

The annealing temperature varies with every PCR and is 
a critical factor in the PCR program, as it helps dictate 
lower limit of detection, sensitivity, and specifi city of the 
PCR. It must be calculated for each unique PCR reaction 
and is dependent on the melting temperature of the two 
oligonucleotide primers. The melting temperature (Tm) of 
a DNA fragment is the temperature at which half of it 
has denatured into the single-stranded form (e.g., the 
primer is not annealed to its complementary target) and 
half is still double-stranded (primer is annealed to its 
target), assuming the number of copies of the two com-
plementary strands is equal. Melting temperature calcu-
lation of an oligonucleotide can be very complex, with 
formulas that employ thermodynamics and depend on 
nearest neighbor nucleotides21,22 and the salt concen-
trations in the reaction. Numerous web sites, including 
those of companies that manufacture custom oligonucleo-
tides, have free Tm calculators; after typing in a primer 
sequence the Tm is instantly calculated. Software is 
also available that will generate a list of potential primer 
pairs, with their Tms, once the entire target sequence is 
entered.

Manual calculation of the approximate Tms of short 
oligonucleotides can also be done using the abbreviated 
Wallace rule23:

Tm = 2(A + T) + 4(C + G)

Here Tm is in degrees Centigrade, and A, T, C, and G stand 
for the number of each of these bases in the single-
stranded oligonucleotide sequence. Thus the approximate 
Tm of a 22 base pair (bp) (22 mer) poly(A) oligonucle-
otide would be only 44°C, while the 21 mer CGGCTG 
CACGCTGCGCCGTCC would have an approximate Tm 
of 76°C. Because Cs and Gs base pair with three hydro-
gen bonds, more heat is required to melt them apart 
in a dsDNA → ssDNA conversion compared with As and 
Ts, which base pair by sharing only two hydrogen 
bonds.

To design primers, one must fi rst isolate the region of 
the gene of interest that will be amplifi ed. The human 
genome and the genomes of many viruses and bacteria 
are available on the National Center of Biotechnology 
Information (NCBI) web site (www.ncbi.nlm.nih.gov/). 
Avoid placing primers in regions with known polymor-
phisms or splice variants or, in the case of viruses and 
bacteria, where any subtype/strain variations have been 
reported in the region of the proposed primers.

To ensure genomic DNA (and not reverse-transcribed 
mRNA) is being amplifi ed, primers should be located at 
exon–intron junctions or within introns. To ensure reverse-
transcribed RNA is being amplifi ed (from the cDNA, see 
later), primers should span introns and be within exons. 

Table 9.1. Typical polymerase chain reaction (PCR) thermocy-
cler program.

Temperature Time

Initial denaturation 95°C 10 min
40 cycles of
 Denaturation step 95°C 30 sec
 Annealing step 57°C 30 sec
 Extension step 72°C 45 sec
Final polymerization 72°C 10 min
Post-PCR hold  4°C Indefi nite
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In order to create a robust PCR, the size of the DNA 
region amplifi ed (distance of the two primers from each 
other) should be less than 500 bp and preferably around 
200–300 bp. Amplicons larger than 1 kb (kilobase or 
1,000 bp) often require special polymerases (see later) 
with enhanced processivity. These forward and reverse 
primers should be only 18–25 bp long, have a 40%–60% 
G + C content, and Tms in the 55°–65°C range. Melting 
temperatures outside this range may work, and in fact are 
sometimes necessary, but they have a greater likelihood 
of resulting in a less effi cient or more nonspecifi c PCR. 
In addition, the primers should have Tms that are within 
2°C of each other: add or remove bases to meet this goal. 
Ideally, the last fi ve bases in the primer should include 
three Cs or Gs, and the 3′ end of the primers should be 
a C or G to promote tight base pairing at the point of Taq 
recognition and initiation of polymerization.

Just as a primer will anneal to its complementary region 
in the target DNA, so a pair of primers might anneal to 
complementary regions within themselves or within each 
other. Thus, TGGCCCATTACACTTGGCCATTT is a 
poor primer choice because there will be some tendency 
for the boldface sequences to anneal to each other, 
forming a hairpin stem-loop structure within itself or to 
form primer dimers between two similar primers. Like-
wise, a 5′–TAGG–3′ sequence in the reverse primer could 
transiently anneal to a 5′–CCTA–3′ sequence in the forward 
primer. Many of the web sites that calculate Tms also have 
a tool to check for these types of structures, as these aber-
rant forms can signifi cantly reduce the yield of PCR 
product due to effective reduction of the available primer 
supply. Finally, avoid repetitive bases at the 3′ end of a 
primer, as this promotes slippage (“out of register”) 
errors by Taq polymerase. Once all (or as many as feasi-
ble) of the above rules are met and two primer sequences 
have been found, the primers should be checked to be 
certain they are not complementary to DNA sequences 
unrelated to the target sequence by using the NCBI 
BLAST (basic local alignment search tool) database at 
www.ncbi.nlm.nih.gov/BLAST/. This web site will list all 
published DNA sequences that exactly or closely match 
the oligonucleotide sequences submitted. If one or both 
primers are close matches to nontarget DNA that may 
be present in the samples tested, new primer(s) may have 
to be designed.

The rules are empirical and do not guarantee a large 
PCR yield for reasons that are not always obvious or 
easily tested. It is often more expeditious to simply design 
more than one set of primers using the above rules and 
test all on a specimen to determine which pair gives the 
most robust PCR.

What annealing temperature should now be used in the 
PCR? This also requires trial and error. Initially the 
annealing temperature programmed into the thermocy-
cler should be 5°–10°C below the lowest Tm of the forward 

and reverse primers. At such a low temperature there will 
be mispriming onto nontarget sequences, resulting in 
amplifi cation of nonspecifi c products. To enhance the 
specifi city and perhaps even the sensitivity of the PCR, 
the temperature should then be systematically raised 
until amplicon yield drops and hopefully nonspecifi c 
amplicons disappear. Alternatively, the annealing tem-
perature can be lowered, potentially increasing sensitiv-
ity, at the risk of generating nonspecifi c amplicons in 
addition to the desired PCR product.

Polymerase Chain Reaction Components

Thermostable Polymerase

The fi rst PCRs used an Escherichia coli DNA polymerase2 
that was thermolabile and had to be replaced at each 
cycle; extension at 37°C would allow the nonspecifi c 
priming of numerous genomic sites and thus formation 
of nonspecifi c amplicons. Because the cycling of PCR 
repeatedly raises the reaction to 95°C, a thermostable 
polymerase is required. Taq polymerase, the most fre-
quently used, was fi rst purifi ed from the bacterium 
Thermus aquaticus in 1976,24 years before PCR. The 
enzyme has optimal 5′ → 3′ polymerase activity at 80°C 
(but will ineffi ciently extend primers at much lower tem-
peratures), requires a divalent cation (Mg2+), extends at a 
rate of 60 nucleotides/sec,25 and a polymerization per 
binding event (processivity) of 50–80 bases.26 Taq has 
double-strand–specifi c 5′ → 3′ exonuclease activity (see 
later discussion of real-time PCR) but does not have 3′ → 
5′ exonuclease (proofreading) ability; its estimated error 
rate is 2.1 × 10−4 errors per base per duplication.27 Taq is 
inhibited in samples containing heparin, hemoglobin, 
phenol,28 urine, urea,29 ethanol and high formamide, 
DMSO, or ethylenediaminetetraacetic acid (EDTA) 
levels.

Polymerases with fi delity superior to Taq include Pfu, 
Pwo, Tgo (from Pyrococcus furiosus, Pyrococcus woesei, 
Thermococcus gorgonarius, respectively), and Tli (from 
Thermococcus litoralis) has superior thermostability.30 
Thermus thermophilus polymerase (Tth), unlike Taq, has 
reverse transcriptase activity (see later) as well as DNA 
polymerase activity. All of these polymerases are readily 
available from different distributors.

Deoxynucleotides

The four dNTPs needed to replicate DNA are deoxy-
adenosine triphosphate, deoxyguanosine triphosphate, 
deoxycytosine triphosphate, and deoxythymidine triphos-
phate (dATP, dGTP, dCTP, and dTTP). They are added 
in equal concentration to the PCR mix, typically with a 
fi nal concentration of 50–250 μM each in the reaction 
(200–1,000 μM total for all four dNTPs).
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To prevent contamination of a new PCR reaction by 
previously amplifi ed DNA, deoxyuridine triphosphate 
(dUTP), instead of dTTP, is added to reactions and 
incorporated into the amplicons. When the bacterial 
enzyme uracil-N-glycosylase31 is added and activated at 
the start of subsequent PCRs, it destroys any previ-
ously amplifi ed PCR products that contain uracil, but 
it does not harm the natural TTP-containing DNA of 
the new sample. Uracil-N-glycosylase is deactivated at 
temperatures above 50°C and therefore does not 
destroy the newly polymerized DNA strands made 
during PCR.

Polymerase Chain Reaction Buffer

Taq requires the correct pH to function throughout the 
range of temperatures in PCR. The buffer Tris-HCl 
(10 mM) provides a pH of 8.3 at 25°C but 7.2 at 72°C;Taq 
has improved fi delity at this pH or lower.32 Potassium 
chloride (50 mM) stabilizes the DNA and promotes 
primer annealing to its target. Nonionic detergents such 
as 0.01% Tween-20 or 0.1% Triton X-100 are often used, 
as well as gelatin. Fortunately, the above components 
(depending on manufacturer) are included in optimized 
10× PCR buffer solutions provided by most Taq poly-
merase suppliers and do not have to be added individu-
ally to the reaction.

Magnesium

The magnesium concentration is important because it 
affects PCR specifi city and effi ciency through its interac-
tion with Taq, whose function is dependent on the diva-
lent cation.33 A free [Mg2+] of 1.2–1.3 mM is optimal for 
Taq, whereas much higher Mg2+ levels result in increased 
error rates due to base substitutions and frameshift 
errors.32 Magnesium is often included in 10× PCR buffer 
solutions at a [Mg2+] of 1.5 mM, which decreases to 1.3 mM 
in the presence of 0.2 mM dNTPs due to equimolar 
binding of dNTPs and Mg2+ by Taq polymerase.33

Polymerase Chain Reaction Set-Up

Prior to starting experiments using PCR, accommoda-
tions must be made in the laboratory. Because of the 
amplifi cation power of PCR, contamination of even 
minute amounts of DNA from one sample to the next 
must be avoided. Master mixes, containing all compo-
nents of the PCR except the DNA, should be set up 
in a separate, dedicated room or area (hood) away from 
specimens or post-PCR solutions. DNA or RNA should 
be isolated from samples in a second room or area. 
DNA of the samples can then be added to the master 
mix in a third area, ideally. The thermocycler should 
also be in a separate room or area of the lab. Keep a 

unidirectional fl ow of material from pre-PCR to post-
PCR—do not allow PCR-amplifi ed material into the 
master mix preparation or DNA isolation areas. Label 
dedicated pipettors and use only aerosol-resistant tips 
to prevent contamination of pipettor barrels. Wear pro-
tective disposable gloves at all times, and change them 
and laboratory coats when going from one room or 
area to the next. Use ultraviolet irradiation inside hoods 
or on benchtops to destroy possible contaminating 
DNA.

Use only autoclaved molecular biology–grade water in 
master mixes. Make certain that all plastic tubes and tips 
are DNAse and RNAse free, as these enzymes will digest 
the target nucleic acids in specimens.

There is no universal recipe for the PCR mix, but a 
typical mix, including the DNA, is shown in Table 9.2. 
However, this is just a start. All PCRs need some adjust-
ing—annealing temperatures, cycle step times, reagents 
(concentration of each primer, Mg2+ concentration, etc.), 
primer sequences—to determine the optimal condi-
tions to give the greatest yield, fastest time, or highest 
specifi city.

Postprocedure Analysis

Polymerase chain reaction alone does not provide answers 
to an investigator’s questions, but, because of the huge 
increase in a specifi c product, it makes the product’s anal-
ysis much easier. To prove that a target sequence was 
present in a specimen, amplicons are run out on agarose 
or polyacrylamide electrophoresis gels to compare their 
lengths to DNA “ladder” markers; amplicons of the 
correct size are strong evidence that the target sequence 
was present. Southern blotting34 with probe hybridization 
is an alternative. Bacterial restriction endonuclease diges-
tion prior to electrophoresis or single-stranded confor-
mation polymorphism studies can be done on PCR 
products to check for mutations.33 DNA sequencing35 of 
the amplicons or ligation into a plasmid for further analy-
sis are other options, depending on the needs of the 
researcher.

Table 9.2. Typical polymerase chain reaction (PCR) reagent 
mix.

H2O (nuclease-free) to fi nal total volume of 25.0 μL
dNTPs at 5–10 mM each (20–40 mM total) 0.5 μL
Forward primer at 25 μM 0.3 μL
Reverse Primer at 25 μM 0.3 μL
10 × PCR buffer with Mg2+ 2.5 μL
Taq polymerase at 1 unit*/μL 1.0 μL
Target DNA 100–500 ng 1.0 μL

*One unit of Taq is defi ned as the amount of enzyme that will incor-
porate 10 nmol of deoxynucleotide triphosphates into acid-insoluble 
material in 30 min at 75°C.
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Variations

Improvements and variations in PCR have been intro-
duced over the past 20 years to meet the needs of research-
ers and clinical molecular diagnostics labs.

Hot start PCR36–39 is a technique preventing Taq from 
extending primers until a temperature of 60°–80°C is 
reached, usually done by withholding Taq from the reac-
tion until these temperatures have been reached. This 
prevents Taq extension of primer dimers or primers that 
have annealed to nonspecifi c regions of the specimen 
DNA at low temperatures, such as during the preparation 
of the reagent mix. The result is improved specifi city and 
yield of the PCR and is especially helpful when the target 
DNA is a small percentage of the total DNA. There are 
two common hot start methods. The fi rst uses a wax plug 
to separate key reagents (e.g., dNTPs from Taq) in the 
PCR tube; the wax melts at a temperature well above the 
primers’ Tm and allows mixing of all reagents. The second 
uses a modifi ed Taq that is activated only after the initial 
95oC 10-min denaturation step.

Nested PCR40,41 uses two pairs of primers to improve 
amplicon yield and specifi city. The fi rst pair (“outer 
primers”) is designed to amplify a larger fragment of the 
target DNA. These amplicons are then used, usually in a 
second PCR, as the template DNA for the second set 
(“inner primers”), which necessarily makes a smaller 
PCR product. Even if two sequential PCRs are run there 
may still be four products in the fi nal PCR, the smallest 
being defi ned by only the inner primers. If all four primers 
are added at once and only one PCR is run, the Tm of the 
inner primers should be lower than the outer primers’ 
Tm.33

Methylation-specifi c PCR42–44 is used on genomic DNA 
to determine if the CpG islands within the promoter of 
a gene are methylated on the cytosine residue (blocking 
the gene’s expression in the cell45) or unmethylated 
(potentially allowing gene expression). For example, 
imprinted genes and silenced genes on X chromosomes 
are methylated,46 as are the promoters of tumor suppres-
sor genes in many cancers.47–49 Methylation-specifi c PCR 
is based on the realization that a cytosine converts to a 
uracil after bisulfi te treatment, whereas a methylated 
cytosine (5-methylcytosine) is refractory and remains as 
cytosine.50 An unmethylated CpG will be converted to 
UpG after bisulfi te, but a methylated one will remain as 
CpG. The change in DNA sequence of an unmethylated 
promoter compared with a methylated promoter after 
bisulfi te treatment allows one to design primers that can 
discriminate between the two. Whichever of the two 
primers yields a PCR product indicates the methylation 
status of the promoter.

Multiplex PCR amplifi es multiple different regions of 
DNA at one time by using multiple primer pairs in one 
reaction. Several targets can be analyzed in one speci-

men, including housekeeping genes and variably expressed 
genes, multiple microorganisms,51 or multiple mutations 
in a genetic disorder52 or malignancy.53,54 Although osten-
sibly a timesaver, designing primers and optimizing reac-
tion conditions so as to ensure equally robust amplifi cation 
of all targets in multiplex PCR is a challenge. First, design 
individual primer pairs (but avoid primer dimers with 
every other primer), and program the thermocycler to 
allow optimal amplifi cation of all targets on an individual 
basis. Then combine (equimolar) primers and run the 
same program to see which targets are weakly amplifi ed. 
Adjust primer concentrations, annealing temperatures, 
[Mg2+], and so forth, to equalize yields of targets. Primer 
software is also available, but in all cases trial and error 
are necessary to arrive at the fi nal set-up.

Other variations of PCR, each with its unique benefi ts, 
include the amplifi cation refractory mutation system,55 
allele-specifi c oligonucleotide probes,56 rapid amplifi ca-
tion of cDNA ends,57 and in situ PCR.58 One variant that 
deserves special attention is real-time PCR.

Real-Time Polymerase Chain Reaction

Real-time PCR59–62 is a recent innovation that has quickly 
become very popular in molecular biology research and 
molecular diagnostics. It circumvents the need for time-
consuming post-PCR analysis, and it can detect DNA 
targets, quantify the original (before amplifi cation) copy 
number of the target DNA present in a specimen, or 
detect specifi c mutations. Although very similar to con-
ventional PCR, real-time PCR is based on two additional 
principles. First, Taq polymerase has a bonus 5′ exonucle-
ase activity on partially double-stranded DNA63—it will 
digest it to a single-stranded target—just prior to polym-
erizing it into a double-stranded amplicon. Second, energy 
can be transferred between fl uorescent molecules (fl uo-
rophores) attached to oligonucleotides when these small 
DNA fragments are used as probes against specifi c DNA 
targets. This second principle, fi rst proposed in 1948 by 
Förster64 and later supported by Stryer and Haugland,65 
indicates that electronic excitation energy can be trans-
ferred over short distances (≤50 Å) via dipole–dipole 
resonance between an energy donor and acceptor chro-
mophore.66 Transfer effi ciency is proportional to the 
inverse sixth power of the distance separating the donor 
and acceptor.65

Fluorescence resonance energy transfer (FRET) in 
real-time PCR is demonstrated in the fi ve frames in 
Figure 9.3. A single oligonucleotide (TaqMan® type) 
probe is designed so that it specifi cally anneals to its 
complementary region of a target DNA, somewhere 
between the forward and reverse primers (top frame 
of Figure 9.3). A donor/emitter fl uorophore covalently 
attached to one end of this oligonucleotide is stimulated 
by monochromatic light from a laser, and the energy is 
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Figure 9.3. Real-time polymerase chain reaction (PCR). The 
top three frames demonstrate single-probe real-time PCR. 
Quenching ceases once the nucleotide bound to the emitter 
(yellow) is cleaved by Taq. In the third frame, the forward 
portion of Taq cleaves the probe (releasing nucleotides), while 
the back part of Taq extends the forward primer (consuming 

other nucleotides). The bottom two frames show a dual-probe 
assay in which probes attach to the target DNA and transfer 
energy from the yellow to the red fl uorophore during the 
annealing step. They fl oat away during the extension or dena-
turation step, terminating fl uorescence energy transfer, and will 
not be cleaved by Taq.
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transferred to a quencher fl uorophore at the other end. 
In this kind of probe, light is either not reemitted by the 
quencher or is reemitted at a wavelength different from 
that of the donor fl uorophore. During the primer exten-
sion step of PCR (see Figure 9.3, second frame) the probe 
remains intact—and the light remains quenched—until 
degraded into single nucleotides by the 5′ exonuclease 
activity of Taq as it passes through during polymerization 
of the target DNA (see Figure 9.3, third frame). Once 
cleaved, the emitter nucleotide drifts too far away for its 
emissions to be quenched, and its fl uorescence is recorded 
in each PCR cycle by a sensitive photodetector and 
entered into the system’s computer. With each PCR cycle 
the number of amplicons and the quantity of light double 
as more probes are cleaved.

Dual-probe real-time PCR (LightCycler® type or 
hybridization probes; see Figure 9.3, last two frames) uses 
donor/emitter and acceptor probes, designed to anneal 
side by side on the same target DNA. Fluorescent energy 
is transferred from the fl uorophore of the 5′ donor probe 
(on the left) to the 3′ acceptor probe (on the right) during 
the annealing step of PCR. The acceptor immediately 
reemits at a wavelength unique to its fl uorophore, and its 
signal strength doubles as the number of amplicons 
doubles with each PCR cycle. The probes separate, and 
FRET is terminated as the temperature is increased for 
the denaturation step.

Whether in single- or double-probe real-time PCR, the 
unique emission spectra of all fl uorophores are captured 
and analyzed throughout each cycle by the real-time 
instrument software in order to generate curves such as 
those in Figure 9.4. Cycle number is plotted versus fl uo-
rescence, and each of the colored curves represents a 
different specimen. Flat lines indicate no target DNA was 

in the specimen, and curves that begin rising at a low 
cycle number represent specimens that had more initial 
target DNA than those curves that rise later. Note that 
an exponential increase in fl uorescence (and thus ampli-
con number) occurs only after numerous cycles, when 
PCR becomes its most effi cient. To compare specimen 
target DNA copy number, a single horizontal threshold 
line can be drawn through all curves at this exponential 
phase and then a vertical line dropped from each inter-
section point to the X (cycle number) axis. This point on 
the X axis is the cycle threshold number of the specimen, 
and it increases as the original DNA copy number in a 
specimen decreases. Real-time PCR can be quantitative: 
a series of controls with a range of known DNA copy 
numbers are run to generate a standard curve of cycle 
threshold versus copy number. The cycle threshold values 
of specimens run simultaneously with the controls can 
then be converted into original DNA copy number by 
extrapolating from the standard curve.

Real-time instruments are able to detect fl uorescence 
over a broad range of amplifi cation—dynamic ranges of 
7–8 logs can be obtained61 (e.g., specimen DNA copy 
numbers from 101 to 108 or 102 to 109 can be detected on 
the same run). In addition, probes are able to detect even 
a single base pair change in target DNA, such as in allelic 
discrimination.67,68

In the design of real-time PCR reactions, the target 
should be short, preferably less than 150 bp, to maximize 
amplifi cation effi ciency. In some real-time instrument 
programs the annealing and extension steps are com-
bined into one and run at a temperature of ∼60°C. Probes 
should be designed before the primers and can bind the 
sense or antisense strand. They should be ≤35 bp long, 
have a GC content of 30%–80%, should not have runs 
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Figure 9.4. Amplifi cation curves using a dual-probe real-time 
polymerase chain reaction (PCR). The PCR cycle number is 
plotted against fl uorescence for seven samples of human 
genomic DNA being tested for a blood coagulation factor. Note 

that the specimen represented by the rising curve on the far left 
contains the most target DNA, as it shows exponential amplifi -
cation at an earlier cycle. (Courtesy of Mai Le, M[ASCP].)
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of four or more of the same nucleotide, should not par-
tially anneal to each other or to either primer, and should 
have the 3′ end blocked by phosphorylation to prevent 
extension by Taq. TaqMan® probes should have a Tm of 
68°–70°C (about 8°–10° higher than their associated 
primers, which should have Tms of 58°–60°C), and the 5′ 
fl uorophore should not be bound to a G. LightCycler® 
probes should optimally be 1–3 bp apart, have a Tm 
between the extension and annealing step temperatures, 
and be 5°–10°C higher than the primers’ Tm; the Tm of the 
two probes should be within 2°C of each other unless 
mutation detection is desired. Mutation detection is facili-
tated by looking for differential melting (denaturation 
and consequently loss of FRET) of probes from wild-type 
versus mutant target DNA sequences (melting curve).

Reverse Transcription

All normal cells in a human’s body, with few exceptions, 
have the same chromosomal DNA sequence, that is, the 
same genetic code. Thus, genomic information obtained 
from the DNA of easily obtained normal white blood 
cells would be applicable to the genetic makeup of normal 
lung, brain, or colon cells. This does not apply to malig-
nant cells, which can have a genetic composition that is 
profoundly different from that of normal cells.

Function and structure of various cell types differ 
because of the mRNA that they transcribe and ultimately 
the proteins that are translated. In other words, it is the 
protein expression profi le of cells that differentiates them. 
Presently, the most practical way to study the specifi c 
genes expressed in a particular cell type is to analyze the 
mRNA the cells make. Because RNA is unstable and 
therefore diffi cult to work with in the laboratory, it can 
be converted into the complementary DNA (cDNA) by 
a process known as reverse transcription.69–71 The resul-
tant cDNA is much more stable than the mRNA. Reverse 
transcription is so named because RNA is used as the 
template to direct the production of DNA—the reverse 
of normal cellular transcription, where DNA is used by 
RNA polymerase to direct the production of mRNA.

Reverse transcriptase enzyme is an RNA-directed 
DNA polymerase made and used by some RNA viruses 
to complete their life cycle within a host. Viral reverse 
transcriptases have been characterized and/or cloned, 
and the enzymes are commercially available for use in 
research and clinical molecular laboratories.72–76

Reverse transcriptase, like DNA polymerase, requires 
a DNA primer (Figure 9.5) to initiate its function. Because 
mRNA has a poly(A) tail at its 3′ end, an ideal primer 
for reverse transcription of mRNA species would be a 
poly(T) oligonucleotide (oligo dT).77,78 A replete collec-
tion of short DNA primers with random sequences can 
also be used; these primers are recommended if reverse 

transcription of ribosomal RNA (rRNA) is also desired 
along with mRNA. The enzyme starts transcription at the 
3′ end of template RNA (the 5′ end of the nascent [new] 
cDNA strand) and proceeds in a 5′ → 3′ direction on the 
nascent strand (“fi rst strand synthesis”). In this fashion, 
all of the mRNA (or total RNA) present in a cell can be 
transcribed into complementary DNA. Those mRNA 
sequences that are present at a high copy number in the 
cell will be reverse transcribed to a high cDNA copy 
number compared with those mRNA sequences that are 
rare in a cell.

A typical reverse transcription protocol is given in 
Table 9.3. The two most commonly used reverse tran-
scriptases are from bird and mouse viruses: avian myelo-
blastosis virus (AMV) and Moloney murine leukemia 
virus (MMLV)79. Their recommended buffers should not 
be interchanged. RNAse inhibitors and diethylpyrocar-
bonate-treated water are needed to preserve the unstable 
RNA. The initial 70°C heating is to remove secondary 
structures from the RNA; the 42°C (AMV and some 
MMLV products) or 37°C (some MMLV products) incu-
bations are the working temperature of the enzymes. The 
90°–95°C is needed to inactivate the enzymes.

The cDNA made by reverse transcription of mRNA 
(and/or rRNA) can then be used as a template for PCR 
if the appropriate primers for the target DNA are present. 
During the fi rst cycle of the PCR, only one (the forward) 
primer is needed because only one strand is polymerized, 
but this new strand will serve as the template for the 
opposite primer during the second PCR cycle, and polym-
erization of both strands will continue with each cycle. 
(Note that some bacteria such as T. thermophilus have an 
enzyme [Tth] that can both reverse transcribe RNA and 
polymerize DNA, allowing reverse transcription and 
PCR to proceed simultaneously in a single tube.)

Reverse transcription–PCR is thus an important tool 
that allows the investigator to study the genes expressed 
or not expressed in specifi c cells after isolation of the 
mRNA.80–83 Additional (post-PCR) techniques such as 
gel electrophoresis, single-stranded conformation poly-
morphism gels, restriction fragment-length polymorphism 
analysis, DNA sequencing, microarrays, and so forth, can 
be applied to also determine if the genes expressed have 
mutations.

Under- or overexpression of a particular gene in neo-
plastic or reactive cells can be investigated by comparing 
their expression levels in normal cells. This could be done 
by comparing band strengths on Northern (RNA) blots. 
However, in these methods one must control for the 
number of tumor/reactive cells being the same as the 
number of normal cells. Analysis is much easier if done 
by real-time PCR, in which the ratio of the expression 
level of the gene of interest is compared with the expres-
sion level of a constitutively expressed housekeeping 
gene such as β-actin, 18S rRNA, cyclophilin, glyceralde-
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Figure 9.5. Reverse Transcription. Reverse transcriptase uses 
oligo dT as the primer on the target mRNA and polymerizes in 
the 5′ → 3′ direction on the new DNA strand. The original 
mRNA strand is then cleaved by an RNAse domain within the 

reverse transcriptase (not shown), thus allowing polymerization 
of the single-stranded DNA into double-stranded DNA during 
polymerase chain reaction.

Table 9.3. Typical reverse transcription reaction protocol.

RNA 1–2 μg 1.0 μL
DEPC-treated H2O 8.5 μL
Oligo dT or random primers at 40 μM 2.0 μL
 70°C ↓ 5 min
  4°C ↓ 5 min

Quickly add 20.0 μL of prepared RT master mix:

DEPC-treated H2O add to total fi nal volume 20.0 μL
MMLV (10×) or AMV (5×) buffer 2.0–4.0 μL
dNTP at 10 mmol 3.0 μL
RNAse inhibitor 10–40 units 1.0 μL
MMLV reverse transcriptase 200 units* 1.0 μL
AMV reverse transcriptase 30 units*
 37° or 42°C ↓ 60 min
        90°–95°C ↓ 5 min

Use ∼1–3 μL in the PCR reaction

*One unit of reverse transcriptase is defi ned as the amount of enzyme that will incorporate 1nmol 
of deoxythymidine triphosphate into acid-insoluble material in 10 min at 37°C using poly(rA).
oligo(dT) as template primer.
Note: AMV, avian myeloblastosis virus; DEPC, diethylpyrocarbonate; dNTP, deoxynucleotide 
triphosphate; MMLV, Moloney murine leukemia virus; PCR, polymerase chain reaction; RT, 
reverse transcription.
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hyde-3-phosphate dehydrogenase, and β2-microglobulin. 
This ratio is calculated in both the normal and neoplas-
tic/reactive cell, and then the ratios are compared to see 
if there is relative up- or downregulation of the gene of 
interest.
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10
Array Comparative Genomic Hybridization 
in Pathology

Reinhard Ullmann

cDNA arrays are extremely gene focused, and thus only 
a small percentage of the genome is actually represented. 
DNA copy number changes concerning promoters, 
introns, or intergenic sequences are missed. Another 
problem arises from paralogous genes or shared 
sequence motifs. Together with the low signal to back-
ground ratio usually obtained with this kind of array, 
these disadvantages have limited the use of cDNAs for 
the detection of DNA copy number changes.

Large-Insert Clone Arrays

Until now the most widely used array CGH platforms are 
based on large-insert clones, mainly bacterial artifi cial 
chromosome (BAC) and P1 artifi cial chromosome (PAC) 
clones and to a lesser extent cosmids (Figure 10.2). The 
fi rst large-insert clone sets for whole-genome analysis 
provided a resolution of about 1 Mb.8,9 Subsequently, a 
more comprehensive clone set has been assembled,10,11 
and, in 2004, the fi rst submegabase resolution whole-
genome tiling path array CGH study was published, 
which was based on an array comprising 32,433 large-
insert clones covering the whole genome in an over-
lapping fashion12 (further information can be found at 
http://bacpac.chori.org/). Because of the overlap of clones, 
tiling path arrays can provide a theoretical resolution that 
is below the average insert size of a BAC (150 kb). In a 
recent study, Garnis et al. used this platform to study 
DNA copy number changes in 28 non–small cell lung 
carcinomas.13 Figure 10.3 shows the array CGH analysis 
of a squamous cell lung carcinoma using a submegabase 
resolution whole-genome tiling path with more than 
36,000 clones.

Despite its robustness and widespread application, the 
BAC array has some limitations. The low copy number of 
BACs and PACs within the propagating bacteria requires 
special isolation methods that preserve the integrity of 
the clone insert while at the same time eliminate as much 
bacterial genomic DNA as possible. Most laboratories 

Principle of Comparative 
Genomic Hybridization

Comparative genomic hybridization (CGH) is a molecu-
lar cytogenetic method for the detection and mapping of 
chromosomal gains and losses.1 It is based on the cohy-
bridization of differentially labeled test and reference 
DNAs onto metaphase spreads, which usually have been 
prepared from peripheral blood lymphocytes of a healthy 
donor. The signal intensity ratios of the two labels along 
the chromosomes then refl ect DNA copy number changes 
in the test genome relative to the reference genome. 
Although CGH has tremendously contributed to our 
knowledge of chromosomal aberrations, unfortunately its 
resolution is limited to about 3–10 Mb.2 Resolution of 
CGH has signifi cantly improved when samples were not 
hybridized to metaphase spreads but to DNA targets that 
have been arrayed on a glass substrate. This modifi cation 
of the original technique has been named array CGH3 or 
matrix CGH.4 In theory, resolution of array CGH is only 
limited by number and quality of DNA targets arrayed 
on the slide. The principle of array CGH is illustrated in 
Figure 10.1.

Array Comparative Genomic 
Hybridization Platforms

Arrays Based on Clone Inserts

cDNA Arrays

The fi rst genome wide application of array CGH was 
based on cDNA arrays, with each spot representing one 
reversely transcribed mRNA.5 Apart from the fact that 
these arrays were readily available, the main advantage 
of cDNA arrays was that they facilitated a direct com-
parison of DNA copy number changes with gene expres-
sion data derived from the same tumor.6,7 However, 
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Figure 10.1. Principle of array comparative genomic hybridiza-
tion. Differentially labeled test and reference DNA (green and 
red spheres, respectively) are cohybridized onto an array of 
DNA spots printed on a glass slide. In the case of a deletion in 
the test DNA, fewer test DNA will bind to the corresponding 
spots and the red label of the reference DNA will prevail. Gains 
in the test genome can be identifi ed by a dominance of the 

green label of the test DNA. Spots, representing sequences with 
the same copy number in the test genome relative to the refer-
ence genome, appear yellow. For bacterial artifi cial chromo-
some arrays, an excess of repetitive Cot DNA (blue spheres) 
has to be added in order to suppress otherwise nonspecifi cally 
binding repetitive sequences.

Figure 10.2. Bacterial artifi cial chromosome (BAC) array. Each 
spot on a BAC array represents the very specifi c part of the 
genome that is contained in the BAC. A whole-genome tiling 
path BAC array comprises as many BAC clones as necessary to 
cover the whole genome in an overlapping manner (∼32,400 for 

the human genome). The upper part of the image is based on a 
screenshot of the UCSC Human Genome Browser. The red 
lines illustrate the selection of overlapping clones out of a com-
prehensive BAC library.
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Figure 10.3. Array comparative genomic hybridization analysis 
of a squamous cell lung carcinoma using a submegabase resolu-
tion whole-genome tiling path bacterial artifi cial chromosome 
array comprising more than 36,000 spots. The Cy3/Cy5 intensity 
ratios of each clone are plotted in a size-dependent manner 

along the chromosome ideograms. The red and green lines indi-
cate the log2 ratio thresholds −0.3 (loss) and 0.3 (gain), respec-
tively. Note the very small high-copy amplicons that would have 
been missed by low-resolution methods.

are not spotting this isolated DNA directly but instead 
amplify the material to generate a renewable stock of 
amplicons that can be printed several times (amplifi ca-
tion methods are discussed later). A protocol for the 
high-throughput isolation and amplifi cation of BAC/
PAC clone inserts can be downloaded from our website 
(http://www.molgen.mpg.de/~abt_rop/molecular_cyto-
genetics/Protocols.html). Whatever protocol is followed, 
the set up of a comprehensive BAC array platform 
remains time consuming and costly. Other shortcomings 
of BAC arrays are directly related to specifi c features of 
the respective genomic sequence. Otherwise unspecifi c 
binding repetitive sequences must be blocked using a 
considerable excess of (expensive) Cot-DNA. Low-copy 
repeats (i.e., stretches of DNA, which are longer than 
1 kb and have a sequence similarity of more than 90% to 

other locations in the genome) can lead to ambiguous 
results. This especially applies to tiling path arrays, 
because low-resolution arrays usually avoid low-copy 
repeats. Finally, with the coming of tiling path arrays, 
BAC arrays have met the limits of resolution, which are 
simply given by clone insert size.

Repeat-Free and Nonredundant 
Sequence Arrays

In light of the problems connected to the presence of 
repetitive sequences in the genome, researches have set 
out to generate genomic arrays that are depleted for 
repetitive and redundant sequences. This depletion, 
for example, has been accomplished by means of 
selective amplifi cation using sequence-specifi c primers. 
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Mantripragada et al. used this approach to create arrays 
focusing on the DiGeorge region (22q11 deletion syn-
drome).14 Another array, based on sequence-specifi c 
polymerase chain reaction (PCR) products of 162 exons 
of fi ve genes, has been generated to test a spectrum of 
inherited human disorders.15 However, workload and 
high costs associated with this approach, as well as the 
coming of commercial oligonucleotide arrays, have ham-
pered the widespread use of this approach.

Oligonucleotide Arrays Using 
Presynthesized Oligonucleotides

In contrast to the oligonucleotide platforms described 
later, arrays using presynthesized oligonucleotides are 
generated by either printing prefabricated, commercially 
available sets of oligonucleotides on glass slides or by 
coupling oligonucleotides to beads, which are assembled 
on the slide afterward. One example of the use of printed 
arrays is reported by Carvalho et al., who used a set of 
18,861 oligos to identify DNA copy number changes in 
several tumor cell lines.16 Presynthesized oligos coupled 
to beads are used for a platform developed by Illumina 
(see http://www.illumina.com). The company provides 
several designs that are dedicated to gene expression, 
linkage, or DNA copy number analysis. Some of their 
array designs allow the simultaneous detection of DNA 
copy number changes and loss of heterozygosity.17

Although prefabrication of oligonucleotides enables 
highly effi cient synthesis, at the same time it also reduces 
fl exibility in terms of sequences on the array. Custom 
design gets considerably expensive and requires a minimal 
batch size to pay off.

Oligonucleotide Arrays Based on 
In Situ Synthesis

Meanwhile there are numerous ways to synthesize an 
oligonucleotide directly on the slide. Despite this diver-
sity, the common principle is shared and is already known 
from PCR primer synthesis: the growing oligonucleotide 
is alternatively exposed to As, Gs, Cs, and Ts, but only 
when the last oligonucleotide of the growing chain is 
activated by splitting off a protective group can a new 
nucleotide be attached. The main difference between the 
platforms comes from how this protective group is inac-
tivated. Some companies use light, selectively distributed 
through fi xed photolithographic masks (www.affymetrix.
com) or micromirrors (http://www.nimblegen.com/ or 
http://www.febit.de). Others deprotect by means of a 
current-induced change of pH value (http://www.combi-
matrix.com/) or control synthesis by specifi cally address-
ing each spot separately with high-resolution printers 
(http://www.home.agilent.com). Usually, oligonucleotides 
on such arrays are designed to be both isothermal (i.e., 

share the same melting temperature) and single-copy 
sequences. This sometimes results in an uneven distribu-
tion of oligonucleotides leading to considerable variabil-
ity in terms of resolution across the genome. Nevertheless, 
given the current developments, it can be expected that 
oligonucleotide arrays will replace all other platforms in 
the near future. Shortcomings with respect to hybridiza-
tion kinetics (see later discussion) and coverage will be 
compensated by the incredible increase in features on the 
array. Oligonucleotide arrays with more than 500,000 fea-
tures are readily available. Especially those platforms 
that are not dependent on fi xed photolithographic masks 
can offer extreme fl exibility, which is only limited by the 
setup fees charged by some companies. Single nucleotide 
polymorphism arrays, consisting of short oligonucleotides 
in the range of 16–20 mers and originally dedicated to 
linkage analysis, have been successfully used for the 
simultaneous detection of loss of heterozygosity and 
DNA copy number changes.18

General Platform Considerations

Before setting up an array CGH facility, several decisions 
have to be made. The fi rst one is to determine the expected 
number of array CGH experiments. In many cases, it will 
be much cheaper to cooperate with other groups that 
already have established the technique or to send the 
samples to a company that provides a hybridization 
service. The next decision concerns the type of array to 
be used. Certainly, this decision depends on the scientifi c 
problem that will be addressed with the analysis, but 
often the consequences of this decision are far ranging. 
Frequently it necessitates the purchase of expensive 
machines that can be used only with arrays sold by the 
same company. This is especially true for the most expen-
sive devices necessary for array CGH analysis, namely, 
the hybridization machine and the scanner.

A hybridization machine is designed to provide con-
trolled temperature and even circulation of the hybrid-
ization mix to promote hybridization effi ciency (see later 
discussion). Some of these machines also accomplish the 
posthybridization washing of slides. Important criteria to 
consider when choosing a machine are slide formats, han-
dling, maintenance/follow-up costs, and, most important, 
performance in their own laboratory.

High-quality scanners are essential for the errorless 
readout of hybridization results. Reliability, fl exibility, 
and resolution, the latter especially in light of the con-
tinuing minimization of feature sizes on the array, are 
important issues. Other arguments can be the availability 
of auto loaders to support high-throughput analysis or 
the need for more than two-color channels. Note that 
there are devices that are scanning from the back of the 
slide and need transparent substrates.
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DNA Preparation and Hybridization

DNA Isolation and Quality

DNA quality has a great infl uence on the outcome of an 
array CGH experiment. In general, oligonucleotide plat-
forms, especially when used for one-color experiments, 
are more sensitive to compromised DNA quality than 
are BAC arrays. One source of trouble can be the DNA 
isolation procedure, for example, contaminants that 
could hamper the subsequent labeling process and intro-
duce noise in the data. Although such problems can be 
avoided quite easily by improving or changing the isola-
tion protocol, the situation is much more diffi cult when 
it comes to retrospective studies using formalin-fi xed, 
paraffi n-embedded material. This kind of fi xation very 
frequently results in damage of DNA.19 To cope with 
such damage, several adaptations of the DNA isolation 
and labeling protocols are required. Modifi cations can 
include prolonging the tissue digestion time, with addi-
tion of fresh proteinase each day, or switching from enzy-
matic to chemical labeling systems. For other applications, 
some laboratories have even tried to repair fi xation-
induced DNA strand breaks by protocols following the 
principle of nick translation assay or employed sodium 
thiocyanate to revert DNA–protein cross-linking. Unfor-
tunately, it is not always possible to reliably predict the 
performance of formalin-fi xed, paraffi n-embedded DNA 
in an array CGH experiment, but verifying the average 
fragment size of the single-stranded DNA by gel electro-
phoresis and testing DNA performance in PCR reactions 
with different sized amplicons can give a good estimate.

In light of the increasing impact of molecular (cytoge-
netic) techniques on research and routine diagnostics, 
optimization of fi xation protocols gains increasing impor-
tance. Short-term measures, including correct buffering 
of formalin regular control of the pH value and reducing 
fi xation time to the minimum necessary to ensure proper 
histologic evaluation and storage, should be considered. 
In the long run it may be benefi cial to abandon old tradi-
tions and switch to alternative fi xation protocols.19 In this 
context, it is also worth note that many institutes have 
started to establish tissue banks in which, in addition to 
usual formalin fi xation, tissues are especially preserved 
for various applications.

Microdissection and DNA Amplifi cation

In many instances, for example, when trying to avoid 
normal cell contamination in compact growing tumors, it 
is suffi cient to manually scratch out regions of interest 
from the section using a needle. Unfortunately, this low-
budget solution may not be applicable to other problems 
in pathology. For single cells or small cell clusters inter-
spersed in the tissue (e.g., suspected tumor stem cells, 
micrometastasis, or preneoplasias), laser microdissection 
has to be employed.20 Figure 10.4 demonstrates the micro-
dissection of a bronchiolar columnar cell dysplasia.21

The amount of DNA isolated from laser-microdis-
sected samples usually is not suffi cient for array CGH 
analysis. Thus uniform amplifi cation of the whole ge-
nome is required to make such samples amenable to 
array CGH. Fortunately, in the meantime, numerous pro-
tocols for whole-genome amplifi cation exist, and many 

Figure 10.4. Laser microdissection. The selective isolation of bronchiolar columnar cell dysplasia is shown before (A) and after 
(B) laser microdissection.

A B
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companies are providing advanced whole-genome ampli-
fi cation kits. Roughly, whole-genome amplifi cation 
methods can be divided into PCR-based and non–
PCR-based approaches. Probably the best-known PCR-
based technique is degenerate oligonucleotide 
primer–PCR.22 The name of this technique refers to the 
specifi c primer that contains a central cassette of six 
degenerated bases (at each of these six positions one out 
of the four bases can be present).

In the fi rst cycles of PCR with very low annealing tem-
perature, this primer promotes the priming of DNA syn-
thesis from multiple evenly dispersed sites within the 
genome, resulting in amplicons that are fl anked by the 
primer sequence, which then can serve as the annealing 
site in the subsequent amplifi cation step using high strin-
gency conditions (Figure 10-5A). The initial priming is 
supposed to occur at approximately 106 sites in the human 
genome,22 resulting in a genomic representation suffi cient 
for chromosomal CGH. However, with the coming of 
high-resolution, array-based CGH techniques, many lab-
oratories have shifted to alternative methods that promise 
better coverage of the genomic complexity. Among the 
PCR-based methods, this capability is mainly ascribed to 
ligation-mediated PCR techniques, which have already 
been successfully used for the analysis of single cells by 
CGH.23 The principle of ligation-mediated PCR is based 
on enzymatic,23–25 hydrodynamic,26 or chemical fragmen-
tation (http://www.rubicongenomics.com) of DNA fol-
lowed by the ligation of an adaptor complex, which serves 
as a universal priming site for uniform amplifi cation 
(Figure 10.5B). Certainly, PCR-based approaches imply 
the risk of amplifi cation bias and experimental errors, and 
therefore some researchers prefer non–PCR-based 
approaches, including strand displacement amplifi cation 
using enzymes such as phi29 DNA polymerase. Hughes 
et al. provide a more comprehensive review and discus-
sion of the pros and cons of the diverse whole-genome 
amplifi cation WGA.27

Unfortunately, whole-genome amplifi cation usually 
cannot distinguish DNA that should be amplifi ed from 
DNA that has been introduced without purpose. There-

fore, precautions have to be taken to avoid any contami-
nation with DNAs from other sources. This includes 
cleaning the carving board before sectioning the resected 
tumor, regular cleaning or replacement of microtome 
blades, exchanging water used to stretch paraffi n sections, 
and so forth. Especially when dealing with formalin-
fi xed, paraffi n-embedded material, one has to be aware 
that nondegraded, contaminating DNA is preferentially 
amplifi ed. Amplicons generated in previous PCR reac-
tions, distributed through aerosols, are an extremely good 
template. Therefore, strict compliance to the general rules 
of PCR setup is mandatory to produce reliable results.

Reference DNA

In a typical array CGH experiment, test DNA is com-
pared with DNA from a healthy donor or with a DNA 
pool of healthy individuals. Many laboratories hybrid-
ize in a sex-matched manner (i.e., test and reference 
DNA have the same sex), whereas others prefer sex-
mismatched hybridizations in which the ratio changes at 
the sex chromosomes can serve as an internal control of 
hybridization quality but eventually render the interpre-
tation of DNA copy number changes at the sex chromo-
somes complicated. Using DNA from the same individual 
as the test DNA, but isolated from normal-looking tissue 
far away from the tumor, may be advantageous in terms 
of hybridization quality, but it contains the risk of missing 
DNA copy number changes present in both DNAs,28 for 
example, constitutional changes that may predispose to 
tumor formation or chromosomal imbalances also present 
in the tumor microenvironment.29

For chromosomal CGH, it has already been shown that 
matching the quality of the test and reference DNAs 
can signifi cantly improve the results of an experiment. 
Thus it has been realized that combining amplifi ed test 
DNA with nonamplifi ed reference DNA can introduce 
hybridization artifacts that can be avoided when a PCR-
amplifi ed reference DNA is used.30 A related observation 
has been made in our laboratory when working with for-
malin-fi xed, paraffi n-embedded DNA, where the use of 

A B

Figure 10.5. Two examples of poly-
merase chain reaction (PCR)–based 
whole-genome amplifi cation techniques 
are shown: (A) Degenerate oligonucle-
otide primer–PCR. (B) Linker-med-
iated PCR. Primer and oligo complexes, 
respectively, are depicted in gray; tem-
plate DNA is drawn in black. See text 
for further discussion.
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reference DNA also isolated from formalin-fi xed, paraf-
fi n-embedded tissue has signifi cantly improved results. In 
one-color array CGH experiments using short oligonu-
cleotides arrays, the reference DNA is not tested within 
the same experiment, but data are compared with a refer-
ence dataset either generated in the same laboratory by 
analyzing a cohort of several normal individuals or pro-
vided by the array selling company. This in silico com-
parison can hardly compensate for intraexperimental 
variation and thus is more prone to noise.

DNA Labeling

Problems in labeling DNA can result in artifacts and 
failure of the array CGH experiment. Despite a great 
variety of direct and indirect labeling protocols, at the 
moment the prevailing method for DNA labeling is 
direct incorporation of fl uorochromes into the DNA by 
means of a random priming assay, which, as a nice side 
effect, also results in a net gain of DNA. However, in 
some instances, for example, when dealing with highly 
degraded DNA isolated from formalin-fi xed, paraffi n-
embedded tissue, chemical labeling may be superior, 
because this method does not depend on long DNA frag-
ments and DNA synthesis.31 As it is true for DNA quality, 
in our experience it is essential that test and reference 
DNA do also match in the way they have been labeled 
so that a possible bias introduced by problems in labeling 
of specifi c sequences can be compensated. Commercial 
arrays frequently require different labeling protocols 
and the use of specialized kits, usually sold by the same 
company.

Hybridization

Disadvantageous hybridization kinetics is the greatest 
problem of array CGH based on oligonucleotide arrays. 
Even long oligonucleotides represent an extremely low 
complex target—a diversity of 3 billion bases in the 
hybridization mix versus ∼60 bases represented by each 
specifi c spot (Figure 10.6). Circulation of the hybridiza-
tion mix can only partially compensate for this dis-
crepancy. Representational oligonucleotide microarray 
analysis (ROMA) is one technical approach to address 
the problem of complexity.32 Representational oligonu-
cleotide microarray analysis is based on a linker-medi-
ated PCR (see Figure 10.4B) using the restriction enzyme 
BglII. The following PCR is optimized to result in the 
preferential amplifi cation of fragments smaller than 
1.2 kb and thus reduce the complexity down to about 
2.5%. Given the known recognition sequence of the 
restriction enzyme and the maximum spacing between 
two sites, the authors expected the amplifi cation of about 
200,000 sites across the genome and designed a corre-
sponding array specifi c for the expected sites. It is clear 

that this approach is technical and computationally 
demanding and requires optimal settings and standard-
ization to avoid introducing artifacts.

Data Analysis

A typical array CGH experiment yields several thousand 
data points that have to be displayed in a comprehensive 
and illustrative way. Hardly ever are raw data presented 
in a manuscript. Instead, data have already passed several 
steps of manipulation. For many readers the computa-
tional analysis appears like a “black box,” and the brief 
descriptions of the procedures in many manuscripts are 
not always able to shed light into this box. However, 
availability and understanding of information concerning 
data analysis are essential not only for appreciating the 
quality of a microarray experiment, the functional (real) 
resolution of an experiment, and so forth, but also for 
judging whether or not a comparison of two different 
studies is feasible. It is beyond the scope of this chapter 
to provide in depth insights into data analysis; instead, the 
following is meant as a rough overview that should enable 
a basic understanding of the data analysis workfl ow and 
highlight key points of data interpretation of an array 
CGH experiment. Chari et al. provide a more com-
prehensive review of computational aspects of array 
CGH.33

Figure 10.6. Comparison of hybridization effi ciency of oligo-
nucleotide and BAC arrays. With more than 3 billion different 
bases, the human genome is very complex (indicated by the 
differentially colored spheres). Therefore, the relative concen-
tration for a given oligonucleotide that is complementary to the 
oligonucleotides on the array (shown as four single-color disks) 
is extremely low. In contrast, an average bacterial artifi cial chro-
mosome clone represents 150 kb (illustrated by the colored 
disks). This increases the chance of binding and thus signal 
intensity.
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Image Processing

The wet lab part of a typical two-color array CGH experi-
ment ends with putting the hybridized array into the 
scanner, where the signal intensities of the two different 
fl uorochromes are recorded as two gray scale images 
either simultaneously or one by one. Usually the scanner 
output is two 16-bit TIFF images, which provide 216 
(65,536) different gray scales. These images are then 
imported into specialized image processing software, fre-
quently sold as a package together with the laser scanner. 
There, DNA spots are defi ned by superimposition of a 
grid, which refl ects the architecture of the array in terms 
of rows and columns and links each spot with information 
on clone/sequence identity and chromosomal location.

Background Subtraction

Global background subtraction is based on the averaged 
signal intensities of all pixels outside those areas that 
have been identifi ed as DNA spots. This method does not 
take into account the possible uneven distribution of 
background signal intensities across the array. Therefore, 
most people favor local subtraction methods based on 
background intensity values determined in the vicinity of 
each spot in order to cope with spatial bias. In our labora-
tory we do not subtract background at all. At this stage 
data can be exported to array CGH–specifi c analysis 
tools.

Normalization

The absolute signal intensities measured in each channel 
can be subject to systematic, spatial, or intensity-depen-
dent bias, which can infl uence array CGH results34 and 
has to be removed before calculating the signal intensity 
ratios. Systematic bias of signal intensities can arise 
because of differences in input of test and reference 
DNA, fl uorochromes and labeling effi ciency, laser set-
tings (laser power as well as amplifi cation through pho-
tomultiplier tubes), and so forth. The simplest way to 
eliminate systematic bias is to normalize by equalizing 
the median intensities of the two channels.

Unfortunately, calculating the global median intensity 
does not take into account spatial effects, that is, areas 
on the array that appear to show trends of higher and 
lower intensity, respectively. For this reason, many 
researches apply this normalization method to small sub-
grids separately. Meanwhile, more sophisticated pro-
grams are also available that can detect and remove 
spatial bias.35 Sometimes, evaluation of intensity scatter-
plots reveals an intensity dependent trend, for example, 
the ratios of low intensity spots show always the same 
tendency. Normalization algorithms like LOWESS or 
subgrid LOWESS, which are based on regression models, 
can be employed to tackle this problem.

Whatever algorithm is applied to normalize the data, 
it relies on the assumption that for many, if not most, of 
the data points DNA copy number is the same in test and 
reference DNA. This may be a problem with tumors with 
complex aberrations or customized arrays focusing on 
very small regions of interest. Therefore, for some proj-
ects it may be advisable to skip normalization altogether 
to avoid loss of dynamic range.

Identifying an Aberration

In the beginning of array CGH, most researchers have 
analyzed and plotted their data using Excel, Access, and/
or similar programs, but meanwhile, luckily, more sophis-
ticated tools are available that ease the analysis and visu-
alization of data.36 Ratios are frequently plotted as log2 
values, because this transformation displays deletions and 
gains within the same scale. If replicas are present on the 
array, usually the averaged ratios are displayed.

Defi ning the presence or absence of an aberration is 
not as trivial at it may appear in the beginning. The sim-
plest way to identify an aberration would be to determine 
fi xed thresholds with every clone that is beyond these 
thresholds counted as a change of DNA copy number at 
the respective chromosomal site. Alternatively to the use 
of fi xed thresholds, which do not take into account vari-
able data quality, thresholds can be defi ned based on 
standard deviation.

However, given the considerable number of outliers 
that can occur in one experiment, false-positive results 
will pose a problem. Smoothing data by means of sliding 
windows (moving average) has been frequently applied 
in order to be less sensitive to outliers (Figure 10.7). 
Although this method dramatically reduces the false-
positive rate, it also entails loss of resolution, which 
depends on the size of the window (i.e., the number of 
clones/oligos that are averaged).

Examples of more sophisticated algorithms dedicated 
to the objective determination of DNA copy number 
changes are Hidden Markow Models (HMM),37 
BioHMM,38 circular binary segmentation,39 and wavelet-
based approaches.40

There are other issues to consider as well when it comes 
to identifying disease-associated aberrations. Because of 
the high resolution of array CGH, several DNA copy 
number variants have been found to occur in the normal 
population (a comprehensive database can be found at 
http://projects.tcag.ca/variation/). Although these vari-
ants can be several hundred kilobases in size, many of 
them are supposed to be phenotypically neutral; but they 
also may predispose to disease.

Especially in tumor cytogenetics, biology introduces 
another layer of complexity that renders data interpreta-
tion diffi cult. Imagine the following scenario: a tetraploid 
cell loses one chromosome. In a tetraploid cell with four 
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copies of each chromosome, this means a relative loss of 
25%. There may also be some polyclonality in the tumor 
specimen, with some cells having this aberration and 
others not. Some cells may even be euploid, especially 
those normal cells that are contaminating the tumor 
sample. In short, DNA copy number changes are not 
necessarily changing as integers, and it is up to the scien-
tist to determine those thresholds that refl ect the best 
compromise between sensitivity and specifi city. This deci-
sion can dramatically infl uence the outcome of an array 
CGH study and can hamper the comparability of differ-
ent array CGH studies. In this context it is of great inter-
est that authors of array CGH papers are increasingly 
following the so-called MIAME criteria, Minimal Infor-
mation About a Microarray Experiment,41 which also 
include the deposition of primary data to a public data-
base such as Gene Expression Omnibus (http://www.
ncbi.nlm.nih.gov/geo/) or Array Express (http://www.ebi.
ac.uk/arrayexpress/). Every scientist interested in a spe-
cifi c published dataset can download the respective fi les 
and perform in silico reanalysis of the datasets with dif-
ferent analysis parameters or a different focus. Mean-
while, a number of array CGH analysis and visualization 
tools are available for free36,42 to assist in the exploitation 
of this valuable data source.

Conclusion

The accumulation of chromosomal imbalances is a typical 
feature of lung tumors. The specifi c composition of chro-
mosomal changes creates a unique genomic setting that 
infl uences the biologic behavior of the tumor. Currently, 
array CGH using high-resolution platforms is the most 
advanced technique to detect DNA copy number changes. 
Because of the introduction of commercial platforms, the 
technique is no longer restricted to highly specialized 
laboratories, and therefore molecular cytogenetics profi l-
ing by means of array CGH will gain increasing impor-
tance in routine pathology. Array CGH data can be 
employed to identify chromosomal signatures useful for 
differential diagnosis and therapeutic decisions. Some 
aberrations may serve as discriminators in differential 
diagnosis, especially for tumors, which are hardly distin-
guishable by classic pathologic approaches, while the 
fi nding of other chromosomal changes may be useful to 
anticipate the risk of metastasis or the likelihood of recur-
rence. The detection of genes frequently amplifi ed in 
tumors will help identify new therapy targets, and cus-
tomized therapy arrays help predict responses to such 
therapies.
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Figure 10.7. Data smoothening by sliding window. In this illus-
tration, a sliding window of three clones/oligonucleotides is 
shown. Instead of the original ratio (row a, upper part of the 
triangle), the averaged ratio of three adjacent clones/oligonu-
cleotides is plotted (row b, tip of each triangle). The differen-

tially colored triangles symbolize the moving of the windows 
(red triangle is the latest window). Note that the size of the 
window determines both the quality of data smoothening and 
the functional resolution of the array.
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Loss of Heterozygosity in Lung Diseases

Sharon C. Presnell

individual’s DNA are the result of deleterious genetic 
variations that have the potential to cause disease. Loss 
or silencing of one allele can occur, usually through 
mitotic recombination, at any locus, homozygous or het-
erozygous. Allelic loss of the wild-type allele at a hetero-
zygous site results in “loss of heterozygosity” in a single 
step, leaving the cell with a single copy of a gene that is 
aberrant and has the potential to disrupt cellular homeo-
stasis. More commonly, allelic loss occurs at a homozy-
gous site followed by point mutation or gene silencing 
(via promoter methylation in the remaining allele). The 
latter is a well-documented mechanism by which tumor 
suppressor genes are lost during the formation and 
progression of many types of cancer, including lung 
cancer.6,7

Detecting Loss of Heterozygosity

Methods to detect LOH rely on the ability to assess copy 
number and determine that one copy is missing or reduced 
compared with the other copy. Technical methods such as 
comparative genomic hybridization allow detection of 
regions of chromosomal gain or loss but generally do not 
have the resolution to detect LOH at specifi c loci.8 Classic 
methods for detection of LOH involved tedious, low-
throughput methods of restriction fragment-length poly-
morphism analysis and Southern blotting. In the past 
decade, researchers have taken advantage of simple 
sequence length polymorphisms (or microsatellites) as 
genetic markers for studying LOH,9,10 which has led to 
more comprehensive PCR-based “allelotyping” studies 
of LOH in larger sample sets and has enabled studies 
aimed at identifying clusters or linkages of loci altered by 
LOH in specifi c disease states.9 More recently, the use of 
single nucleotide polymorphism arrays has facilitated 
reasonably high-throughput studies aimed at assessing 
LOH across the genome rather than targeting studies to 
a defi ned set of suspected loci.11 Regardless of the methods 

Introduction

Lung cancer remains the leading cause of cancer-related 
death, accounting for over 1 million deaths per year 
worldwide.1–3 Exposure to insult, primarily tobacco smoke, 
is the indisputable root cause of most lung cancers,4 but 
it is the consequential epigenetic and genetic changes 
(promoter methylation, mutations, deletions, and ampli-
fi cations) that drive tumor formation, progression, and 
metastasis. Loss of heterozygosity (LOH) is an extremely 
common genetic feature of lung cancer and is a signifi cant 
mechanism by which critical genes involved in growth 
regulation and homeostasis become inactivated, or 
silenced, during disease evolution. This chapter reviews 
LOH and its implications in the major classes of lung 
cancer as well as in nonmalignant lung diseases.

What Is Loss of Heterozygosity?

Within the entire human genome (3 billion base pairs), 
only 0.08% of the sites vary within any two humans, and 
only 0.02% of these variations actually result in a differ-
ent amino acid being specifi ed as a result of the change.5 
Even more remarkable, 90% of these variations are 
changes that are common in the population and lead to 
normal variation in traits among individuals—eye color, 
for example. In a normal individual’s DNA, every genetic 
locus is composed of two alleles, one inherited from each 
parent. Most genetic loci are composed of two homozy-
gous alleles, meaning that both copies of the gene are 
exactly the same such that the loss of one allele leaves 
another in its place and results in no pathology. A limited 
number of genetic loci are heterozygous, meaning that 
the two copies of that gene are different, usually the 
result of single nucleotide polymorphisms in one copy, 
making it one nucleotide different from the “wild-type” 
copy.5 Most (90%) of this variance is normal within the 
population, but ∼10% of the heterozygous sites in any 
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used, studies of LOH typically provide several key mea-
surements helpful in understanding the potential role of 
LOH in the sample set being studied. The areas of the 
genome that are commonly targeted for allelic loss 
throughout the sample set are defi ned as the minimally 
deleted regions, and these hotspots are likely to contain 
key genes that when altered play a role in the develop-
ment and/or progression of the cancer. The extent of 
allelic loss in a given sample is expressed as fractional 
allelic loss and is defi ned as the number of LOH events 
in a sample divided by the total number of informative 
heterozygous markers in the corresponding normal 
DNA.12 Breakpoints can also be determined and are 
defi ned as the junction between a specifi c marker display-
ing LOH and an adjacent marker that retains heterozy-
gosity (LOH:HET).12

Conducting LOH analysis requires gaining access to 
tumor cells. In the case of surgical resection or postmor-
tem analysis of specimens, cells can be obtained directly 
from lung tissue via macro- or microdissection. Cells have 
also been harvested successfully from biopsy specimens 
and bronchial brushings.13 Caution must be exercised 
with respect to purity of the cells or tissue obtained, as 
contaminating stroma, blood vessels, lymphocytes, and 
other normal cells are inevitably present and can con-
found results substantially.11,14 Another caveat of LOH 
analysis is the phenomenon by which one allele becomes 
genetically amplifi ed, leading to experimental evidence 
that the other allele has been deleted when it is intact.14

Tobacco Smoke and Loss 
of Heterozygosity

The evidence linking exposure to tobacco smoke and 
lung cancer is overwhelming, with smoking named as the 
greatest etiologic factor contributing to an individual’s 
risk of developing the disease.3,15–17 The mechanisms by 
which tobacco carcinogens contribute to the develop-
ment and progression of lung cancer are multivariate and 
are only partially understood. Tobacco smoke produces 
reactive chemical species, including benzo(a)pyrenes and 
polycyclic aromatic hydrocarbons, that can form physical 
complexes at sites within the DNA.18 These so-called 
“DNA adducts” have been associated with p53 mutations 
as well as LOH events at fragile sites on chromosome 3, 
both of which occur at the very early stages of tobacco-
induced carcinogenesis.18,19 The linkage between tobacco 
carcinogen exposure and LOH on chromosome 3p is par-
ticularly strong in individuals who initiated smoking at an 
early age.16,18

In two studies, LOH at a locus near the hMLH1 gene 
on chromosome 3p21 was correlated strongly with early 
age of smoking initiation, level of hydrophobic DNA 
adducts, and level of polycyclic aromatic hydrocarbon–

DNA adducts.17,20 When adolescents smoke, it is believed 
that normal lung epithelium is “preconditioned” by expo-
sure to tobacco carcinogens at a time of critical lung 
development, resulting in somatic mutations in an entire 
“fi eld” of epithelium rather than in a single cell or cluster 
of cells.16 These genetically altered cells are replicated 
during normal adolescent lung growth, leading to the 
presence of a large number of cells that are “primed” for 
subsequent events (such as allelic loss), thus rendering 
the individual highly susceptible to the development of 
lung cancer. Smoking during adolescence may increase 
the risk that if lung cancer develops it will develop 
as many clonal cancers that progress concomitantly 
and aggressively, a concept fi rst described as “fi eld 
cancerization.”16,21

Other Factors Infl uencing Loss 
of Heterozygosity

Asbestos

Asbestos is an important pulmonary carcinogen, linked 
in particular to the formation of mesotheliomas—lung 
tumors that usually develop in individuals with a history 
of asbestos exposure, typically with a long period of 
latency between exposure and clinical presentation.22 
Studies have linked exposure to asbestos to allelic dele-
tion of the FHIT gene on chromosome 3p14 and a sig-
nifi cant reduction in Fhit protein expression,23 although 
the specifi c mechanisms by which asbestos contributes to 
LOH are not known. Mutagenicity studies carried out 
using a lymphocyte model demonstrated that the LOH 
rate upon exposure to asbestos fi bers was greater than 
the spontaneous LOH rate of the assay,24 suggesting a 
direct connection between the fi bers and LOH. A recent 
study of asbestos-exposed individuals in Turkey found 
LOH on regions of chromosome 6q in >50% of the cases 
analyzed.25

Pathogens

Infl ammation associated with chronic infection can be a 
contributing risk factor for carcinogenesis. One well-
known example is infection of the gastric wall with Heli-
cobacter pylori as a predisposing factor for gastric cancer.26 
Similarly, lung cancer has been linked with chronic Chla-
mydia pneumoniae infections as well as Mycobacterium 
tuberculosis (M-TB) infections27,28 Infection with M-TB 
is, like asbestos, associated with LOH in the FHIT gene 
on chromosome 3p14.27,28 Studies indicate that the mech-
anism of DNA damage in relation to infections is indirect 
and comes from the host’s activated infl ammatory cells 
sent to fi ght the infection. Cumulative evidence suggests 
that free radicals, such as nitric oxide, produced by 
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activated infl ammatory cells can contribute to cancer, as 
they are known to be able to cause direct damage to 
DNA.29

Patterns of Loss of Heterozygosity 
in Lung Cancer

Lung cancers are divided into two major categories: small 
cell lung cancers (SCLCs) and non–small cell lung cancers 
(NSCLCs), the latter of which can be further classifi ed 
based on the cell type(s) of which they are comprised. 
The two most common classifi cations of NSCLC are ade-
nocarcinomas and squamous cell carcinomas, but meso-
theliomas, large cell carcinomas, and adenosquamous 
varieties exist as well. The SCLCs account for around 
20%–25% of all cases of lung cancer and carries with it 
a relatively poor prognosis.30 The remaining 75%–80% of 
diagnosed lung cancers are NSCLCs, with adenocarcino-
mas and squamous cell carcinomas equally prevalent and 
jointly representing ∼80% of all NSCLCs.30

While all types of lung cancer share pathologic and 
genetic features, there are some clear type-specifi c differ-
ences with regard to incidence and pattern of LOH. Table 
11.1 summarizes the chromosomal regions most fre-
quently targeted for LOH in lung cancer, including their 
relative frequencies in SCLC and NSCLC and the tumor 
suppressor genes (if known) that are targeted by LOH 
events. Association of each LOH-targeted area with 
insult (tobacco smoke, asbestos, and pathogens) is also 
reported in Table 11.1. Allelic losses occur most fre-

quently, in both SCLC (∼90%) and NSCLC (∼70%), on 
chromosomes 3p, 13q, and 17p—likely representing the 
inactivation of key tumor suppressor genes, which include 
fragile histidine triad (FHIT), p53, and Retinoblastoma 
(RB).9,31,32 In SCLC, LOH occurs at a relatively high fre-
quency on chromosomes 3p (>90%), 5q (>50%), 4q 
(>40%), 10q (>80%), 13q (>90%), 15q (>40%), and 17p 
(>90%),13 and concordance between some of these sites 
has been suggested by cluster analysis.9 The pattern of 
LOH is distinct in NCSLC and frequently involves the 
targeting of genes on chromosomes 1p (>60%), 3p 
(>50%), 8p (>70%), 9p (>70%), 13q (>60%), 17p (>80%), 
19p (>70%), Xp (>60%), and Xq (>60%).9,32,33 In general, 
more alterations are detected in NSCLCs than in SCLCs, 
but this may be due to variability incurred when histo-
logically and pathologically distinct tumors (adenocarci-
nomas, squamous cell carcinomas, and so forth) are 
grouped together as “NSCLC” and treated as a single 
sample set, as is common in many studies. When adeno-
carcinomas and squamous cell carcinomas are considered 
as separate sample sets, it is clear that LOH is a more 
common feature of squamous cell carcinomas, with >90% 
of them exhibiting LOH (compared with ∼70% of adeno-
carcinomas) as well as a greater number of LOH events 
per sample.33 Furthermore, the occurrence and degree of 
LOH in adenocarcinomas is correlated positively with 
exposure to tobacco smoke.34,35 Patterns of allelic loss 
have been identifi ed in studies of tobacco smoke–exposed 
bronchial epithelial cells and NSCLCs, leading to the 
hypothesis that LOHs at 8p, 9p, 11q, and 13q are early 
lesions that occur upon exposure to tobacco smoke.34,35 
Transition to the cancerous stage is associated temporally 

Table 11.1. Major loss of heterozygosity (LOS)–targeted regions in small cell lung cancer (SCLC) and non–small cell lung cancer 
(NSCLC).

Insult

Chromosome Candidate target gene(s) SCLC NSCLC Smoking Asbestos Pathogens

 1p p73, TNFR2 >40% >60% X
 3p FHIT, MLH1, VHL, TGFBR2, DLC1, RASSF1A, BAP1, RARb >90% >50% X X X
 4q >40% >40%
 5q SPARC, MCC, APC, IRF1 >50% >70% X
 8p >50% >70% X
 9p p16INK4A, p15INK4B, p14ARF >30% >70% X
10q PTEN/MMAC1 >80% >30%
13q RB1, BRCA2 >90% >60% X
15q >40% >40%
17p TP53 >90% >80% X X
19p NR >70%
Xp NR >60%
Xq NR >60%

Note: Candidate LOH-targeted genes are listed. Well-characterized and defi ned tumor suppressor genes associated with lung cancer are in bold-
face. Relative frequencies of detection (compiled from studies cited in this chapter) are shown for both SCLC and NSCLC. Regions associated 
with LOH-targeting in response to exposure to smoking, asbestos, or pathogens are marked (X). NR, not reported.
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with LOH at 1p, followed by additional LOH events 
at 3p and 17p in the progression of squamous cell 
carcinomas or at 5q and 18q in the progression of 
adenocarcinomas.33–35

Broader “genome-wide” allelotyping studies that 
employ higher throughput methods for detecting LOH 
(see earlier discussion) have enabled the detection of 
novel “hotspots” for allelic loss, making these areas of the 
genome likely to contain tumor suppressor genes that 
have yet to be described. Many laboratories are focused 
on mapping and identifying candidate tumor suppressor 
genes in these areas of the genome. To date, there is not 
strong experimental evidence suggesting that specifi c pat-
terns of LOH in lung cancer have prognostic value by 
correlating with clinical parameters such as disease stage, 
tumor size, mitotic rate, degree of angiogenesis, or tumor 
recurrence.10,36,37 However, the mechanistic role(s) of 
some specifi c genes lost via LOH have been studied, 
and a summary of each major LOH target is provided 
below.

Loss of Heterozygosity at 1p

Loss of heterozygosity at 1p36 occurs in SCLC (∼40%) 
but is more common in NSCLC (>60%) and encompasses 
several candidate tumor suppressor genes, including p73 
and tumor necrosis factor receptor 2 (TNFR2).9,38–40 
Additional targets of LOH have been identifi ed in 
NSCLC samples at 1p21 and 1p22, although no tumor 
suppressor gene candidates have been described in these 
regions. p73 is a member of the p53 family and is capable 
of mimicking some of the effector functions of p53, 
including induction of permanent growth arrest and pro-
motion of apoptosis.41 TNFR2 binds and mediates signals 
from lymphotoxin-α, lymphotoxin-β, and tumor necrosis 
factor, three cytokines associated with receptor-mediated 
induction of cell death.42

Loss of Heterozygosity at 3p

The best-described and best-documented gene targeted 
for LOH in nearly all lung cancers is FHIT on 3p14. Loss 
of heterozygosity at 3p14 is strongly correlated with 
exposure to tobacco smoke and occurs early in car-
cinogen-exposed lung epithelium.14,43–48 The FHIT gene 
encodes a small protein with diadenosine triphosphate 
hydrolase activity, but its tumor suppressor activity is 
presumed to be independent from this enzymatic activ-
ity.47 FRA3B, the most fragile site in the human genome, 
maps to the FHIT gene region and is believed to play a 
role in cancer susceptibility.49 Evidence for FHIT as a 
tumor suppressor gene includes the observations that 
FHIT-defi cient mice are more susceptible to carcinogen-
induced tumor formation49 and that expression of FHIT 
suppresses the growth of cancer cells through promotion 

of apoptosis and growth inhibition.50 Although the FHIT 
gene is considered a candidate tumor suppressor gene, 
some studies have failed to support this hypothesis51,52 
such that the precise mechanisms by which FHIT contrib-
utes to lung cancer development remain undetermined.

Additional regions of 3p are targeted for LOH in both 
SCLC and NSCLC, as extensively reviewed in several 
publications.9,14,43,44,53,54 Tumor suppressor gene candidates 
targeted by LOH in the same region (3p12–3p22) as the 
FHIT gene include transforming growth factor receptor-
β2 (TGFRb2), MLH/HNPCC2, deleted in lung Cancer-1 
(DLC1), RASSF1A, retinoic acid receptor-β (RARb), 
and BRCA1-associated protein 1 (BAP1).9,14,43,44,53,54 Loss 
of heterozygosity at 3p25, which includes the von Hippel-
Lindau (VHL) locus, has also been reported as a frequent 
event in both SCLC and NSCLC.14,55

Loss of Heterozygosity at 4q

Two regions on chromosome 4q (4q21–28 and 4q34-ter) 
are frequently targeted by LOH in both SCLC and 
NSCLC.9,11,32,34,35 Despite consistent observations of LOH 
in these areas, to date clear tumor suppressor gene can-
didates have not been identifi ed.

Loss of Heterozygosity at 5q

Small cell carcinoma is characterized by a high frequency 
of LOH at 5q32-ter, and, although no candidate tumor 
suppressor genes have been identifi ed, the SPARC 
(secreted protein acidic and rich in cysteine) gene maps 
to 5q32 and has been associated with LOH in idiopathic 
pulmonary fi brosis.56 The SPARC protein, which is 
involved in the regulation of cell adhesion and growth, is 
methylated aberrantly in lung cancers.57 Although NSCLC 
has not been associated with LOH at 5q32, there is often 
LOH at 5q21.3–31, a region that contains several key 
tumor suppressor genes, including MCC (mutated in 
colorectal cancer), APC (adenomatous polyposis coli), 
and IRF.9

Loss of heterozygosity at 5q21 has been documented 
in preneoplastic cells, suggesting that it may be an early 
genetic change, and it is more prevalent in squamous cell 
carcinomas than in adenocarcinomas.33,58 However, as for 
other LOH events, studies have failed to provide a strong 
correlation between these events and patient prognosis. 
In lung cancer, it appears that LOH at the APC locus is 
relatively frequent but that the mechanism by which the 
remaining allele is silenced is usually promoter methyla-
tion rather than mutation.59

Loss of Heterozygosity at 8p

Loss of heterozygosity on chromosome 8p21–23 is a fre-
quent and early occurrence in NSCLC, believed to occur 
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after LOH events at 3p and 9p.60,61 Despite consistent 
observations of LOH in this region in lung cancer, specifi c 
tumor suppressor genes have not been mapped to 8p21–
23 and implicated in the development and progression of 
lung cancer. LOH at 8p21–23 is also a frequent event in 
hepatocellular carcinoma, and a gene encoding a growth-
inhibitory protein, HCRP1 (hepatocellular carcinoma 
related protein-1), has been mapped to that area and 
implicated in hepatocellular carcinoma.62 Additional 
work will be needed to defi ne the tumor suppressor genes, 
perhaps including HCRP1, involved in lung cancer.

Loss of Heterozygosity at 9p

Chromosome 9p is frequently altered in NSCLC not only 
by LOH but also by homozygous deletion and gene 
silencing via promoter hypermethylation.9,10,63 The redun-
dancy in mechanisms aimed at silencing genes in this 
region and the prevalence of these alterations in smoke-
exposed preneoplastic epithelium point to the impor-
tance of 9p in the development of lung cancer. The gene 
most frequently identifi ed in LOH studies of 9p (9p21) 
in NSCLC is p16INK4A, a gene that encodes a cell cycle 
protein that inhibits Cdk4, Cdk6, and cyclin-dependent 
phosphorylation of the Rb gene product.64–66 Loss of the 
p16INK4A gene effectively removes key negative regulation 
of the cell cycle at the G1 → S phase transition.67 Interest-
ingly, experimental evidence suggests that the silencing 
of the remaining p16INK4A allele after allelic loss is pre-
dominantly due to epigenetic methylation rather than 
mutation.68

Loss of Heterozygosity at 10q

Loss of heterozygosity at 10q22–23 is a frequent observa-
tion in SCLC. Although no tumor suppressor genes in this 
region have been defi nitively associated with lung cancer, 
multiple studies have identifi ed LOH targeted to the 
PTEN/MMAC locus at 10q23.69–71 The encoded PTEN 
protein is a lipid phosphatase that negatively regulates 
the phosphatidylinositol 3-kinase/Akt pathway. Loss of 
PTEN function results in reduced apoptosis and stimula-
tion of cellular proliferation and migration.69

Loss of Heterozygosity at 13q

Chromosome 13q12–14 is a prevalent hotspot for LOH 
in both SCLC and NSCLC. The retinoblastoma (RB1) 
gene is a well-characterized tumor suppressor gene at 
13q12, the product of which is a key regulator of entry 
into S phase of the cell cycle.72 The critical pathway regu-
lated by RB, p16INK4A, cyclin D1, and cyclin-dependent 
kinases (Cdks) is disturbed, usually via multiple compo-
nents, in nearly every case of lung cancer, thus rendering 
cells insensitive to the signaling involved in regulating 
mitosis.72 Loss of heterozygosity on 13q12.1–13.1 can be 

identifi ed in cells obtained from bronchial washing speci-
mens from SCLC and NSCLC patients and is proposed 
as one of a set of markers that could be used for early 
detection of lung cancer.73 Another gene targeted to 
13q12–14 is BRCA2, a gene associated with cancer sus-
ceptibility and with possible linkages to p53 in the context 
of DNA damage repair.74

Loss of Heterozygosity at 15q

Broader studies of LOH have consistently identifi ed 
LOH at 15q as a common occurrence in SCLC.9,75–77 
Several microsatellite markers targeted to the long arm 
of chromosome 15 demonstrate LOH in these studies, but 
the region between D15S1012 and D15S1016 was the 
most frequently altered.75 As for chromosomes 1, 4, and 
8, much work is needed to identify the LOH-targeted 
tumor suppressor genes on chromosome 15q.

Loss of Heterozygosity at 17p

The TP53 gene at 17p13 is the most frequently altered 
tumor suppressor gene in human cancers, including lung 
cancers. TP53 is targeted by mutation, methylation, and 
homozygous deletion, in addition to LOH. The redun-
dancy by which TP53 is inactivated in lung cancer and 
the prevalence of its inactivation point to its critical role 
in the development of the disease. TP53 modulates a 
broad network of cellular responses, including cell cycle 
arrest, apoptosis, DNA repair, cellular senescence, and 
infl ammation, and therefore plays a central role in homeo-
stasis.78 TP53 mutations can be found in precancerous 
lesions, but to date studies of LOH at 17p indicate that 
allelic loss of TP53 occurs during disease progression, 
after LOH events on chromosome 3p.34

Loss of Heterozygosity at 19p

Loss of heterozygosity at 19p13.3 is a very frequent event 
in NSCLC but is not targeted in SCLC.9 One tumor sup-
pressor gene candidate residing at this locus is STK11/
LKB1, a gene implicated in Peutz-Jeghers syndrome.79,80 
Loss of heterozygosity at this locus has been documented 
in breast cancer and in brain metastases from a variety 
of human cancers.79,81 Although mutations and LOH of 
STK11/LKB1 have been reported in isolated cases of 
lung cancer, additional work is needed to defi ne the role 
of this gene in lung carcinogenesis.

Loss of Heterozygosity on the 
X Chromosome

The X chromosome is targeted for LOH at Xp–q21 and 
Xq22.1 in NSCLC.9 Specifi c tumor suppressor genes have 
not been mapped to these regions or implicated in lung 
cancer.
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Loss of Heterozygosity in Benign 
Lung Diseases

There is evidence to suggest that many common lung 
diseases, such as chronic obstructive pulmonary disease 
(COPD) and asthma, have a genetic predisposition and 
probably arise via the interaction between multiple gene 
products.82 Studies of microsatellite instability and LOH 
have been employed to study these diseases with the 
goals of identifying causative genes and/or developing 
genetic screening tools for use in epidemiology. Loss 
of heterozygosity in several prevalent lung diseases is 
discussed.

Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fi brosis is a serious disease believed 
to be the result of immune response to tissue damage in 
the lung.83 Although idiopathic pulmonary fi brosis is a 
benign disease, it progresses to bronchogenic carcinoma 
in ∼10% of idiopathic pulmonary fi brosis patients.82 The 
observation that the incidence of lung cancer in idio-
pathic pulmonary fi brosis patients is much higher than 
the incidence in the general population lends support to 
the hypothesis that idiopathic pulmonary fi brosis con-
tains precancerous lesions that may progress to periph-
eral-type lung tumors through the inactivation of critical 
tumor suppressor genes.84 Indeed, LOH at several 
common loci (3p21, 5q32, 9p21, and 17p13) has been 
documented in idiopathic pulmonary fi brosis.56

Sarcoidosis

Sarcoidosis is a multisystem disease characterized by the 
formation of noncaseating granulomatous lesions in 
affected organs, especially the lungs. These lesions can 
progress to cause fi brosis and, like idiopathic pulmonary 
fi brosis, lead to a higher incidence of lung cancer.82 Studies 
of LOH have identifi ed targeted loci on 9p, 9q, and 
17q.85,86 The genes targeted by LOH were within or proxi-
mal to DNA mismatch repair genes and genes associated 
with lymphocyte activation. This pattern is somewhat dis-
tinct from lung cancer or idiopathic pulmonary fi brosis 
and may refl ect the absence of linkage with exposure to 
tobacco smoke.86

Chronic Obstructive Pulmonary Disease 
and Asthma

Loss of heterozygosity has been detected in COPD and 
asthma, although the number of studies is limited and 
have focused on analysis of chromosomal regions that 
contain genes suspected in the diseases.82 There are genes 
implicated in the development and progression of asthma 
throughout the genome, although the hotspot for altera-

tions via LOH is chromosome 14q, which contains several 
target genes that have been implicated in asthma, includ-
ing prostaglandin E receptor 2 (PTGER2), arginase II 
(ARG2), and α1-antichymotrypsin precursor (AACT).87–88 
Within asthmatic patients, those with the greater number 
of genetic alterations have higher mean immunoglobulin 
E and blood eosinophils,89 both of which are indicators 
of infl ammation and bronchial hyperresponsiveness. 
Analyses of COPD samples demonstrate that LOH 
occurs most frequently at the thyroid hormone receptor-
α1 (THRA1) locus on chromosome 17q21.90 It is believed 
that exposure to tobacco smoke is a risk factor for the 
genetic changes associated with COPD, and individuals 
with COPD (like those with idiopathic pulmonary fi bro-
sis) carry a greater risk for the development of lung 
cancer.91

Conclusion

Clearly, LOH is a well-documented occurrence in benign, 
premalignant, and malignant lung diseases. Although 
some genes targeted by LOH represent key early events 
in pathogenesis, many occur at later stages of disease 
progression, thus making their specifi c contributions dif-
fi cult to discern. Continued comprehensive genome-wide 
studies of LOH in lung diseases, in large sample sets, may 
ultimately provide the researcher and clinician with tools 
for diagnosis and prognosis based on patterns of LOH.
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tions because of dilution by cells not carrying the 
alteration (e.g., by benign stromal or infl ammatory cells 
that are invariably present in tumors).

In Situ Hybridization: 
General Principles

To understand how in situ hybridization works, one 
should be familiar with (1) DNA and RNA composition 
and structure, (2) principles of base pairing, (3) denatur-
ation and hybridization, and (4) factors that infl uence 
denaturation and hybridization. It is not possible to cover 
these topics extensively; however, the following para-
graphs briefl y touch on the most important aspects of 
these topics.

DNA Composition and Structure

DNA and RNA are each composed of four nucleotides 
that form long chains. The nucleotides that comprise 
DNA contain one of four bases, adenine, cytosine, guanine, 
or thymine (Figure 12.1). RNA is composed of nucleo-
tides that also contain the same nucleotides except that 
uracil substitutes for thymine. Another important differ-
ence between DNA and RNA is that DNA is double 
stranded and RNA is single stranded.

Principles of Base Pairing

To comprehend hybridization, it is essential to under-
stand how base pairing occurs in double stranded DNA 
or DNA/RNA hybrids. In double stranded DNA, nucleo-
tides with an adenine (A) or thymine (T) pair with one 
another (referred to as base pairing) through two hydro-
gen bonds while guanine (G) and cytosine (C) pair with 
one another through three hydrogen bonds (see Figure 
12.1). The only difference with DNA/RNA hybrids is that 

Introduction

In situ hybridization is a technique that utilizes nucleic 
acid (DNA or RNA) probes to assess intact cells for 
various types of genetic alterations. In situ hybridization 
has become an extremely useful tool for the clinical 
pathology laboratory to aid oncologists, geneticists, and 
infectious disease specialists in the diagnosis and treat-
ment of their patients. Common applications of in situ 
hybridization include its use to detect cancer cells in cyto-
logic specimens, chromosomal alterations in resected 
tumor specimens that predict prognosis, and response to 
therapy of certain cancer types and microorganisms in 
various specimen types.

In situ hybridization is typically performed either with 
fl uorescently labeled probes or with probes that are sub-
sequently visualized with a chromogen such as diamino-
benzidine. If performed with fl uorescently labeled probes, 
the technique is referred to as fl uorescence in situ hybrid-
ization (FISH). Alternatively, if the technique is per-
formed with a probe that requires subsequent visualization 
with a chemical reaction that produces a colored chemi-
cal at the site of the probe (a chromogen), the technique 
is referred to as chromogenic in situ hybridization 
(CISH).

An advantage that in situ hybridization has over other 
techniques, such as polymerase chain reaction (PCR), 
which is also used to assess cells for genetic alterations, 
is that with in situ hybridization the cells remain intact. 
This allows one to determine which specifi c cells have the 
abnormality. An additional advantage that in situ hybrid-
ization has over some genetic techniques is that it can 
sensitively detect alterations that occur in only a small 
subset of cells analyzed. This is quite important, for 
example, in oncology, because tumors tend to be quite 
heterogeneous, and the alteration that is being assessed 
for may be present in only a small percentage of the cells. 
Other molecular techniques in which the tissue is homog-
enized prior to analysis often cannot detect these altera-
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uracil (U) rather than thymine base pairs with adenine. 
It is the pairing of As to Ts (or Us in the case of RNA) 
and of Cs to Gs that keeps the two strands of DNA or 
the two strands of a DNA/RNA hybrid paired to one 
another. Because GC base pairs have three hydrogen 
bonds, they are stronger and require more energy to 
break than AT base pairs. If two strands of DNA have 
bases that pair perfectly, that is, every A, C, G, or T on 
one strand is matched with a T, G, C, or A, respectively, 
on the opposite strand, then the two strands are said to 
be 100% complementary.

Denaturation, Renaturation, and 
Infl uencing Factors

Denaturation refers to the process of making double-
stranded DNA (or DNA/RNA hybrids) single stranded. 
Denaturation is also sometimes referred to as melting the 
DNA. Denaturation is brought about by breaking the 
hydrogen bonds that hold the two strands of DNA 
together. This is most commonly achieved by applying 
heat (i.e., raising the temperature of the sample). In addi-
tion, certain chemicals such as formamide can be used to 

Figure 12.1. DNA structure. Nucleotides are the building 
blocks of both DNA and RNA. Nucleotides are composed of 
the sugar deoxyribose (DNA) or ribose (RNA), a phosphate 
group, and a base. The four bases found in DNA are the purines, 
guanine and adenine, and the pyrimidines, cytosine and thymine. 
Uracil substitutes for thymine in RNA. Single-stranded DNA is 
a polymer of nucleotides. The 5′ end of a single-stranded DNA 

molecule is the end that has a free phosphate group, and the 3′ 
end is the end that has a free 3′-OH group. Double-stranded 
DNA is composed of two single-stranded DNA molecules that 
run in opposite directions. In double-stranded DNA, guanine 
pairs with cytosine through three hydrogen bonds, and adenine 
pairs with thymine through two hydrogen bonds.
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promote denaturation. Because G/C base pairs are stron-
ger than A/T or A/U base pairs, double-stranded DNA 
fragments (or DNA/RNA hybrids) with a higher percent-
age of Gs and Cs will require more heat (i.e., higher 
temperatures) to denature than will dsDNA fragments 
(or DNA/RNA hybrids) with a higher percentage of As 
and Ts. Renaturation refers to the process of bringing two 
complementary strands of DNA (or complementary 
DNA and RNA) back together.

Hybridization occurs when two strands of complemen-
tary single-stranded DNA or RNA molecules “stick to” 
one another. The greater the complementarity of the two 
single-stranded molecules, the more likely two strands 
will hybridize to one another. In addition, because of 
stronger base pairing, DNA/DNA or DNA/RNA hybrids 
that are 100% complementary will be more stable and 
require more energy to break apart than those that are 
less complementary. Two strands that are less comple-
mentary (e.g., only 95% complementary) can hybridize 
to one another under certain conditions that are referred 
to as less stringent conditions. The tendency for a DNA 
or RNA probe to stick to sequences that are not comple-
mentary is referred to as nonspecifi c hybridization. Non-
specifi c hybridization can be prevented by maintaining 
conditions, referred to as stringent conditions, that favor 
hybridization of the most complementary sequences 
but prevent the hybridization of less complementary 
sequences. Stringent conditions are generally achieved by 
keeping the temperature at the highest possible tempera-
ture that allows the most complementary single-stranded 
DNA or RNA probe to anneal to its completely comple-
mentary target without allowing it to anneal to targets 
that are less complementary. Depending on how similar 
the noncomplementary sequence is to the complemen-
tary sequence, the difference between stringent and non-
stringent conditions may be just a degree or two. For 
example, 37°C may favor the annealing of a probe that is 
100% complementary to its target sequence but prevent 
a probe that is only 95% complementary to bind to its 
target sequence. However, dropping the hybridization 
temperature just a couple of degrees to 35°C may favor 
the binding of both probes to the target sequence.

The melting temperature (Tm) of double-stranded 
DNA in solution is approximated by the following 
formula:

Tm = 81.5 + 16.6 log (Na+) + 0.41 (% GC) 
   −0.63 (% formamide) − (300 + 2,000) (Na+)/N

where Tm is the melting temperature in degrees centi-
grade, Na+ is the molar concentration of sodium ions, % 
GC is the percentage of GC base pairs in the hybridized 
molecules, % formamide is the percentage of formamide 
(volume/volume), and N is the length in bases of the 
hybrid.1 This formula may appear somewhat daunting to 
those of us who are less mathematically inclined, but, 

conceptually, the important points to note are that 
in creasing the salt concentration inhibits melting and 
increasing the formamide promotes melting. This is 
because high salt concentrations favor hydrogen bonding 
of the two strands of a DNA/DNA or DNA/RNA hybrid, 
whereas formamide helps break those hydrogen bonds. 
Likewise, it is important to note that, under identical 
conditions, shorter fragments of DNA melt at lower 
temperatures than longer fragments of DNA. A fami-
liarity with this formula can be helpful when trying to 
troubleshoot problems with nonspecifi c or incomplete 
hybridization.

Probes

Types of Probes

All in situ hybridization techniques utilize DNA or RNA 
probes. These probes are designed to hybridize to specifi c 
target sequences of interest such as genes that have been 
implicated in inherited diseases or cancer as well as to 
microorganisms of various types. DNA probes that are 
commonly used for genetic and/or oncologic applications 
have been categorized as chromosome enumeration 
(CEP) probes, locus-specifi c indicator probes, telomeric 
probes, and chromosome paints.

Chromosome Enumeration Probes

Chromosome enumeration probes hybridize to repetitive 
DNA sequences found near the centromeres of chromo-
somes, which are referred to as α-satellite DNA. These 
regions are composed of ∼171 base pair (bp) sequences 
that are tandemly repeated thousands of times and span 
approximately 250,000 to 5,000,000 bases.2 The repeat 
regions of the different chromosomal centromeres exhibit 
substantial sequence divergence of approximately 20%–
40%.2 Because of this, probes specifi c for each of the 
centromeres are available for most but not all chromo-
somes. A few chromosomes, for example, chromosomes 
13 and 21, 14 and 22, as well as 5 and 19, have α-satellite 
repeat sequences that are too similar to allow one to dis-
tinguish these chromosomes from each another due to 
cross-hybridization.

Chromosome enumeration probes are used to enumer-
ate the number of copies of a given chromosome in a cell. 
They are able to enumerate chromosome copy number 
because the centromere of a chromosome is lost the 
whole chromosome will generally be lost. One advantage 
of CEP probes is that because they hybridize to sequences 
that have a high copy number, they provide strong (i.e., 
bright) signals. In addition, because these regions are 
tightly compacted in the heterochromatic regions of the 
chromosome, the signals provided with CEP probes are 
generally tight (“crisp”) rather than diffuse.
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Locus-Specifi c Probes

Locus-specifi c probes hybridize to unique sequences (i.e., 
nonrepetitive DNA sequences) and are generally used to 
determine if specifi c genes are amplifi ed (e.g., HER2), 
deleted (e.g., P53 or P16), or translocated (e.g., BCR/
ABL translocation). These probes typically hybridize to 
a region that ranges from 40 to 500 kilobases (kb). Probes 
that hybridize to regions smaller than 40 kb often produce 
weak signals that can be diffi cult to see. Probes larger 
than this can produce diffuse signals that are diffi cult to 
distinguish as single spots.

Telomeric Probes

Telomeric probes are not actually probes to telomeric 
sequences but to unique DNA sequences found very near 
the telomeres (so-called subtelomeric probes).3,4 Unique 
telomeric probes are available for 41 of the 46 chromo-
somal telomeres. The only telomeres for which there are 
not probes are those for the p arms of the acrocentric 
chromosomes 13, 14, 15, 21, and 22. However, these 
regions are composed primarily of ribosomal DNA, and 
deletions or duplications of these regions are not gener-
ally thought to have clinical signifi cance.4

Chromosomal Paints

Chromosomal paints are mixtures of probes that hybrid-
ize to the entire length of one or more chromosomes. The 
probes that comprise chromosomal paints are generally 
prepared by isolating individual chromosomes by fl ow 
cytometry and then performing PCR amplifi cation with 
degenerate oligonucleotide primers. The fl uorescently 
labeled probes generated from this can then be used as 
a “paint” that highlights the entire chromosome homoge-
neously along its length. Chromosomal paints can be used 
to identify specifi c chromosomes in a metaphase spread. 
This can be particularly helpful when standard karyotyp-
ing is unable to identify a chromosome (e.g., marker 
chromosomes).

Probe Preparation

Probes are generally prepared from fragments of DNA 
that have been cloned into bacterial (BAC), P1 (PAC), 
or yeast (YAC) artifi cial chromosomes. Probes that are 
used for FISH can either be directly or indirectly 
labeled with a fl uorophore.5 A fl uorophore is a molecule 
that fl uoresces when excited by light of a specifi c wave-
length. There are a wide variety of fl uorophores that 
can be used for FISH.5 Two of the more commonly 
used fl uorophores are fl uorescein isothiocyanate (FITC) 
and Texas Red, which fl uoresce green and red, 
respectively.

Directly Labeled Probes

Directly labeled probes are prepared by incorporating a 
fl uorophore-labeled nucleotide into the probe usually by 
nick translation or random priming. Because the fl uores-
cently labeled probe is bound to its cellular target in a 
single hybridization step, no further processing is required 
to visualize the probe. Directly labeled CEP and locus-
specifi c probes are commercially available singly or as 
probe mixtures of up to four different probes and are 
generally labeled with red, green, aqua, or yellow 
fl uorophores.

Indirectly Labeled Probes

Indirectly labeled probes contain nucleotides that have 
covalently attached reporter molecules such as biotin or 
digoxigenin. These probes require an additional step after 
hybridization in which the probe is generally visualized 
by applying fl uorophore-labeled avidin or fl uorophore 
labeled antidigoxigenin in a second step. A signifi cant 
disadvantage of using indirectly labeled probes is that it 
adds extra steps to the procedure. However, potential 
advantages of indirectly labeled probes include the pos-
sibility obtaining  stronger signals due to an ability to 
achieve greater signal amplifi cation. In addition, indirect 
labeling allows for greater versatility in probe use because 
one can visualize any probe that has been labeled with 
biotinylated 2′-deoxyuridine 5′-triphosphate (dUTP) or 
digoxigenin.

In-House Developed Probes

Most diagnostic laboratories utilize commercially avail-
able probes. However, a laboratory may want to prepare 
its own in-house probe if one is not commercially avail-
able. If a laboratory prepares its own probes for diagnos-
tic use, it is important to extensively validate the probe 
prior to clinical implementation to ensure that it hybrid-
izes to the intended target and provides the expected 
results on normal and abnormal specimens. Wiktor et al. 
have recently provided recommendations for the valida-
tion of probes for clinical use.6

Fluorescence In Situ Hybridization

Procedure

The steps involved in performing FISH are as follows: 
(1) obtain specimen for FISH, (2) prepare specimen for 
hybridization (“prehybridization”), (3) hybridize probes 
to target DNA in specimen, (4) remove nonspecifi cally 
bound probe by washing, and (5) assess signals in speci-
men using fl uorescence microscopy (Figure 12.2). Each 
of these steps is described in more detail.
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Figure 12.2. Fluorescence in situ hybridization procedure.



122 K.C. Halling and A.J. Wendel

Specimens

Fluorescence in situ hybridization can be performed on 
a wide range of specimens, including peripheral blood, 
paraffi n-embedded tissue, and cytology specimens (e.g., 
urine, sputum, or endoscopic brushings). Frozen tissue 
will not work well because freezing results in intracellular 
ice crystals that disrupt the morphology of the cells. The 
fi xative that gives the best FISH results for paraffi n-
embedded tissue is neutral buffered formalin. However, 
tissue that has been left in formalin too long (>48 hr) 
prior to paraffi n embedding will not provide good FISH 
results.7 Specimens that have been fi xed in B5 fi xative, 
which is often used for hematologic specimens, may 
require isolation of nuclei prior to FISH to obtain good 
results.8 Some fi xatives such as Prefer work poorly if at 
all for FISH.9

Prehybridization

The goal of prehybridization is to prepare the cells in the 
specimen so that the probe can effi ciently hybridize to its 
cellular DNA target but do so without signifi cantly dis-
rupting the morphology of the cells. Detailed protocols 
for prehybridization and hybridization can be found else-
where.10,11 The pretreatment required for different speci-
men types (e.g., fresh cells versus paraffi n-embedded 
tissue) is similar but frequently has some important 
differences. For example, certain specimens such as 
paraffi n-embedded tissue generally need to be treated 
with a protease such as pepsin to increase the accessibility 
of the probe DNA to its nuclear DNA target. It is impor-
tant to not over- or underdigest the tissue with pepsin. 
Overdigestion can lead to a decrease in signal intensity 
and destroy nuclear morphology. Underdigestion can 
lead to autofl uorescence, and an underestimation of 
signal copy number may result. Other methods that 
have been used to facilitate entry of the probe into 
the cell include treatment with dilute acid or nonionic 
detergents.12

Denaturation and Hybridization

Denaturation and hybridization involve denaturing the 
probe and cellular DNA and then allowing the probe to 
hybridize to its cellular DNA target. The probe hybridiza-
tion solution contains not only the probe DNA but a type 
of DNA that is referred to as Cot DNA. Cot DNA is 
DNA that hybridizes to highly repetitive DNA sequences 
that are present throughout the genome. Without Cot 
DNA, the probe DNA would nonspecifi cally bind to 
these repetitive DNA sequences, resulting in many non-
specifi c signals rather than the specifi c signals that are 
desired. In one of the more widely utilized FISH hybrid-

ization protocols, the probe and target DNA are codena-
tured at about 73°C for about 3 min in 50% formamide. 
Formamide is added to lower the temperature at which 
the probe and cellular DNA melt. This is important 
because high temperatures can destroy the cellular mor-
phology that needs to be maintained. The temperature is 
then lowered to about 37°C to allow the probe DNA to 
hybridize to its specifi c target.

The hybridization temperature is less fastidious for 
FISH assays than for PCR assays because FISH probes 
are much longer than PCR probes. Hybridization is gen-
erally allowed to occur over about 4 to 12 hr. Factors that 
can infl uence the effi ciency and specifi city of the hybrid-
ization include the probe sequence and hybridization 
temperature. If the probe sequence is not unique, 
additional signals may present that represent cross-
hybridizing sequences. If the hybridization temperature 
is too high, the signals may be weak, and if the hybridiza-
tion temperature is too low, there may be an abundance 
of nonspecifi c background signal.

Removing Nonspecifi cally Bound Probe

Following hybridization, the slide is washed with a spe-
cifi c washing solution. The goal of this step is to remove 
any probe that is not specifi cally bound to the desired 
target without removing the probe that has bound to the 
desired target. This is generally done by washing the slide 
in a solution that is heated to 73°C and contains 0.4× 
SSC/0.3% NP40 (nonformalin-fi xed samples) or 2.0× 
SSC/0.3% NP40 (formalin-fi xed samples). A higher salt 
concentration (less stringent wash) is used for paraffi n-
embedded specimens because the probe/target hybrids 
are less strong for paraffi n-embedded specimens than for 
nonformalin-fi xed samples. This may be due to shorter 
length of target DNA sequences in paraffi n-embedded 
tissue or to persistence of protein in the hybridized region 
that causes hybrid destabilization.10 If the posthybridiza-
tion wash is too stringent, all or most of the probe may 
be washed off, and there may be either no signals or weak 
signals when viewed under the microscope. On the other 
hand, if the wash is not stringent enough, there may be 
an excessive amount of nonspecifi c hybridization back-
ground when viewed under the microscope. If indirectly 
labeled probes are used, an additional step is required at 
this point to attach the fl uorophore to the probe. The 
procedure used will depend on the type of reporter mol-
ecule (biotin, digoxigenin, other) that has been previously 
chosen.

Finally, approximately 10 μL of a solution that contains 
4′-6-diamidino-2-phenylindole (DAPI) and “antifade” is 
placed on the slide, and the slide is coverslipped. 4′-6-
diamidino-2-phenylindole is a nuclear counterstain that 
fl uoresces blue-gray when viewed with a fl uorescent 
microscope. It allows one to see the nuclei. Without 
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DAPI, the FISH signals would appear to be free-fl oating 
in a dark background. Antifade is used to inhibit photo-
bleaching, which is the tendency of fl uorophores to fade 
with exposure to light and heat.13 Because fl uorophores 
are susceptible to photobleaching, it is best to store 
hybridized slides and probe in a refrigerator and in the 
dark. In addition, when viewing the slide on the micro-
scope, it is important to remove the slide from the path 
of light by closing the condenser when not viewing. If a 
slide has lost its fl uorescence, it can generally be rehy-
bridized with good results if the target DNA is still intact. 
We have successfully rehybridized slides that are several 
years old.

Fluorescence Microscopy

Following hybridization, FISH signals are assessed with 
a fl uorescence microscope (usually an epifl uorescence 
microscope) equipped with the appropriate fi lters neces-
sary to see the probe signals. A detailed discussion of 
fl uorescence microscopy is beyond the scope of this 
chapter, but there are several excellent reviews of the 
subject.14 Nonetheless, it is important to understand at 
least a few basic aspects of how fl uorescence microscopy 
works.

As noted earlier, a fl uorophore is a molecule that 
absorbs light of a certain wavelength (actually a certain 
range of wavelengths) and then reemits that energy as 
light of longer wavelengths. For example, as shown in 
Figure 12.3, the fl uorophore that is referred to as Spec-
trum GreenTM absorbs light that ranges from about 470 
to 510 nm and then reemits it (i.e., fl uoresces) as light of 
higher wavelengths that range from about 500 to 550 nm. 
The goal of FISH is to cause the fl uorophore-labeled 
DNA or RNA probe to fl uoresce and highlight the target 
of interest in the specimen. To do this, the fl uorescence 

microscope must have a light source that is capable of 
exciting the fl uorophore. Mercury or xenon arc lamps are 
typically relied-upon light sources for fl uorescence micro-
scopes. These lamps emit light of wavelengths that can be 
absorbed by the fl uorophores. A combination of fi lters 
(excitation, beam splitting interference, and barrier) 
select an appropriate wavelength of light to excite the 
fl uorophore and ensure that the main light that reaches 
the observer’s eye is the desired fl uorescence wavelength. 
These fi lters are generally incorporated into a single 
housing device that is referred to as a fi lter cube. The 
appropriate combination of fi lters depends on the 
fl uorophore(s) that are being utilized. Cubes are avail-
able for most fl uorophores. Most cubes contain fi lters that 
allow one to look at only one probe at a time. However, 
dual-pass and triple-pass fi lters that allow one to see red 
and green signals or the red signal, green signal, and 
DAPI counterstain simultaneously are available and very 
useful.

It is frequently necessary to take a picture of the cells 
and their fl uorescent signals. This requires the use of 
imaging systems and software that enable one to capture 
the different colored probe signals in a single composite 
image. When a multicolor probe set has been used, it may 
be particularly diffi cult to take a picture that shows all 
the signals when using a normal camera. This is because 
the signals are often present in different planes. This can 
be overcome with a device known as a Z-stack camera, 
which allows one to easily capture all the signals in a cell 
as a single image.

Chromogenic In Situ Hybridization

Chromogenic in situ hybridization is another type of in 
situ hybridization that is very similar to FISH except that 
the probe is visualized by a chromogenic reaction after it 
has hybridized to its target rather than being visualized 
as a fl uorescent signal. There are several ways to perform 
CISH. One method incorporates biotinylated dUTP into 
the probe. After hybridization of the probe to its target, 
horseradish peroxidase–labeled streptavidin is added to 
the slide. The streptavidin attaches to the biotin. Diami-
nobenzidine (DAB) is then added, and the horseradish 
peroxidase converts the DAB to a brown chromogen at 
the site of the probe. Another CISH method utilizes 
digoxigenin-labeled probes instead of biotin-labeled 
probes but also utilizes peroxidase and DAB to visualize 
the probe.

Chromogenic in situ hybridization has several advan-
tages over FISH. One major advantage is that CISH 
slides can be viewed with a light microscope, and the 
tissue architecture is much easier to discern. This makes 
it easier to correlate molecular alterations with histologic 
or cytologic features with CISH than with FISH. In 

Figure 12.3. Excitation (absorption) and emission spectra for 
commonly used fl uorophores.
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addition, CISH can be performed in conjunction with 
immunohistochemistry to assess for correlations between 
chromosomal alterations and protein expression.15 A 
fi nal important advantage of CISH is that the permanent 
slides obtained after CISH analysis do not fade and thus 
are suitable for long-term archiving.

Disadvantages of CISH (relative to FISH) include that 
it can easily identify only a single target at a time, and 
the signals produced with CISH are less discrete than 
those produced by FISH, which makes signal enumera-
tion less precise than what is possible by FISH. The 
inability of CISH to identify more than one target may 
or may not be important depending on the application. 
For example, CISH is frequently used to identify viruses 
such as Epstein-Barr virus and cytomegalovirus in lung 
tissue sections (Figure 12.4). For this particular applica-
tion, the inability of CISH to identify more than a single 
target is not a limitation.

However, the inability to detect more than one target 
at a time could be a limitation for some applications. For 
example, one commercially available FISH assay for 
HER2 amplifi cation utilizes two probes, a green probe to 
the chromosome 17 centromere and a red probe to the 
HER2 gene. With this FISH assay, a HER2/CEP17 signal 
ratio of >2.0 is considered evidence of HER2 amplifi ca-
tion and justifi cation for Herceptin therapy. The ratio-
nale for including the CEP17 probe in this probe set was 
that some tumors may exhibit gains (i.e., more than two 
copies) of the HER2 gene because of polysomy (i.e., 
extra copies) of chromosome 17 in the tumor but not 
because of true amplifi cation of the HER2 gene. It is not 
fully known at this time whether the absolute HER2 copy 
number by itself is predictive of response to Herceptin or 
whether knowing the ratio of HER2/CEP17 is important. 
However, if knowing the ratio is important, this informa-

tion would not be available with the CISH assay. Other 
probe sets, for example, a FISH probe set for bladder 
cancer detection, utilize as many as four different probes 
in a single cocktail to achieve high sensitivities for bladder 
tumor detection.16 Studies have shown that the use of a 
multiprobe FISH cocktail provides higher sensitivity than 
is achievable with probe sets that contain only one or two 
probe sets.

Other Techniques That Utilize 
In Situ Hybridization

Comparative Genomic Hybridization

Comparative genomic hybridization (CGH) is a powerful 
technique that can, similar to conventional karyotyping, 
be used to analyze the entire genome of cells for chro-
mosomal abnormalities.17 The CGH technique is particu-
larly useful for assessing solid tumors for chromosomal 
abnormalities. As fi rst described, CGH is preformed by 
isolating DNA from tumor tissue and labeling it with a 
green fl uorophore and isolating DNA from normal tissue 
and labeling it with a red fl uorophore.18 Equal amounts 
of the green-labeled tumor DNA and red-labeled normal 
DNA are then cohybridized to a normal metaphase 
spread (i.e., a karyotype without any abnormalities). If 
there are no chromosomal abnormalities in the tumor 
tissue, then equal amounts of green and red probe will 
hybridize to the chromosomes in the normal metaphase 
spread, and the color of all the chromosomes in the meta-
phase spread will be yellow (because equal amounts of 
red and green make yellow). However, if there are, for 
example, three copies of chromosome 1 in the tumor, 
then there will be more green-labeled than red-labeled 
chromosome 1 DNA, and chromosome 1 in the meta-
phase spread will appear green. Thus, areas in the meta-
phase spread that appear green represent chromosomal 
areas that have been gained in the tumor while areas that 
appear red represent chromosomal areas that have been 
deleted in the tumor. In this fashion, CGH can be used 
to identify many of the chromosomal abnormalities 
present in a tumor.

Comparative genomic hybridization is generally not 
performed with metaphase spreads anymore but instead 
with microarrays of DNA clones that are largely repre-
sentative of all the loci along the length of the 24 chro-
mosomes.19 This technique, which is referred to as array 
CGH, has the potential for higher resolution and greater 
reproducibility than can be obtained with metaphase 
spreads. A representative example of an array CGH is 
shown in Figure 12.5.

Comparative genomic hybridization has several 
advantages over conventional karyotyping, including 
the following: (1) the tumor can be grown in culture 
prior to analysis; (2) the cells do not have to be in 

Figure 12.4. Identifi cation of cytomegalovirus in lung tissue 
section utilizing chromogenic in situ hybridization. The purple 
stained nuclei contain cytomegalovirus.
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metaphase to determine the types of chromosomal 
abnormalities present; and (3) it has higher resolution, 
typically down to about 1 megabase, whereas karyo-
typing has a resolution down to about 5 megabases. 
The main disadvantage of CGH relative to conven-
tional karyotyping is that it cannot detect balanced 
chromosomal alterations (e.g., reciprocal transloca-
tions). Although CGH is generally not used clinically, 
it has been a powerful research tool for identifying 
the most common chromosomal abnormalities that are 
present in various tumor types, including both non–
small cell and small cell lung cancer.20–36 Comparative 
genomic hybridization studies have, for instance, 
shown that gains of 1q31, 3q26, 5p13, and 8q24 and 
deletions at 3p21, 8p22, 9p21, 13q22, and 17p13 are 
common in lung cancer and likely important in the 
pathogenesis of these tumors.30,31–33

Multicolor Whole-Chromosome 
Painting
Spectral karyotyping and multicolor FISH are highly 
sophisticated techniques that allow one to generate a 
color-coded karyotype.37,38 In other words, these tech-
niques produce a karyotype in which each chromosome 
has its own unique color. The generation of chromosomal 
paints for each chromosome is accomplished with com-
binatorial labeling of the chromosome-specifi c probes 
with just fi ve fl uorophores. Spectral karyotyping and mul-
ticolor FISH can be helpful in identifying chromosomes 
that are diffi cult to identify such as marker chromosomes 
or chromosomes that are involved in complex rearrange-
ments. This can be particularly helpful for solid tumor 
genetics because solid tumors often have very complex 
karyotypes that are diffi cult to elucidate (Figure 12.6).

A

B

Figure 12.5. Array comparative genomic hybridization. 
(A) Genomic array spotted with DNA from 287 targets in the 
genome. The targets include subtelomeric regions, oncogenes, 
tumor suppressor genes, and microdeletion loci. Each target is 
spotted in triplicate. Green-labeled tumor DNA from a single 
tumor (a bile duct tumor) and red-labeled normal DNA were 
cohybridized to the DNA spots on the array. Gene amplifi ca-

tions within the tumor appear as green spots (in triplicate), and 
deletions within the tumor appear as red spots (in triplicate). 
(B) Illustration of the chromosomal locations of the gene ampli-
fi cations and deletions shown in A. The tumor shows deletions 
of 5q, 6q, 12q, 14q, 18q, 19, and 21, a gain of 15, and amplifi cation 
of the MDM2 gene at 12q14.3–q15.
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Clinical Applications

Oncology

Fluorescence and chromogenic in situ hybridization have 
been used in oncology to help detect and type tumors, to 
prognosticate, and to guide therapy.

Tumor Detection

Fluorescence in situ hybridization is being increasingly 
utilized by cytotechnologists and cytopathologists to 
identify malignant cells in various types of cytologic spec-
imens. The technique works well for this purpose because 
most solid tumors have chromosomal alterations that are 
readily detectable by FISH. Examples of how FISH has 
been used to identify tumor cells in cytologic specimens 
include its use to identify bladder cancer in urine speci-
mens,39,40 biliary tract malignancy in biliary tract brushing 
specimens,41 and lung cancer in bronchoscopic brushing 
and sputum specimens.42–45

The FISH assay that has been used for lung cancer 
detection contains probes to 5p15.2, 7p21, 8q24 and to 
the pericentromeric region of chromosome 6, which are 
labeled with green, red, gold, and aqua fl uorophores, 
respectively. The 7p21 and 8q24 probes hybridize to the 
EGFR and C-MYC genes, which are both implicated in 

lung cancer tumorigenesis. The 5p15 probe hybridizes to 
a region near the gene for the reverse transcriptase 
subunit of the telomerase enzyme, which is also impli-
cated in lung cancer tumorigenesis. The fi nding of as few 
as fi ve (or more) cells with gains of two or more of the 
four probes in this probe set on a cytologic slide prepared 
from a bronchial brushing is consistent with a diagnosis 
of lung cancer (Figure 12.7). Several studies suggest that 
FISH with this probe set is signifi cantly more sensitive 
but slightly less specifi c than conventional cytology at 
detecting lung cancer.42–45

Tumor Typing

Fluorescence in situ hybridization has been extensively 
used to help type hematologic tumors such as chronic 
myelogenous leukemia, promyelocytic leukemia, Burkitt’s 
lymphoma,46,47 and soft tissue sarcomas such as synovial 
and Ewing’s sarcomas,48 because these malignancies 
often have characteristic chromosomal translocations. 
For example, virtually all patients with chronic myeloge-
nous leukemia have a reciprocal translocation involving 
chromosomes 9 and 22, and this particular translocation 
is generally found only in chronic myelogenous leukemia. 
Consequently, the identifi cation of this translocation by 
FISH can be used to type this tumor. Solid tumors have 
much more complicated chromosomal abnormalities 

Figure 12.6. Multicolor fl uorescence in situ hybridization anal-
ysis of a karyotype from a pediatric osteosarcoma. The tech-
nique reveals numerous complex rearrangements in this tumor. 

For example, there is a complex rearrangement involving the 
X chromosome (light aqua), chromosomes 1 (red), 11 (dark 
aqua), and 6 (dark pink).
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than are found in hematologic malignancies and soft 
tissue sarcomas, and chromosomal abnormalities that are 
specifi c for one solid tumor versus another have not been 
identifi ed. Consequently, in situ hybridization has not as 
yet been helpful for distinguishing different types of lung 
cancer or other solid tumor types.

Prognostication and Guiding Treatment

The best example of how in situ hybridization has been 
used to assess prognosis and guide therapy in oncology 
is its use to detect HER2 gene amplifi cation in breast 
cancer. Studies have shown that women whose breast 

Figure 12.7. Fluorescence in situ hybridization detection of 
lung cancer in bronchoscopic brushing specimen using the 
LAVysionTM probe set: 5p15 (green), CEP6 (aqua), 7p12 (red), 
8q24 (gold). Note that the three normal cells on the bottom 
show only two copies for each of the four probes, while the 
malignant cell (top) shows extra copies for all four of the 
probes.

cancer demonstrates HER2 amplifi cation (∼25% of the 
cases) have a worse survival than those whose breast 
cancer does not.49 In addition, women whose tumor shows 
HER2 amplifi cation respond more favorably to Her-
ceptin, a humanized monoclonal antibody that is directed 
to the HER2 receptor, than women whose tumor does 
not show HER2 amplifi cation.50,51 Recent studies suggest 
that EGFR amplifi cation detected by FISH in lung cancer 
may predict worse survival but a more favorable response 
to Iressa (gefi tinib), an immunotherapeutic drug to the 
EGFR receptor.52–56

Infectious Disease

In situ hybridization has been used to detect viruses, bac-
teria, and fungi in various specimen types. The probes 
used for the detection of bacteria, mycobacteria, or fungi 
are generally directed to either the 16S or 23S rRNA of 
the organism. The rRNA sequences make ideal targets 
because they are well characterized among different 
organisms and are known to be relatively specifi c for 
given microorganisms. In addition, there are often as 
many as 10,000 to 100,000 ribosomes, and thus 10,000 to 
100,000 rRNA copies in growing bacterial cells, providing 
many targets for these probes. This produces strong 
signals without the need for further signal amplifi cation.

In situ hybridization can be used not only to identify 
the presence of an organism in tissue but also to provide 
important additional information about the position and 
abundance of the organism in the specimen. The ability 
to identify a microorganism without prior culture can be 
a defi nite advantage for microorganisms such as Myco-
bacterium that are not easily cultured or that take a long 
time to culture.

Inherited Diseases

Fluorescence in situ hybridization is frequently used to 
detect chromosomal alterations that are associated with 
certain inherited disorders. For example, FISH is used to 
identify chromosomal alterations associated with con-
genital disorders, such as Down, Edwards, and Patau 
syndromes, neurofi bromatosis.57,58 DiGeorge syndrome, 
mental retardation (using subtelomeric probes),59 and 
Charcot-Marie-Tooth syndrome.

Conclusion

In situ hybridization is a technique that utilizes nucleic 
acid (DNA or RNA) probes to assess intact cells for 
various types of alterations. To understand how in situ 
hybridization works, one should be familiar with DNA 
and RNA composition and structure, principles of 
base pairing, and factors which infl uence denaturation 
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and hybridization. Techniques that utilize ISH include 
FISH, CISH, comparative genomic hybridization, spec-
tral karyotyping, and multicolor FISH. These techniques 
have found many important applications in oncology, 
genetics, and infectious disease.
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phisms. To gather that information, analysis at the effector 
protein level is necessary.

Proteomics

The ambition of proteomics is to perform a systematic 
study of proteins and to present a complete explanation 
of the structural, functional, and regulatory roles of these 
proteins in a particular biologic system. The technologic 
and methodologic evolutions have made it possible to go 
beyond a simple biochemical analysis of a single protein 
and to progress into investigation of the complex protein 
mixtures. In conjunction with highly advanced bioinfor-
matics, proteomics is able to explain physiologic and 
pathologic processes in both normal and diseased cells, 
and therefore it has a chance to become an essential 
component in laboratory diagnostics.

The fi rst tool that helped evolve protein biochemistry 
into proteomics was two-dimensional gel electrophoresis. 
Despite its imperfections, two-dimensional gel electro-
phoresis is still used for protein profi ling and/or quantita-
tion of protein expression. The main limitation of this 
method is its low sensitivity, making it unfeasible for 
analysis of posttranslational modifi cations and protein–
protein interactions. However, rapid progression in mass 
spectrometry and protein microarray technology has 
offered solutions to the two-dimensional electrophoresis 
limitations. The new generation of user-friendly mass 
spectrometers is able to analyze a protein mixture with 
high sensitivity and specifi city as well as perform in a 
high-throughput mode on different types of specimens 
(serum, bronchoalveolar lavage [BAL], tissue and cell 
extracts). The improvements in protein microarray tech-
nology and in affi nity chromatography permit effi cient 
isolation of protein complexes and study of protein—
protein interactions. All of these bring proteomics closer 
to being a useful diagnostic tool for lung disease.

Omics

The establishment of a complete human genome sequence 
has opened a new era in biology referred to as omics. The 
term designates a complete analysis of biologic systems 
in which entire metabolic pathways are studied. This new 
methodologic approach becomes possible because of 
the dynamic development of advanced instrumentation 
unique for each of the omics subdisciplines. By increasing 
analytical sensitivity and through transformation into 
high-throughput analysis, such technologies as DNA and 
protein microarray or mass spectrometry have become a 
driving force for omics research. The amount of informa-
tion derived from omics disciplines has in turn stimulated 
the development of bioinformatics. By improving the 
methods of storage and analysis of large amounts of data, 
an improved system of bioinformatics allows effi cient 
exchange of information among researchers and contrib-
utes signifi cantly to the development of omics disciplines. 
Despite its short history, this new methodology has proved 
its effectiveness by advancing our understanding of bio-
logic processes, which brings hope for more accurate 
diagnosis and treatment of diseases.

Genomics and Transcriptomics

In light of omics as a “method of thinking large,” genom-
ics can be defi ned as a comprehensive study of DNA 
structure and function. Genomics studies single nucleo-
tide polymorphisms and DNA mutations and investigates 
gene expression in cells. The analysis of gene expression 
has evolved into transcriptomics, an independent fi eld 
with specifi c methodology and instrumentation. The main 
shortcoming of both genomics and transcriptomics is 
their inability to predict phenotypic and functional con-
sequences of mutations or single nucleotide polymor-
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Proteomics: A New Diagnostic Tool 
for Lung Diseases

Genomics and transcriptomics measure gene expres-
sion and transcriptional activities of the cells. It has been 
widely recognized that the changes in protein expression 
cannot be predicted at the level of gene amplifi cation or 
at the level of mRNA production.1 For this reason, as 
well as the fact that proteins are the true effectors that 
change a functional state of cells, it is the proteins that 
should be examined as the most pertinent markers for 
cellular function.2 Performed on cytologic or surgical 
specimens, proteomics shows a complete picture of cel-
lular activity and, along with other omics, provides new 
information about physiology, pathology, and cellular 
reaction to treatment. If cytologic or histologic diagnostic 
material is not accessible, or when the main goal is the 
discovery of a new marker, protein profi ling in biologic 
fl uids such as blood, urine, BAL, and pleural fl uid may 
be performed.3 The primary objective for protein profi l-
ing is the discovery of a protein that is different in the 
pathologic than in the physiologic state. It is accomplished 
by a comparison of an entire collection of proteins pre-
sent in the specimen derived from healthy and diseased 
organisms.

The Ideal Proteomics

The ideal proteomics can be described as a method, or a 
series of methods, that can analyze an unmodifi ed speci-
men in its entirety in both the control and the testing 
groups and is able to detect 100% of the proteins present 
in these sets. The results of proteomics experiments are 
submitted for evaluation, which analyzes the entire data 
and recognizes the proteins that differ between the 
control and the testing groups (proteins of difference). 
These selected proteins are subsequently used as a char-
acteristic signature for a particular state of a cell or an 
organism and can be used for both an explanation of the 
biochemical pathways and for diagnosis.

This simple model of proteomics becomes complicated 
by what is referred to as abundance. There are approxi-
mately 35,000 human genes encoding proteins. Most of 
the proteins undergo posttranslational modifi cations so 
that the actual number of functionally active proteins 
exceeds 1 million.4 Therefore, if a particular metabolic 
process involves 0.1% of the total protein composition 
(proteome) in order to fulfi ll the proteomics requirement 
that the entire spectrum of proteins must be detected, the 
protein collection characteristic for this state exceeds 
1,000 individual particles.4

The problem of abundance affects both the laboratory 
(separation and identifi cation) and the analytical (data 
analysis) portions of the proteomics process. For separa-

tion and identifi cation, the problem is not only to detect 
the low-abundance proteins but also to avoid recording 
artifi cial peptides that are not naturally produced. Simi-
larly, abundance makes it more diffi cult to obtain suffi -
cient statistical power for data analysis and to prove that 
the detected protein of difference is systematic and not 
incidental.4

Shotgun and Protein Profi ling

For diagnostic purposes, proteomics methods are not 
restricted to surgically removed lung tissue but can also 
be used  to analyze fi ne-needle aspirates, BAL, pleural 
effusions and serum. For all of these specimens, pro-
teomics provides a unique opportunity to evaluate the 
entire protein content.

Because the amount of analyzed proteins is large, to 
improve the identifi cation process and to alleviate over-
load, the original specimen is fractionated and divided 
into portions containing the proteins with similar physi-
cochemical properties. The process of fractionation is 
performed on gel electrophoresis or by mass spectrome-
try. The information received during the fractionation 
process can be used in two different ways. The fi rst one 
is the shotgun protocol, in which the identifi cation process 
of proteins present in a chosen fraction is performed. The 
proteins are identifi ed by using fi ngerprinting and/or a 
sequence tag methodology and subsequently they are 
evaluated as a potential diagnostic marker. The second 
approach is protein profi ling, in which the electropho-
retic spots or mass spectrometric peaks obtained from 
control and test groups are compared and the pattern of 
difference (discriminatory pattern) is detected. In this 
methodology, the pattern by itself consists of character-
istics of a particular cellular state or state of the organism. 
The electrophoretic pattern is defi ned as the presence or 
absence of protein spots at particular locations, as well as 
the intensity of their staining. The mass spectrometry 
pattern is described as either the presence or absence of 
spectral peaks and their amplitudes. The discriminatory 
pattern that separates the control from the testing group 
is usually related to the small subset of proteins or pep-
tides present in the barely visible electrophoretic spots or 
that shows up as small spectrometric peaks hiding in the 
background of the spectra.

To differentiate between the groups, the amount of 
data to be analyzed is so large that for most instances it 
exceeds the capacity of the human brain. For this reason, 
to evaluate data from two-dimensional gel electrophore-
sis or from mass spectrometry, the advanced pattern 
recognition software are used as integrative tools of pro-
teomics protocols. Despite diffi culties, the protein profi l-
ing approach has noted some successes. The pattern of 
mass spectrometry peaks has been successfully used as a 
marker for differentiation between ovarian carcinoma 
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and noncancer cases with a sensitivity of 100% (95% CI, 
93–100), a specifi city of 95% (87%–99%), and a positive 
predictive value of 94% (84%–99%) [5].

Protein Identifi cation

For protein identifi cation, a chosen fraction received by 
two-dimensional electrophoresis separation is enzymati-
cally digested and submitted for mass spectrometry 
analysis. There are two general methods for protein iden-
tifi cation used by proteomics: protein mass fi ngerprint-
ing6 and protein sequence tagging. In fi ngerprinting 
methods, the molecular mass of the chosen peptide from 
the specimen is compared with the database that contains 
a collection of proteins and peptides derived from these 
proteins after enzymatic digestion. Based on the similar-
ity of masses, a cluster of protein candidates is selected 
that can potentially be present in the mixture. For each 
of these protein candidates, a matching score is calculated 
that refl ects the probability that this candidate is a factual 
protein present in the specimen. The higher the score, the 
higher the probability that a given protein is truly present 
in the specimen.

The protocol of protein identifi cation based on a 
sequence tag is similar to fi ngerprinting, with the only 
difference being that rather than the molecular mass, 
the sequence of amino acids is compared between pep-
tides from the specimen and from the database. The 
calculation and interpretation of the matching scores are 
similar for both methods. The most effi cient way for 
high-throughput protein identifi cation is to combine the 
tagging and fi ngerprinting methods.

Data Validation

Because the amount of data collected with each pro-
teomics run is oversized, a separate fi eld of bioinformat-
ics has been developed to support researchers and to 
increase the effi ciency of data analysis. For this purpose, 
a new proteomics-specialized software operating with 
modern statistical methods has been developed. The 
example is software packet for biomarker discovery that 
comprises hierarchical clustering, principal component 
etc. and which is sold by Bio-Rad along with the SELDI 
mass spectrometer.

Proteomics Instrumentation

Two-Dimensional Gel Electrophoresis

The fi rst protein separation method that met omics crite-
ria was two-dimensional polyacrylamide gel electropho-
resis (PAGE). This technique is able to accept minimally 
prepared specimens and to separate all proteins present 

in the mixture. Because of its contribution to proteomics 
and its popularity among researchers, the name two-
dimensional electrophoresis has become almost synony-
mous with the term proteomics. Two-dimensional PAGE 
can be divided into two procedural steps. The fi rst is iso-
electric focusing (IEF), which separates proteins based 
on differences in isoelectric (pI) points. During IFE sepa-
ration, proteins migrate along a pH gradient until they 
reach a point where the pH is equal to the pI. At that 
point, the net charge of the protein becomes zero and 
migration stops. At the end of this step, the original 
mixture of proteins is divided into fractions with the same 
pI. The second step of two-dimensional PAGE separates 
proteins based on their molecular mass and is performed 
on sodium dodecylsulfate (SDS)–polyacrylamide gel. To 
visualize separated proteins located in the spots that 
share the same pI and molecular weight, staining with 
silver or Coomassie Blue G-250 is performed. In an ideal 
situation, in which the sensitivity of separation is 100%, 
each spot would contain one protein. Unfortunately, the 
sensitivity of two-dimensional PAGE is not perfect, which 
contributes to several serious methodologic problems.

Methodologic Obstacles of PAGE

Two-dimensional PAGE requires considerable manual 
operation. For both shotgun and protein profi ling 
approaches, precise and reproducible placement of spots 
on the gel is critical. Even minute changes in protocol 
and/or environment may lead to misplacement of identi-
cal spots, which could be mistakenly evaluated as spots 
of difference. During IEF, even minimal changes in the 
pH gradient from one experiment to the other deposit 
the same proteins in different locations on the strip and 
change their placement on the fi nal gel. This problem was 
signifi cantly reduced when an immobilized pH gradient 
was introduced. Despite improvement in the procedure, 
large hydrophobic proteins failed to be separated by IFE 
because of their tendency to aggregate and precipitate 
around their pI. The problem of precipitation also plagues 
separation of strong acidic or basic proteins, which occurs 
on the extreme points of the IEF strip.

The second step of the two-dimensional PAGE separa-
tion requires a precise placement of IFE strips on the 
SDS-polyacrylamide gel slab because any inconsistency 
changes the fi nal location of the same protein from run 
to run. To secure precise and reproducible placement of 
the IFE strip on the gel slab, new hardware that is capable 
of consistent transfers of immobilized pH gradient strips 
onto the SDS-PAGE has been introduced. If performed 
on polyacrylamide gel the second dimension of 
separation is limited to the proteins with sizes larger 
than 10 kDa. The smaller proteins, as well as low-
abundance proteins with the number of copies fewer than 
1,000 per cell, do not separate. This system is also unable 
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to separate hydrophobic proteins such as the membrane 
proteins, which consist of low-abundance proteins with 
large hydrophobic domains. Two-dimensional PAGE 
also does not support separation of posttranslationally 
modifi ed proteins, because these proteins are present in 
low concentrations, far below the sensitivity of this 
system.

Protein Staining

The next step in the two-dimensional PAGE separation 
is protein visualization. The staining not only reveals 
individual proteins but also, by its intensity, provides 
information about protein concentration. Unfortunately, 
most of the dyes also stain the background and quantita-
tion of the protein is not simple. It requires statistical 
calculation that separates the intensity of background 
from spot staining.

There are a number of stains used, each with its own 
strengths and weaknesses. Silver (without glutaralde-
hyde) and Coomassie Blue G-250 stains are the most 
commonly used, with a preference for the former because 
of its signifi cantly higher sensitivity. Silver staining is not 
specifi c for peptides but also stains the background, which 
drastically decreases its sensitivity. To minimize back-
ground stain and to increase the sensitivity for protein 
detection, glutaraldehyde is used. There is no end-point 
for the silver staining reaction, which means that the 
intensity of the color is directly proportional to time of 
staining.7 The silver stain procedure is also not compati-
ble with mass spectrometry and with fi ngerprinting 
protein identifi cation. This incompatibility is due to 
protein oxidation and covalent modifi cation during 
contact with silver and formaldehyde as well as to 
peptide—peptide binding occurring during background 
discoloration with glutaraldehyde.

The Coomassie Brilliant Blue stains proteins by chemi-
cal interaction with arginine residues. The staining process 
is not time dependent but relates to amino acid composi-
tion and stops when all arginine amino acids are satu-
rated. For this reason, the relationship between staining 
intensity and protein concentration is not linear.8 To 
establish this relationship, several gels with different 
protein concentrations must be run simultaneously. 
This solves the problem but slows down the process of 
identifi cation.7 The sensitivity for protein detection by 
Coomassie Brilliant Blue is much lower than that of the 
silver stain, but it possesses a higher compatibility with 
mass spectrometry. To take advantage of the high sensi-
tivity of the silver stain and the mass spectrometry com-
patibility of the Coomassie Brilliant Blue, both techniques 
should be used in tandem.9

The sensitivity of protein visualization has been signifi -
cantly improved through the use of fl uorescent labeling 
agents such as ruthenium II tris, SYPRO dyes, and cyanine 

dyes to the extent that posttranslationally modifi ed pro-
teins can be revealed as a distinct spot. Another advan-
tage of using fl uorescent dyes is that the intensity of the 
staining is not time dependent, and it produces minimal 
background staining. Although special protocols and 
equipment are required, a fl uorescent stain can be used 
for detection of low-abundance proteins. This method 
cannot, however, be used for protein quantitation, 
because the intensity is proportional to the amino acid 
composition rather than to the protein concentration.

To improve quantifi cation of proteins, a special staining 
technique using stable isotopes was developed. In this 
procedure, both light and heavy isotopes of hydrogen, 
nitrogen, and carbon are used for in vitro or in vivo 
protein labeling. In vitro labeling is used mostly for rela-
tive quantifi cation of the differences in protein concen-
trations between two states of a cellular culture or an 
organism.7 The protein concentrations present at differ-
ent cellular states can be calculated from the difference 
of signal intensities detected by mass spectrometry be-
tween the heavy and the light forms of protein. Thus far, 
in vitro labeling has generally been tested on samples of 
low complexity, such as commercially available proteins 
or simple systems such as viruses. Despite its promise, this 
method requires signifi cant improvement before utiliza-
tion with more complex systems.

Enzymatic and Nonenzymatic Digestion

The spots present on two-dimensional PAGE contain 
groups of similarly sized and charged proteins. To perform 
protein identifi cation, the spots are excised and digested 
using enzymatic or nonenzymatic methods. During this 
process the proteins present in the spots are cleaved into 
smaller peptides suitable for mass spectrometry. The most 
common enzyme used for this process is trypsin. Its popu-
larity is related to its low cost and to its generation of 
peptides of a size that is ideal for mass spectrometry 
analysis. The other proteases such as Glu-C endoprote-
ase are used sparingly because of its production of large 
amounts of autoproteolytic peptides.9 Cyanogen bromide 
is the most commonly used nonenzymatic agent. It pro-
duces peptides that are too large for mass spectrometry, 
and it must thus undergo additional cleavage with 
trypsin.

All of the enzymes used in preparatory digestion cleave 
proteins at well-defi ned sites. If the sequences of the 
protein and the digesting enzyme are known, it is possible 
to deduce the number, sequence, and molecular weight 
of all peptides produced by digestion. This information 
has been collected in databases that are readily accessible 
through the Internet. Database information such as 
peptide molecular mass and peptide sequence is used 
during the process of protein identifi cation by fi nger-
printing and by protein sequence tag methods.
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Like any other PAGE stages, enzymatic preparatory 
digestion carries several methodologic problems that 
need to be solved. For example, proteins with small 
lysine and arginine residues are not good targets for 
trypsinization, because they produce large fragments not 
suitable for mass spectrometric analysis. In addition, 
tryptic fragmentation of proteins is a very imprecise 
process that not only skips certain cleavage sites but also 
targets amino acids other than lysine and arginine, which 
complicates the fi ngerprinting method of protein 
identifi cation.10

Mass Spectrometry

Mass spectrometry became a potential diagnostic 
technology at the time when electrospray ionization 
(ESI) and matrix-assisted laser desorption/ionization 
(MALDI) instruments were developed. These tools 
combine both high sensitivity and easy utility, which 
makes them ideal for commercialization. The new mass 
spectrometry technology coupled with automated and 
semiautomated specimen delivery systems provides the 
ability to perform high-throughput operations, an impor-
tant aspect of diagnostic tools. Analyzing proteins in their 
original complex forms and performing this operation in 
high-throughput mode fulfi lls the omics criteria and 
makes modern mass spectrometry useful for proteomics 
procedures.

Matrix-Assisted Laser Desorption/Ionization

Originally described in 1987,11 MALDI is a mass spec-
trometer in which the specimen is imbedded into matrix 
in a 1 : 1,000 ratio. Matrix is composed of small molecules 
that absorb ultraviolet waves. In the MALDI instrument, 
ultraviolet laser is pointed at the matrix, which induces 
solvent vaporization and matrix crystallization. During 
crystallization, the specimen is incorporated into matrix 
crystals and vaporized. The vaporized clouds of ionized 
crystals are directed into a detector, most commonly the 
time of fl ight (TOF) mass analyzer. The MALDI-TOF 
technique is used to analyze thousands of different com-
ponents, but its role in proteomics seems to be the most 
signifi cant. Because of its ability for precise measurement 
of the peptides’ molecular masses, MALDI has become 
the most important instrument in the fi ngerprinting 
method of protein identifi cation. With current technol-
ogy, in which samples are automatically processed and 
deposited on the MALDI target plate, the procedure is 
rapid and requires no more than 2 min for processing one 
sample.12

The most common mass detector coupled with MALDI 
is the TOF analyzer. The analytical sensitivity of modern 
TOF is high enough to allow for fi ngerprinting identifi ca-

tion of proteins present in a mixture even at very low 
concentration.

Protein identifi cation based on amino acid sequence is 
performed on two variants of the MALDI mass spec-
trometer, MALDI-Oq-TOF (Oq indicating quadrupole-
quadrupole time of fl ight) and MALDI-TOF/TOF.13 
These instruments operate with a collision chamber 
located between the fi rst and second mass analyzer. The 
fi rst analyzer measures molecular masses of peptides 
present in the specimen. One peptide is chosen from 
the mixture and is directed to the collision chamber for 
fragmentation. The second analyzer measures the mole-
cular masses of the fragments produced in the col-
lision chamber, which is the basis for sequencing of 
the chosen peptide.

Imaging Mass Spectrometry

A technologic improvement of MALDI mass spectrom-
etry evolved into a new method called imaging mass spec-
trometry in which the mass spectrometer produces a 
two-dimensional ion image of the sample with labeled 
localizations of target molecules.14 There are two tech-
niques used for imaging mass spectrometry. The blotting 
technique requires fresh tissue to be placed on a 
methanol-wetted organic membrane, which allows for 
protein to be bound. After the tissue is removed, the 
blotted area is submitted for MALDI-TOF mass spec-
trometry analysis. The second technique calls for 
frozen tissue to be placed on a fl at metal MALDI target 
plate and to be covered by the matrix. The image is con-
structed by mapping the m/z value over the target area. 
Imaging mass spectrometry allows gathering of informa-
tion about protein distribution directly from the tissue 
and measuring their relative concentration and local 
composition. This technique has been successfully used 
for protein visualization in glioblastoma of the brain and 
in non–small cell carcinoma of the lung. In clinical prac-
tice, it can be used to identify different populations of 
cells based on their molecular differentiation, which can 
be used to clear surgical margins at the molecular 
level.14

Although this technology seems extremely attractive, 
several serious limitations must be overcome before its 
implementation in diagnosis. The size of the analyzing 
spats is limited by the laser spat, which is 30 μm in 
diameter. The polar solvent used cannot dissolve mem-
brane proteins, leaving them unanalyzed. The use of this 
technique in anatomic pathology is limited by the over-
shadowing effect. In the overshadowing effect, a low 
signal is suppressed by a higher one, which most often 
comes from hemoglobin on the cut surface. In addition, 
every limitation of the MALDI is also pertinent in this 
system.
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Surface-Enhanced Laser Desorption/
Ionization Mass Spectrometry

The other spectrometric system that has gained interest 
is surface-enhanced laser desorption/ionization (SELDI) 
mass spectrometry. This system uses microchip technol-
ogy and is promoted predominantly by Bio-Rad. A mini-
mally prepared or nonprepared specimen containing a 
mixture of proteins is applied to an aluminium or steel 
microchip support platform measuring 1–2 mm in diam-
eter. The surface of the miniplate is coated with chemical 
matrices (“bites”) similar to chromatographic columns 
and composed of hydrophobic, cationic or anionic phases. 
With these types of bites, proteins are separated based 
on their physicochemical properties such as pI point. The 
mixture of proteins and peptides present in the specimen 
is applied to the chip, and groups of proteins with similar 
physicochemical properties bind to the surface. The 
unbound proteins are removed during the washing 
process. The chips can also be coated with more specifi c 
matrices such as antibodies, enzymes, ligands, proteins, 
receptors, or DNA oligonucleotides. These specifi cally 
reacting chips are designed to interact with a single target 
protein and are used to study specifi c molecular inter-
actions such as protein–protein, protein–antibody, as well 
as protein–receptor or protein–DNA interactions.16 The 
bound “bite” proteins of interest are subsequently ana-
lyzed by MALDI-TOF or MALDI-TOF/TOF mass spec-
trometry. Microchips are suitable for analyzing all 
possible specimens, including cellular lysate, BAL, 
pleural fl uid, sputum, and serum.

To enhance the analyzing effi ciency of the results, the 
instrument is equipped with pattern recognition software. 
This program analyzes confi guration of spectrometric 
peaks and recognizes a difference in the patterns between 
healthy and diseased cells, as well as between different 
stages of disease or different states of normal organisms. 
This approach provides a basis for discovering biomark-
ers, a strategy called proteomics pattern diagnostics.17 This 
strategy has been successfully applied to the develop-
ment of diagnostic patterns for ovarian cancer,18 prostate 
cancer,19 and breast cancer.20 To validate biomarker cor-
relation with progression of various cancers, an artifi cial 
neuronal network logarithm has been integrated with the 
SELDI mass spectrometry instrument. Artifi cial neural 
network is a statistical tool that imitates the learning 
ability of the human brain. PRoPeak software provided 
by Bio-Rad is based on an artifi cial neural network and 
is able to “learn” to recognize universal elements based 
on repeat analysis of the complex data from at lest two 
experimental groups. Based on the “experience” gained 
during the training set, the instrument develops criteria 
and rules that are validated during subsequent test runs. 
Each run is used to validate and modify the rules, similar 
to the typical learning process.

The usage of the pattern of mass spectrometric peaks 
as a marker for disease is a completely new approach in 
laboratory diagnostics and carries several methodologic 
and technical issues. The most serious ones are related to 
the low sensitivity of SELDI instrumentation, its limited 
reproducibility, and diffi culties in protein identifi cation.21 
In addition, several questions not specifi cally related to 
the SELDI instrumentation such as the validation of 
results among different laboratories, infl uence of differ-
ent sample handling on results and different experimen-
tal designs have been raised.21

Other Types of Spectrometry

The other type of mass spectrometry used in proteomics 
is electrospray ionization (ESI) mass spectrometry. This 
operates on soft ionization, which allows the generation 
of ions from large (>100 kDa) nonvolatile analytes, such 
as proteins, with no fragmentation. The main difference 
between MALDI and ESI is that the latter produces 
multicharged ions and consequently more complex 
spectra. It collects more information, but at the same time 
its results seem to be more diffi cult to interpret than the 
less complex spectra from MALDI.22 At the same time, 
MALDI possesses lower resolution and limited sequence 
information, which makes it less useful for identifi cation 
of protein isoforms, posttranslational modifi cations, and 
protein complexes. In the recent years ESI has become a 
more user-friendly instrument and is more widely used 
than MALDI.

A “Dream Team” Mass Spectrometry System

The technologic challenge for today’s proteomics is to 
develop a system that will allow rapid fractionation of the 
sample and effi cient identifi cation of proteins in the 
mixture in high-throughput mode. In 2004, Schrader and 
Klein published a paper describing the ideal proteomics 
system.23 This scheme consists of a high-performance 
liquid chromatography–based separation system coupled 
with Fourier Transform Ion Cyclotron Resonance (LC-
FTICR) mass spectrometry. The Schrader system helps 
to overcome the limited sensitivity of gel-based separa-
tion and limited accuracy of mass spectrometry. High-
performance liquid chromatography is able to fractionate 
an entire specimen in a liquid environment into fractions 
containing proteins with precisely defi ned m/z. The 
FTICR detects ions in the mixture by measuring their 
frequency of resonance. Because frequency of resonance 
changes with mass, precise measurement of frequency 
allows for mass measurement with high resolution and 
accuracy. It seems to be the solution for problems 
related to the currently used, less accurate mass spec-
trometers. The FTICR is also able to analyze unfrac-
tionated samples. It can provide fast fractionation of 
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a complex protein mixture, and it is able to perform 
mass measurement with precision, allowing for library-
based protein identifi cation using very narrow mass 
tolerances.

At the same time, Infrared Multiphoton Dissociation 
(IRMPD), a fragmentation method used for FTICR, pro-
duces peptide fragments similar to those obtained in the 
collision chamber in a tandem mass spectrometry system. 
The analysis of fragments is similar to that obtained by a 
tandem mass spectrometry system but with signifi cantly 
higher mass accuracy and effi ciency. This technique has 
been successfully employed for protein and oligonucle-
otide sequencing.

Proteomics Protocols

Protein Identifi cation

Mass Fingerprinting Identifi cation

There are two basic methods for high-throughput protein 
identifi cation used by proteomics. They are mass fi nger-
printing identifi cation and sequence base identifi cation 
methods such as protein sequence tag.24

Mass fi ngerprinting identifi cation was the fi rst and is 
the most often utilized method by proteomics investiga-
tors. It is based on the fact that proteolytic enzymes cleave 
proteins at precisely defi ned points, and the numbers of 
peptides and their sequences and molecular masses can 
be predicted based on protein amino acid composition 
and on the characteristics of enzymatic action. The infor-
mation about proteins and theoretical sets of peptides 
derived from them after enzymatic digestions are stored 
in a database. To identify proteins present in the speci-
men, molecular masses of experimental peptides are 
compared against molecular masses present in the data-
base. If the molecular masses match, the peptide and its 
“mother” protein are identifi ed. This perfect picture of 
protein identifi cation is complicated in real life by several 
factors. The main obstacles are the mass spectrometer’s 
instrumental sensitivity or degree of precision for mole-
cular mass measurement and the database completeness 
for particular proteins.

The general rule for peptides matching is that the 
shorter fragments have a higher chance to be present in 
the experimental mixture and to be found in the data-
base. On the other hand, the longer peptides are more 
specifi c for the “mother” protein. To obtain a search result 
with higher specifi city, longer peptides are more desir-
able. Unfortunately, during the spectrometric procedure 
large peptides do not ionize as well as small ones do. For 
this reason, to increase the effi ciency of mass measure-
ment during an experiment, a larger number of small 
peptides is more desirable than a smaller number of large 
ones. The peptides with an average length of 8–10 amino 

acid pairs are optimal for spectrometric analysis. The pep-
tides with these characteristics are produced by trypsin, 
the proteolytic enzyme most widely used for preparatory 
digestion. Also, small proteins have a lower chance of 
being identifi ed by the fi ngerprinting method than the 
large ones. This is because they produce a much lower 
number of digested fragments that are evaluated against 
the database. On the other hand, if two-dimensional 
PAGE is used for sample prefractionation, most of the 
large proteins with a molecular mass higher than 100 kDa 
are not identifi ed because they are missed due to their 
incompatibility with IEF.

To increase the chance of correct protein identifi cation, 
it is crucial to measure the mass of the ions with the 
highest possible accuracy. The number of peptides that 
differ from each other in the mass range of 0.5 Da is four 
times higher than the number of different peptides in the 
mass range higher than 0.5 Da. For the mass spectrome-
ter with a mass resolution higher than 0.5 Da, the proba-
bility that dissimilar peptides are differentiated is higher 
than if the resolution is lower than 0.5 Da. The instrumen-
tal sensitivity is even more important for the detection of 
posttranslational modifi cation or for the uncovering of a 
single element from a complex eukaryotic proteome.

A general rule for successful protein identifi cation is 
that the most intense peaks should be submitted for this 
process. However, peak intensity is not always related to 
peptide abundance. An example is MALDI-TOF, which 
creates peaks with intensity depending more on arginine 
content than on peptide concentration. It indicates that 
arginine-rich proteins have a greater chance of being 
identifi ed by MALDI-TOF spectrometry than proteins 
with low arginine contents.

Sequence-Based Identifi cation

It is possible that in a digested protein mixture, especially 
one derived from eukaryotic organisms, there are a 
number of peptides with the same molecular mass but 
with different amino acid compositions. It is also possible 
that the same mixture contains peptides with slightly dif-
ferent masses that are not discriminated by the mass 
spectrometer. For these cases, molecular mass alone 
cannot be the basis for protein identifi cation, and to 
increase scoring and certainty for protein identifi cation, 
amino acid sequencing is added to the protocol. Peptide 
sequencing is performed with tandem mass spectrometry, 
in which the spectrometers are separated by a collision 
chamber. When the mixture of ions reaches the fi rst mass 
spectrometer, the molecular masses are measured and 
one of the ions is chosen for future sequencing. This ion 
is directed to the collision chamber, where the peptide is 
fragmented into a unique spectrum of derived ions. The 
molecular masses of the derived ions are measured in the 
second mass spectrometer. As a result, a series of increas-
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ing m/z is received, progressing from a single C amino 
acid to the entire peptide, where every subsequent 
ion differs from the previous by the mass of one amino 
acid.25 Detailed analysis of the molecular masses of these 
fragments allows for the construction of amino acid 
sequences. For protein identifi cation, the collision-
induced spectra are compared with a comprehensive 
protein sequence in the database by using one of the 
identifi cation algorithms. The simplest one starts with a 
match of the experimental ion mass with the masses of 
peptides present in the database. Usually, a wide window 
of mass tolerance is chosen, and a broad range of pep-
tides is selected. In the next step, a theoretical sequence 
for each peptide candidate is created, which is then com-
pared with the sequence of the experimental one. The 
identifi cation process by collision-induced spectra is very 
effi cient, because a sequence analysis brings supportive 
information to the identifi cation process performed by 
the fi ngerprinting method.

Database Searching

There are several available databases that allow for com-
prehensive searches for molecular mass and for sequence 
matching. No matter which database is used, the peaks 
produced by internal standards and the peaks of autolytic 
peptides must be excluded from the search. For compre-
hensive fi ngerprint and sequence tag protein identifi ca-
tion, the MASCOT, NCBI and Swiss-Prot databases are 
most widely used. The Swiss-Prot is not as complete as 
the other two, but it contains several tools for sequence 
analysis.

The NCBI can be searched entirely during each 
entry, but it requires more specifi c information, such as 
keratin contamination, the proteolytic enzyme used, the 
number of allowed missed cleavages, the usage of iodo-
acetamide for cysteine modifi cation, and the fi xative 
modifi cation in cysteine residues. This information 
narrows the spectrum of the search and reduces search-
ing time.26

The MASCOT provides a complex search report 
expressed in numbers. The score of 100 identifi es a protein, 
but any score between 70 and 100 indicates that a chosen 
protein is a good candidate for identifi cation. The 
MASCOT also provides a list of unassigned masses. The 
most common reasons for unmatched peaks are trypto-
phan oxidation, methylation of aspartic and glutamic 
acids, and (not as often, but most excitingly) a new 
protein.

A very advanced tool for fi ngerprint identifi cation is 
“iterative analysis,” which analyzes in depth the two-
dimensional PAGE protein distribution and protein com-
position within a single two-dimension spot. The software 
for the database search can be obtained from the Inter-
net. Similar to the NCBI method, before the search is 

performed, masses of contaminants such as keratins, 
products of trypsin autolysis, and dye, must be removed 
from the spectra. The second step of interactive analy-
sis consists of removing the peaks caused by neigh-
boring spats and is done by MASCOT software. The fi nal 
results of protein identifi cation are reevaluated for 
the major components and contaminants. Unassigned 
peaks created by posttranslational modifi cation can be 
detected and subsequently validated by tandem mass 
spectrometry.27

Validation of Protein Match

To validate matching accuracy for each candidate protein, 
various scoring methods are available. In the simplest 
one, the peak intensities of the experimental peptides are 
compared with those of the theoretical group. The most 
serious bias for this method is that the intensity of peaks 
depends on the collision energy. Any inconsistency in 
collision energy signifi cantly changes the matching results. 
The most popular scoring systems using signal intensity 
produced by tandem mass spectrometry is MASCOT. 
The second generation of scoring methods is a series of 
more advanced validation systems that calculate the 
matching score based on intensity of collision energy and 
internal properties of the peptides.28 The popularity of 
more advanced analytical methods is very low, and 
simpler MASCOT and SEQUEST systems still dominate 
the market.29

The sequence-based identifi cation process may be 
obscured if the reference database for a particular organ-
ism is not available, if the identifi ed protein underwent 
posttranslational modifi cation not listed in the database, 
or if spectrometric peak intensity is doubtful because of 
low signal-to-noise ratio. These situations can be over-
come by using a de novo sequencing method. There are 
three basic approaches to the de novo sequencing 
method: the exhaustive listing method, the subsequenc-
ing method, and the “graph theoretical” approach. 
Detailed descriptions of these methods are available 
elsewhere.29

A simpler version of de novo sequencing identifi cation 
is the partial sequence method. It is based on the mass-
sequence-mass protocol, which matches a molecular mass 
and established sequence for an experimental peptide 
with a theoretical partial sequence and the masses of 
peptide candidates.29 The other group of methods is based 
on calculating the theoretical mass from peptide sequences 
in the database and comparing the results with observed 
peaks.

Although a large number of methods used for valida-
tion of sequence-based matching are used, it is diffi cult 
to assess which one is the best because there is no con-
sistent evaluation protocol that can be used for method 
comparison.30 No matter what kind of validation method 
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is used, it seems obvious that the comprehensive identi-
fi cation method, which includes the fi ngerprinting and 
sequencing approach, increases the chance of correct 
identifi cation not only of common proteins but also of 
proteins with extremely low and extremely high molecu-
lar masses.

Protein Quantifi cation

For higher organisms, in which a large number of iso-
forms are produced from a single gene and proteins 
undergo extensive posttranslational modifi cations, the 
old concept of “one gene, one protein” does not hold 
anymore. The different isoforms of the same protein play 
important regulatory roles and may have the opposite 
effect on cellular function. The idea that a solitary protein 
participates in cellular metabolism as a single factor has 
been revised and changed to the theory that a protein 
network governs cellular functions. The function of these 
complexes is regulated not only by the actions of differ-
ent isoforms but also by different concentrations of the 
participating proteins. Although the importance of differ-
ent protein concentrations for cellular metabolism is well 
known, to this day there is no good method which mea-
sures absolute concentrations of the proteins or their 
isoforms. The only well-established method uses a stable 
isotope and measures a relative concentration of a protein 
in prokaryotic cells. This strategy is based on the ability 
of mass spectrometry to separate chemically identical 
proteins that differ by the stable isotope. The other 
method that brings hope of obtaining a solution to this 
problem is a new technology based on the multiphoton 
detection methodology. The sensitivity of this method is 
as high as 600 molecules per 1 L, and protein isoforms can 
be detected.31

There is no single method that can be used for simul-
taneous protein identifi cation and quantifi cation. The 
most widely used tactic is to identify and quantify indi-
vidual components separately and to subsequently 
integrate these results using analytical tools. If two-
dimensional PAGE is used for separation, protein spots 
are stained and the concentration of the protein is 
assessed by measuring stain intensity. The selected spot 
is subsequently excised, digested, and submitted for 
protein identifi cation. The gel base approach carries 
several obstacles described earlier, of which the most 
important is the inability to detect low-abundance 
proteins, posttranslational modifi cation, and protein 
complexes.30

The second approach for protein identifi cation and 
quantifi cation is a mass spectrometry–based protocol in 
which an entire protein mixture is submitted for analysis. 
Although more effi cient than the gel-based approach, 
mass spectrometry protocols are still imperfect. One of 
the problems is related to low analytical sensitivity of 

single-dimension mass spectrometry and its insuffi ciency 
in detecting low-abundance proteins. The other short-
coming for this method is the poor relationship between 
peak intensity and analyte concentration. To surmount 
this problem, the known concentration of the substance, 
serving as an internal standard, must be added to the 
specimen. The obstacle to low instrumental sensitivity 
can be overcome by using a “dream team” mass spec-
trometry system comprised of high-performance liquid 
chromatography for prefractionation coupled with 
LC-FTICR.

Detection of Posttranslational Modifi cation

Posttranslational modifi cation is a reversible event serving 
as a regulatory process that modifi es protein activity. 
During this process, proteins become mature and ready 
for their physiologic function. There is no single and effi -
cient method to determine posttranslational modifi cation 
in purifi ed proteins or in any protein mixture. The most 
popular method of posttranslational modifi cation detec-
tion is the use of different enzymes interacting with post-
translationally modifi ed proteins/peptides and subsequent 
analysis of the differences in molecular masses.

The most commonly observed modifi cations are phos-
phorylation, splicing, and disulfi de bridges. Phosphoryla-
tion is an important regulatory mechanism and occurs at 
the serine, threonine, and tyrosine residues. During this 
modifi cation, 80 Da is added to the molecular mass of the 
peptide, which can be detected by comparative mass 
measurement before and after treatment with alkaline 
phosphatase. However, this method is complicated 
by a low consistency in peptide ionization and by unpre-
dictable protein fragmentation.32 The nonenzymatic 
approach for detection of phosphorylation and other 
posttranslational modifi cations is based on a specifi c 
database search aimed at evaluation of modifi ed and 
nonmodifi ed peptides.33

Splicing is a regulatory mechanism for gene expression 
present in higher organisms that leads to the production 
of multiple proteins from a single transcript. Splicing can 
be detected by adding amino acid sequencing as a com-
plementary identifi cation method to the fi ngerprinting 
protocol. Disulfi de bridging is formed between cysteine 
residues and can be produced in vivo or during sample 
preparation. It can occur within the same protein, pro-
ducing a change in the tertiary structure, or between 
molecules with the formation of multimers. This modifi -
cation changes the molecular mass and subsequently 
behavior during electrophoretic separation. The forma-
tion of multimers is suspected if the same amino acid 
sequence is detected in several bands or spats on the 
electrophoretic gel and can be confi rmed by the presence 
of a molecular mass two or more times higher than the 
mass of a basic peptide.
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The modifi cation of proteins not only occurs in vivo as 
a regulatory process of protein activity but also can be 
artifi cially produced during laboratory procedures. For 
example, during electrophoresis, proteins react with non-
polymerized acrylamide monomers and produce unusu-
ally modifi ed amino acids such as alkalysated cysteine or 
propionamide. Similarly, during the staining procedure in 
the presence of acetic acid and methanol, asparic and 
glutamic acids are methylated.34 For practical reasons it 
is important to be aware of these artifi cial modifi cations 
and not misinterpret them as naturally occurring.

Protein Complexes and Protein Interactions

In a physiologic environment, proteins do not exist as 
single entities but rather as a complex system responsible 
for cellular function and regulation. The methods of 
studying protein complexes must be able to evaluate not 
one but multiple elements, as one-on-one interaction 
between proteins is more an exception than a rule. Pro-
teins interact not only with other proteins but also with 
nucleic acids, small molecules, and other components, 
such as drugs.

The classic system for studying the interaction between 
proteins or between a protein and other molecules is a 
design in which one component is used as bait for the 
isolation of its binding partner. The most serious obstacle 
to this system is its low reproducibility, even if the same 
bait is used for protein binding.35

The protein–protein interaction depends on changes in 
protein affi nity, which is regulated by changes in the cyto-
plasmic environment. Because the environment of mass 
spectrometry is completely different from that in the 
cytoplasm, mass spectrometry is not a good method for 
studying protein–protein interaction. In recent years, new 
and more advanced methods for protein complex study 
have been developed. One is the “complex walking” 
strategy in which the complex is studied sequentially. The 
other method uses stable isotopes for labeling the differ-
ent components of the protein complexes. This method 
allows for the identifi cation of dynamic changes in protein 
composition in relation to different cellular states.

Applications to Pulmonary Pathology

All pathologic diseases of the lung have proteomics fl uc-
tuations, upregulated or downregulated, compared with 
the normal physiologic state. However, we remain on the 
cusp of proving whether these can be reliably detected 
by protein profi le changes that will assist with the screen-
ing for specifi c disease states, differential diagnosis, 
prognosis, and/or therapeutic choices. Protein markers 
detected by monoclonal antibody techniques have been 
utilized clinically since the 1970s with variable success 

but mainly for pulmonary neoplasm differentiation. The 
newer proteomics methodologies, as previously discussed, 
should allow comparison of pathologic changes from the 
“normal” physiologic state with the discovery of new dif-
ferentiating proteins for all pathologic conditions. Early 
reports using more recent proteomics methodologies 
have tended to concentrate on screening for lung 
cancer36,37 via serologic testing or bronchoalveolar 
washes,38 but the potential exists for proteomic profi le 
comparisons to be useful for the differential diagnosis of 
infection versus neoplasia and infections versus trans-
plant rejection, diagnosis of chronic lung disorders, assess-
ment of disease activity,39 as well as the categorization 
and management of neoplastic pulmonary disease.

Advantages of this methodology include that it can 
also be utilized on “cell-poor” samples that by micro-
scopic examination are not suffi cient for diagnosis; and 
product expression can be more easily detected without 
“amplifi cation,” thus diminishing risks for confusion 
with contaminants as well as improving turn-around time. 
Proteomics assessment also fi ts within the current classi-
fi cations of diseases by histology, cytology, and immuno-
histochemistry. Disadvantages currently include lack of 
standardization of methodologies as discussed earlier, 
thus affecting reproducibility, and a lack of knowledge of 
proteomics patterns from a host of potential “contami-
nants” as noted in serologic samples previously (medica-
tions, nonpulmonary disease states, etc.). With pulmonary 
specimens there is an even greater potential for respira-
tory specimen contamination (by talc, lidocaine gel, 
pollen, tobacco products, etc., located throughout the oral 
and respiratory tree other than the lung specifi cally)40 as 
has been seen in cytologic examinations of respiratory 
specimens. In the following sections we discuss the 
potential of proteomics profi ling for general pathologic 
conditions of the lungs as per particular clinical scenarios/
differential diagnoses and provide currently published 
supportive references.

Noninfectious Infl ammatory Diseases 
of the Lung

Tissue injury is mediated by a host of pathways that 
involve both the epithelial and stromal components of 
the lung as well as infl ammatory cells. The building blocks 
to further defi ne the dynamics of lung infl ammatory pro-
cesses and especially the understanding of chronic lung 
diseases are being established to connect to the clinical 
disease processes. Extensive study of the pulmonary 
fi broblast proteome has been reported by Malmström 
and colleagues.41 They reported close to 2,000 protein 
identities from the pulmonary fi broblast alone.

Sepper and Prikk have also shown how proteomics can 
help us to understand and monitor some of the proteins 
that may serve as markers of ongoing infl ammation, such 
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as serine and the matrix metalloproteinases (MMPs).42 
They found elevated levels of MMP-8, -13, -14, and -2 
mainly in active forms within BAL fl uids by proteomics 
methodology. The MMP-8 levels in BAL fl uid appeared 
to correlate inversely with the degree of airfl ow obstruc-
tion in bronchial asthma. They proposed that enhanced 
levels of different MMPs could refl ect continuing tissue 
injury. Thus proteomics can potentially monitor beyond 
what cytologic features of the BAL fl uid presently do 
without the potential variability of the pathologist’s 
description of cellular features by microscopy. Many have 
voiced the hope that through the better and quicker 
detection of expressed protein products via modern 
methods with conditions such as asthma that further 
therapeutic targets will also be discovered.39

There have been suggestions that proteomics may be 
able to predict which smokers are developing or are at 
risk to develop chronic obstructive pulmonary disease.43 
Although suffi cient screening tests may be currently 
available for some pulmonary diseases such as cystic 
fi brosis (CF), recent evaluations of protein differentials 
may also lead to newer specifi c therapies. Pollard et al.44 
showed, via mass spectrometry studies of cultured CF 
cells, a high abundance of proteins associated with infl am-
mation, including the classic NF-κB, p65 (RelA) and NF-
κB, p65 (RelB), and suggested that this high-abundance 
CF lung epithelial proteome could serve as a reference 
database for future studies of candidate CF drugs. 
Kriegova et al.45 have recently reported 40 differentially 
expressed protein entities (2.75–185.62 kD) that were 
detected in patients with pulmonary sarcoidosis versus 
control subjects (p < 0.05) by SELDI-TOF performed on 
BAL samples. Differences also existed between stages of 
the disease.

Infectious Diseases of the Lung

Department of Defense grants46 have been awarded to 
utilize proteomics profi ling for rapid detection of a host 
of bacterial, viral, fungal, parasitic, and prion infectious 
agents not only for natural disease states but also for the 
detection of biologic agents that could be utilized as part 
of terrorist activities. The protein antigens of these agents 
also remain the target of vaccine and other therapies. 
Whether the complicated proteomics profi le of respira-
tory specimens, including the inhaled “artifact” superim-
posed on preexisting or concomitant lung diseases, may 
be deciphered is yet to be determined. At least one 
report47 indicated that utilizing the proteomics profi le in 
the acute respiratory distress syndrome was helpful in the 
diagnosis and management of a severe acute respiratory 
syndrome outbreak. Infectious agents associated with 
neoplastic processes are also a target for proteomics 
research. Proteomics should be helpful in determining 
not only the presence of infectious agents in cancer 

patients but also the progression of a neoplastic process 
associated with the infections and hopefully in identifying 
proteins that can be targets for therapy as well as screen-
ing (see later discussion).48

Transplant Rejection Versus Infection

A National Heart, Lung, and Blood Institute workshop 
in 2004 reviewed current diffi culties with lung transplan-
tation with suggestions on future pathways for explora-
tion, including improved diagnosis and monitoring of 
acute and chronic rejection. Bronchoalveolar lavage 
samples at the time of endobronchial biopsy have been a 
target for evaluating acute and chronic rejection of lung 
transplants as well as for attempts at serologic testing.

Although gene expression has had limited success at 
detecting acute rejection,49 hope remains that protein 
expression will be more useful. Whether detection of 
chemokines or other proteins in respiratory or serologic 
sampling by newer proteomics methodology will be 
helpful for detection and management of acute rejection 
remains to be determined.

Nelsestuen et al.50 have reported three unusually 
intense peaks at m/z = 3,373, 3,444, and 3,488 that were 
identifi ed as human neutrophil peptides 1–3. These were 
detected in archived BAL samples from lung transplant 
recipients using mass spectrometry. Eighty-nine percent 
of patients who developed bronchiolitis obliterans syn-
drome had sustained elevation of human neutrophil 
peptide levels on repetitive BAL samples, reaching as 
high as 6% of the total BAL protein. Some control 
patients demonstrated a slightly elevated human neutro-
phil peptide level that later declined in subsequent BAL 
samples. Human neutrophil peptide levels did not appear 
to correlate with episodes of acute rejection, cytomega-
lovirus, or fungal infections in their study. They found that 
the elevated human neutrophil peptide levels associated 
with the onset of bronchiolitis obliterans syndrome could 
predate the clinical onset of disease by up to 15 months.

Neoplastic Diseases of the Lung

The 5-year survival rate for lung cancer is <15% from the 
time of diagnosis36 in large part because of the late stage 
of the disease at diagnosis. Great hope has been expressed 
that newer proteomics methods can bring about clinically 
useful screening for early stage lung cancer or identifi ca-
tion of premalignant lesions.

Many researchers have already moved from investiga-
tions to defi nitively identify unique proteins within actual 
tumor samples to protein peak signatures or profi les of 
serologic samples for screening of lung cancer. Sensitivi-
ties of up to 93.3% and specifi cities of 96.7% have been 
reported for lung cancer,51 results similar to those for 
screening of ovarian, prostate, and other primary malig-
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nancies by serologic sampling utilizing SELDI-TOF along 
with computational software. The benefi t of such screen-
ing is potential detection of cancer at an earlier tumor 
stage when therapy may be more benefi cial. Commercial 
laboratories and technical companies have already begun 
jumping on the bandwagon, promising to offer serologic 
testing for risk assessment of pulmonary malignancies, 
including mesothelioma.52

However, despite these headline-inducing reports, 
in-depth identifi cation and characterization of lung 
malignancies remains ongoing. Zhukov at al., utilizing 
SELDI-TOF on laser-captured cells from frozen sections, 
were able to identify distinct protein profi les (signatures) 
specifi c for both lung tumors and the premalignant lesion 
of atypical adenomatous hyperplasia.53 They found that 
three protein peaks between 17 and 23 kDa were mark-
edly increased in malignant compared with normal cells, 
and the peak at 17,250 Da was not detected in any of the 
normal respiratory epithelial cells. Two peaks at the 17–
18 kDa mass range were also increased in the “premalig-
nant” cells of atypical adenomatous hyperplasia.

Yanagisawa et al., utilizing MALDI-TOF on laser-
captured cells from tumor specimens as well as cultured 
cells, also revealed protein peak differences between 

normal and malignant cells.54 Campa et al., using MALDI-
TOF, not only revealed unique patterns in non–small cell 
malignancies but also identifi ed overexpression of mac-
rophage migration inhibitory factor and cyclophilin A.55 
We have noted similar protein signature (profi le) differ-
ences in our own laboratory from fi ne-needle aspiration 
samples of fresh tumor specimens placed in PreservCyt® 
and processed as previously published56 and evaluated by 
SELDI-TOF (Figure 13.1). Tyan et al. have shown that 
proteomics evaluation of pleural effusions can be helpful 
for staging and further evaluating patients with adeno-
carcinoma of the lung.57

Once unique profi les are determined that differentiate 
between normal tissue, premalignant conditions, and 
varying types of malignancies in a standardized, repro-
ducible manner, then these proteins or portions of these 
proteins can be identifi ed in sputum, BAL, pleural fl uid, 
and serologic samples for screening, diagnosis, prognosis, 
and evaluation for tumor recurrence. Further identifi ca-
tion of unique proteins may also lead to additional protein 
targets for future therapy, while the profi le will allow the 
selection of therapies to which a given tumor is most 
likely sensitive. Table 13.1 lists some proteins identifi ed 
as important in pulmonary disease.
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Figure 13.1. Protein signature profi les revealing unique pat-
terns from fi ne-needle aspiration samples placed in Preserv-
Cyt® and then processed by surface-enhanced laser 
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The procedure necessitates the generation and charac-
terization of several founders to ensure that the pheno-
type is dependent on the transgene and not a result of 
alterations in the function of an endogenous gene. The 
standard protocol involves injection of the DNA con-
struct into the pronucleus of fertilized eggs (0.5-day post-
coital embryos). These injected eggs are then implanted 
into the oviduct of a pseudopregnant foster mother. The 
injected DNA integrates randomly into the genome in a 
fraction of the implanted embryos. Founders are mated 
to demonstrate germline transmission and to establish a 
transgenic line.2

Nonneoplastic Diseases

Chronic Bronchitis and Emphysema

Chronic obstructive pulmonary disease (COPD) is one 
of the most common pulmonary diseases seen in clinical 
practice. Smoking is by far the most important risk factor 
for COPD. Because it is produced by a combination of 
environmental and genetic factors, animal models are 
ideal to study the pathogenesis of these conditions. A 
number of species have been proposed in the literature.3 
In recent years, mice have been shown to be excellent for 
these studies because mouse and human genomes are 
very similar4 and because of the ability to modify the 
genetic constitution of the mouse by inducing a protein, 
knocking out genes, or creating new mutations. In addi-
tion, the physiology and general aspects of mouse biology 
are well known and a large number of inbred strains are 
commercially available.5,6

There are several experimental models of COPD and 
emphysema.7–9 Some depend on endobronchial perfu-
sion of proteolytic enzymes in guinea pigs, hamsters, 
and mice.10 Others depend on tobacco smoke.11,12 
There are also mouse strains that develop emphysema 
spontaneously.8

Introduction

The lung is a complex organ composed of many different 
cell types. Its architecture is diffi cult to dissect so that a 
researcher can analyze specifi c pathways and early lesions. 
Animal models afford the opportunity for investigators 
to experimentally manipulate a number of controlled 
variables such as strain of animal, environment, and the 
genome in order to investigate the molecular interactions 
involved in the pathogenesis of many lung diseases.1 They 
also provide a unique opportunity to test potential thera-
peutic interventions. Transgenic mouse technology has 
provided a powerful tool for both neoplastic and noneo-
plastic disease investigation. Although the basic mole-
cular biology terminology is covered in the fi rst two 
chapters of this book, it is convenient to briefl y review it 
here regarding the development of transgenic mice.

Transgenic Mouse Models

Injection of exogenous DNA into fertilized eggs 
(zygotes) is known as transgenesis and is the most 
common method to modify the germline of mice. The 
offspring of transgenic founders are usually examined 
for a specifi c phenotype and are used to characterize 
genes and gene regulatory elements. The procedure 
involves a construct made of a segment of DNA that 
contains the sequence of interest and that has been cut 
with restriction enzymes. This segment may be ligated 
to a promoter, which will induce expression of the 
transgene. Injection of the construct into mouse embryos 
results in a random integration of variable copy numbers 
into the mouse genome. The result will be expression 
of the transgene contained in the construct. Random 
integration and the copy number of the transgene are 
factors that cannot be controlled in the classic trans-
genic mouse technology.
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An imbalance between collagen synthesis and degra-
dation and between proteases and their inhibitors has 
been proposed for many years as a possible pathogenetic 
mechanism for the development of emphysema. It is not 
surprising that this hypothesis has been studied in experi-
mental models. In theory, this imbalance may be due to 
an excessive production of proteases by infl ammatory 
cells or by reduced synthesis or increased breakdown of 
antiproteases. This hypothesis generated a number of 
experimental models that included intratracheal instilla-
tion of papain, trypsin, porcine elastase, and human 
neutrophil elastase as well as a large number of other 
proteases.13,14

More recently, transgenic mice have allowed expres-
sion or overexpression of proteases, such as human inter-
stitial collagenase (matrix metalloproteinase-1).15,16 These 
mice develop emphysema that is very similar to that seen 
in human α1-antitrypsin defi ciency. The emphysematous 
changes are induced by degradation of type III collagen. 
Overexpression of interleukin-13 or interferon-γ increase 
the expression of matrix metalloproteinases that are 
most likely responsible for the emphysematous changes. 
Knockout of TIMP-3 and, in other models, knockout of 
surfactant protein D, induce “spontaneous,” age-related 
emphysema.17,18 A number of the previously mentioned 
models support the hypothesis of an imbalance between 
protein formation and degradation, a hypothesis that has 
also been proposed for the development of interstitial 
fi brosis.19

Asthma

A large number of animal models have been proposed to 
study asthma under experimental conditions.20–23 These 
models have aided in the study of mechanisms and path-
ways leading to the development of airway hyperreactiv-
ity and infl ammation. The majority of described models 
depend on previous sensitization and challenge with the 
offending antigen. Most of these models are reminiscent 
of the changes seen in individuals with airway hyperreac-
tivity; however, the morphologic changes seen in these 
animals do not show the changes that the pathologist sees 
in patients with asthma. Sensitization and challenge with 
interleukins, such as interleukin-13 have provided new 
knowledge related to the roles of leukotrienes and the 
glutathione pathway in this disease.24

Cystic Fibrosis

With the discovery of the cystic fi brosis (CF) gene in 
1989,25–28 a number of models have been attempted. Three 
years later, the fi rst CF mouse model was described.29 
Approximately 11 CF mouse models have been 
described.30,31 Cystic fi brosis, the most common genetic 
disease among Caucasians, is caused by mutations in the 

gene encoding the cystic fi brosis transmembrane conduc-
tance regulator (CFTR). However, CFTR null mice did 
not develop pathology resembling human CF lesions.32 A 
more promising model was that of Mall et al. in which 
they enhanced sodium absorption in mouse airways 
manipulating the epithelial sodium channel. This model 
has provided new insight into the pathogenesis of CF and 
the study of ion transport defects.33

Interstitial Lung Diseases

To understand the pathogenesis and possible therapeutic 
interventions in interstitial diseases that progress to fi bro-
sis, animal models are of valuable help. Pathologists have 
known for decades that the pathogenesis of fi brosis is 
associated with a number of conditions, such as infections, 
collagen vascular disease, allergic alveolitis, and trauma. 
However, the origin and mechanisms of development of 
idiopathic interstitial pulmonary fi brosis remain uncer-
tain, probably in part because of a lack of a good ex-
perimental model analog to human interstitial fi brosis. 
Despite the number of experimental models, we still lack 
a model that re-creates all the characteristics of human 
disease.

Similar to the approach for emphysema, researchers 
have attempted to instill fi brogenic agents intratracheally 
into various experimental models. Although these ap-
proaches attempt to elucidate some mechanisms of fi bro-
genesis, it is uncertain whether they really can be 
extrapolated to human disease. Nevertheless, our under-
standing of the basic pathology of the development of 
fi brosis has increased dramatically because of many of 
these models. A number of pioneer studies demonstrated 
that mice and other species were susceptible to the devel-
opment of fi brosis after bleomycin (a profi brotic drug) 
instillation.34–37 These models have been well studied; 
however, they do not resemble human idiopathic pulmo-
nary fi brosis.38 Paraquat-induced fi brosis has also been 
well described in experimental models,39 but the lesions 
tend to be heterogeneous. With the development of trans-
genic technology, induced abnormal expression of extra-
cellular matrix proteins, cytokines, and proteases have 
provided additional information.40

Although some of these models mimic pulmonary 
fi brosis, interpretation of the results requires critical anal-
ysis. At present, it is impossible to reproduce the natural 
history of human pulmonary fi brosis in an experimental 
model. Recent advances, however, such as microarray 
analysis, are providing better scrutiny of the initial mech-
anisms of disease. For example, it has been shown that 
bleomycin alters the gene transcription pattern in the 
mouse lung by increasing genes associated with infl am-
mation, which reached maximum levels at 5 days after 
bleomycin administration, while genes involved in the 
development of fi brosis increased gradually up to 14 days 
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after bleomycin treatment. These changes in gene expres-
sion signature were well correlated with observed 
histopathologic changes.41 This approach will provide a 
sensitive method to assess gene expression and may help 
identify genes involved in clinical pulmonary fi brosis.

Animal Models of Lung Cancer

A large number of animal models of neoplastic diseases 
have been developed. Urethane-induced lung tumors in 
some strains of mice is a well known model that has been 
studied for many years,42–47 and the mechanisms for the 
increased susceptibility of some mouse strains have been 
studied48–50 with and without transgenic manipulation.51 
There are, however, many complications in establishing 
animal models of lung cancer, among them a good correla-
tion between histologic patterns of human and animal 
malignancies, natural strain susceptibility, and time frames.

The fi rst oncogene targeted specifi cally to the lung was 
the Simian virus (SV) large T antigen.52 A model of pul-
monary adenocarcinomas has been produced in trans-
genic mice harboring a chimeric gene comprising the 
SV40 large T antigen under the control of a transcrip-
tional region derived from the human surfactant protein 
C gene.53 In these studies, transgenic mice succumbed 
with pulmonary tumors within 4–5 months of age. By 
histology, the tumors were adenocarcinomas with lepidic, 
papillary, and solid growth patterns that were indistin-
guishable from adenocarcinomas occurring in humans. 
This model has been useful in our understanding of regu-
latory pathways disrupted during tumor progression.54

Surfactant protein C promoter has also been used to 
express c-Myc, epidermal growth factor, the recepteur 
d’origine nantais (RON), receptor tyrosine kinase (a 
member of the MET protooncogene family), and Raf-1. 
These models have been very useful for specifi cally tar-
geting certain cell types such that other lung cell types 
are not directly affected.55,56 Animal models for squamous 
cell carcinomas and small cell carcinomas are needed. 
Failure to develop specifi c tumor types is probably due 
to variability of the transgene expression early in lung 
development. Another limiting factor in the study of 
these models is that once transcription of the transgene 
is initiated, it is irreversible.

Apparently, conditional transgenic models have over-
come these limitations. The ligand-inducible binary trans-
genic systems provide effective regulatory models. They 
consist of at least two transgene constructions, a regula-
tory transgene and a target transgene, to provide regu-
lated expression of a specifi c gene. The regulator transgene 
encodes a transcription factor whose activity is deter-
mined by the administration of an exogenous compound. 
The regulator is placed under the control of a tissue-
specifi c promoter in order to express the transcription 

factor in the tissue of interest. This regulator does not 
activate transcription of the target transgene until the 
animal receives an exogenous compound. When this com-
pound is administered, the regulator activates only the 
target transgene. The other construct that contains the 
target gene also contains the sequence of a protein of 
interest under the transcriptional control of cis-actin 
DNA elements that are responsive to the DNA-binding 
domain of the regulator transgene. The currently used 
ligand-inducible binary transgenic systems are the tetra-
cycline transactivator inducible system, the mifepristone 
gene switch, and the ecdysone regulatory system.57

Knockout Mouse Models

Knockout mouse production implies mutation or abla-
tion of an endogenous gene by homologous recombina-
tion in embryonic stem cells. Basically, the embryonic 
stem cells with the appropriate target are injected into 
the blastocyst of a mouse embryo; mice born contain cells 
from both the host embryo and the targeted embryonic 
stem cells. If these embryonic stem cells incorporate 
themselves into the germline, the mutation can be trans-
mitted to future generations.2 There are limitations for 
the use of these models in lung cancer because the 
mutated or knockout gene will provide either a silent 
phenotype or will not allow the study of new neoplastic 
transformation in the adult mouse.

Ligand-dependent Cre recombinase provides a clever 
mechanism to produce controlled lesions. The technique 
depends on the Cre protein, which is encoded by the 
coliphage P1. It is a 38-kDa protein that effi ciently pro-
motes both intra- and intermolecular synapses and 
recombination of DNA both in Escherichia coli and in 
vitro. Recombination occurs at a specifi c site, called lox, 
and does not require any other protein factors. The Cre 
protein causes synapsis of DNA and site-specifi c recom-
bination in a mammalian cell line. Cre protein activity is 
directly regulated by a ligand, which binds to the Cre 
recombinase and causes changes in conformation that 
allow the recombinase to edit fl oxed genes. Cre, the 
product of the Cre (cyclization recombination) gene of 
bacteriophage P1, catalyzes the reciprocal recombination 
of genomic segments that are fl anked by loxP sequences. 
The recombinase Cre acts on the DNA site loxP. If there 
are two loxP sites in the same orientation near each other, 
Cre can act to loop out the sequence between the two 
sites, leaving a single loxP site in the original DNA and 
a second loxP in a circular piece of DNA containing the 
intervening sequence. Therefore, a properly designed tar-
geting construct containing loxP sites can be used for 
introducing subtle mutations or for a temporally or spa-
tially controlled knockout (see also Chapter 1).2 Although 
this technology appears promising, it has not been applied 
successfully to the study of lung malignancies.58,59
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Animal Models of Mesothelioma

Malignant mesothelioma has been linked to asbestos 
exposure and generally has a poor prognosis, because it 
is often diagnosed in advanced stages and is refractory to 
conventional therapy. Mouse models of pleural and peri-
toneal mesotheliomas have been produced by exposure 
to asbestos fi bers, radionuclides, particulate nickel com-
pounds, and chemicals such as 3-methylcholanthrene. The 
role of SV40 virus as a cofactor with asbestos fi bers in 
the development of diffuse malignant mesotheliomas in 
humans has also been explored in animal models. Some 
models have shown that SV40 virus alone induces meso-
theliomas in hamsters. Because human malignant meso-
theliomas frequently show hypermethylation or deletions 
at the CDKN2A/ARF and CDKN2B gene loci and dele-
tions or mutations at the NF2 gene locus, heterozygous 
NF2(+/−) experiments with mice exposed to crocidolite 
asbestos fi bers have been published. These mice exhib-
ited accelerated development of malignant mesothelio-
mas compared with wild-type littermates.

An interesting study by Altomare et al.60,61 in a mouse 
model of mesothelioma, demonstrated that mesothelio-
mas from asbestos-treated Nf2(+/−) mice show somatic 
genetic changes, including homozygous deletion of the 
tumor suppressor genes p16INK4A, p14ARF/p19ARF, and/or 
p15INK4B that are very similar to events found in human 
malignant mesotheliomas. Moreover, they show that in 
both mouse and human malignant mesotheliomas, a 
similar reciprocal pattern of ARF loss versus p53 altera-
tion are present. Taken together, these data implicate a 
common set of cellular perturbations in both human and 
mouse malignant mesotheliomas. Thus, from these studies 
it seems that alterations of the p53/ARF and p16INK4A cell 
cycle regulatory pathways and the Akt and p21-activated 
kinase–merlin signal transduction pathways seem to be 
critical events that cooperate to drive malignant meso-
thelioma tumorigenesis in both human and murine malig-
nant mesotheliomas. These fi ndings are consistent with 
the view that cancer is a multistep process involving the 
accumulation of somatic genetic changes that enable 
tumor cells to override failsafe mechanisms regulating 
normal cell proliferation.60,61

Conclusion

Animal models of lung disease have provided extraordi-
nary information to understand human disease. They are 
powerful tools that enable the study of the mechanisms 
and natural history of human diseases. Several species 
have provided good models for certain diseases; however, 
murine models have several intrinsic advantages com-
pared with other animal models, including lower cost, less 
maintenance, and rapid reproduction rate. Transgenic or 

knockout mice can be generated in the laboratory in a 
relatively short time compared with other species. Nev-
ertheless, anatomic and immunologic differences between 
mice and humans mean that murine models have limita-
tions that must be considered when interpreting the 
results obtained from experimental models and applying 
these to the pathogenesis of human diseases. The meth-
odology is limited by a number of factors, including 
species differences, lack of models that truly resemble 
human disease, and strain variations.

Although transgenic and knock out mice have been 
used in research for many years, the sequencing of the 
mouse and human genomes and high-density DNA 
expression analysis have recently added powerful tools 
to researchers using animal models. Furthermore, new 
knowledge of certain pathways altered in some diseases, 
obtained from animal models, may provide an opportu-
nity for pharmacologic intervention.
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unanswered questions involved in pulmonary physiology 
and pathology.

History of Tissue Culture

The technique of tissue culture is generally accepted to 
have arisen following the experiment of Ross Harrison, 
around the turn of the twentieth century. In 1907, 
Harrison began by adapting a previously established bac-
teriology technique, the “hanging-drop” method, to 
culture a frog neuron.1 In 1912, Alexis Carrel built upon 
this work by successfully culturing small tissue samples 
from an 18-day-old chick embryo heart, thereby becom-
ing the fi rst scientist to propagate mammalian cells in 
vitro.2 Carrel’s demonstration that cells could be pas-
saged 18 times, remain viable over 3 months, and continue 
to maintain cardiac rhythm was the fi rst to show that 
cardiac tissues in vitro could retain normal characteristics 
for a prolonged period of time. These elegant studies, 
conceived by Carrel, initiated the modern day art of 
histoculture as it is now known.3,4

Although only a small “sect” of researchers embraced 
early tissue culture as a methodology to investigate the 
pathogenesis of disease, it is appropriate to describe 
Carrel as the father of mammalian tissue culture. In fact, 
Sven Gard, in his presentation speech for the Nobel 
Prize in Physiology or Medicine in 1954 referred to 
tissue culture as a “tissue cult  .  .  .  with Carrel as their high 
priest.” In that year, Drs. Weller, Enders, and Robbins 
shared the prize for their work in propagating 
poliovirus in tissue culture. This work was the fi rst Nobel 
Prize awarded in medicine and physiology for work 
accomplished primarily utilizing tissue culture as a 
methodology.

An additional important milestone in the use of tissue 
culture in biomedical research was the establishment of 
the fi rst human cell line. In 1951, cervical cancer cells 

Introduction

The use of tissue cultures as a research tool to investigate 
the pathophysiologic bases of diseases has become essen-
tial in the current age of molecular biomedical research. 
Although it will always be necessary to translate and 
validate the observations seen in vitro to the patient or 
animal, the ability to investigate the role(s) of individual 
variables free from confounders is paramount toward 
increasing our understanding of the physiology of the 
lung and the role of its cellular components in disease. 
Additionally, it is not feasible to conduct certain research 
in humans because of ethical constraints, yet investigators 
may still be interested in the physiologic response in 
human tissues; in vitro characterization of human tissue 
is an acceptable choice.

Tissue culture techniques have been utilized exten-
sively to investigate questions pertaining to lung physiol-
ogy and disease. The isolation and propagation of human 
bronchial epithelial cells has allowed investigators to 
begin to characterize the interactions and reactions that 
occur in response to various stimuli. Moreover, the culture 
of human airway smooth muscle has allowed researchers 
to investigate a pathologic cascade that occurs in asthma 
as well as other physiologic responses in the smooth 
muscle of the lung. Numerous lung cancer cell lines have 
been established to investigate their responses to chemo-
therapy and determine their biologic properties. Overall, 
the use of cultured human lung tissue has provided a 
windfall of information on the pathogenesis of diseases 
that affect the lung and on the basic physiology and 
development of the lung in general. Despite this wealth 
of information in the literature, this chapter is the fi rst to 
discuss the use of tissue culture models to examine the 
physiology and pathologic basis of lung diseases. In light 
of this, we briefl y discuss the history and principles behind 
the utilization of tissue culture. We then discuss the 
current use of tissue culture to examine many of the 
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from Henrietta Lacks were cultivated into the fi rst 
immortal cell line—“HeLa.”5 HeLa cells are still one of 
the most widely used cell lines today. Since the 1950s, 
tissue culture has become fi rmly established as a mecha-
nism to answer many questions in biomedical research. 
Today, tissue culture is widely used to investigate diseases 
that affect the lung, and through this work we have been 
able to increase our understanding of the pathologic cas-
cades that occur in lung diseases, as well as the normal 
physiologies of the lung.

Types of Tissue Culture

Tissue culture is a commonly used generic term for the in 
vitro cultivation of cells, attributed to the early cultures 
that generally consisted of heterogeneous cultures of 
crudely disaggregated tissues. Currently, many terms are 
used that can be encompassed by the term: organ culture, 
cell culture, primary explants, and ex vivo propagation all 
deal with the in vitro cultivation of cells or tissues. Cell 
culture in general can be applied either to primary cells 
(e.g., those with a fi nite life span) or to cell lines (e.g., 
HeLa cells). Additionally, these cultures can be either a 
homogenous or a heterogenous group of cells.

Primary cell culture involves the isolation of cells from 
a tissue by disaggregation. Single cell suspensions from 
tissues can be completed through either enzymatic diges-
tion of extracellular matrix surrounding the cells—such 
as with ethylenediaminetetraacetic acid, trypsin, or col-
lagenase—or mechanical disaggregation. These disaggre-
gation procedures have the disadvantage of possibly 
injuring cells. If the cells of interest are adherent viable 
cells, they will be separated from nonviable cells when 
the medium is changed. Alternatively, viable cells can be 
separated from nonviable cells prior to culture by sub-
jecting the single cell suspension to density gradient 
centrifugation (e.g., Hypaque). Primary cells have an 
advantage of possessing many of the biologic properties 
that they possessed in vivo because they are not trans-
formed. Primary cells, unlike cell lines, are not immortal 
and have only a fi nite survival time in culture before 
becoming senescent. Variant cells, however, as well as 
those obtained from neoplastic tissue, may proliferate 
infi nitely, thus becoming immortal in vitro. This will even-
tually allow the immortal cell to take over the culture and 
can be thought of as a cell line. In general, primary human 
cultures will survive for 30–80 passages in vitro, although 
this number is dependent on cell type, conditions, and 
possibly other unknown factors. Primary cells are widely 
used to examine the effects of toxins, infectious agents, or 
other cellular interactions that would not be feasible in 
vivo. Primary cells have a disadvantage of being a hetero-
geneous mixture of cells upon primary isolation, with the 
type of cell obtained generally a component of the disag-

gregation method used. The most common contaminant 
seen following isolation of primary cells is cells of mes-
enchymal origin (e.g., fi broblasts). However, advances 
have been made that allow the culture of homogenous 
populations of cells. For instance, cell surface molecules 
specifi c for the cells of interest may be tagged with mono-
clonal antibodies. Techniques such as fl uorescence-
activated cell sorting or the use of magnetic beads can be 
utilized to enrich the single cell suspension for the cell 
type of interest. Additionally, some investigators have 
recently exploited unique characteristics of certain cells, 
such as the presence of P-glycoprotein or multidrug 
resistance-associated proteins expressed on endothelial 
cells, to poison other contaminating cells in culture.6

Another type of primary cell culture is “primary 
explants.” This type of culture is not subjected to a disag-
gregation procedure like the primary cell technique 
described earlier. Therefore, single cell suspensions do not 
occur. Briefl y, tissue samples are dissected and fi nely 
minced. These tissue pieces are then placed onto the 
surface of a tissue culture plate. Following plating of tissue 
pieces, cells have been shown to migrate out of the tissue 
and onto the tissue culture surface.7 This technique is 
useful when cells of interest may become damaged or lost 
in the disaggregation technique described earlier and is 
often used to culture human bronchial epithelial cells.8

Cell lines are another useful source of cells to investi-
gate questions in biomedical research. These cells have 
the advantage of being immortal as opposed to the fi nite 
life spans that primary cells possess. Additionally, they 
are generally well studied and characterized, leaving 
few experimental variables to worry about. These cells 
however, are prone to dedifferentiation—a process by 
which they lose the phenotypic characteristics of the cell 
from which they began. Many of the early cell lines were 
established from tumor tissue and as such possess abnor-
mal growth characteristics. Newer cell lines have been 
established by molecular techniques such as inserting a 
telomerase gene into a cell to allow it to replicate infi -
nitely.9 Because of the phenotypic changes that allow cell 
lines to replicate infi nitely in culture, they are often a fi rst 
choice for experiments; however, they are also highly 
criticized in light of their nonnatural phenotype.

Organ culture, as the name implies, involves ex vivo 
culture of the whole or signifi cant portion of the organ. 
The main advantage to this type of culture is the reten-
tion and preservation of the original cell–cell interaction 
and extracellular architecture. This type of culture may 
be particularly important when experimental design 
necessitates the use of an ex vivo system, but researchers 
still need to retain the original organ architecture to 
answer questions posed. These types of cultures do 
not grow rapidly, however, and are therefore not suitable 
for experiments needing large numbers of a particular 
cell type.10
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Advantages and Limitations of 
Tissue Culture

Tissue culture has become the penultimate tool of the 
reductionist biologist. The utilization of tissue culture as 
a research methodology has allowed investigators to 
study isolated interactions in its near-normal environ-
ment. These experiments by their very nature introduce 
artifacts; however, they do minimize the number of con-
founding variables that may affect a particular experi-
ment. For instance, tissue culture allows investigators to 
determine the effects of one particular treatment on a 
particular cell type, which would not be feasible in vivo. 
Additionally, tissue culture models of disease allow inves-
tigators to obtain samples and make observations more 
readily than those done in vivo. However, it is the relative 
simplicity of experiments done in vitro that allows models 
of disease or physiology to come under frequent and war-
ranted criticism. These models do not take into consider-
ation the complexity of biologic systems. Diminishing 
possible confounding variables by culturing cells in vitro 
brings up the constant criticism of how applicable results 
are because of alterations of the normal cellular environ-
ment in vivo. For example, cell–cell interactions in vitro 
are reduced and unnatural. Moreover, the culture 
does not contain the normal heterogeneity and three-
dimensional architecture that is seen in vivo. This said, 
however, tissue culture biology has proved to be success-
ful in many ways.

Cell Culture and the Study of 
Disease Processes

We have briefl y discussed the advantages that experi-
mental systems using tissue culture affords researchers 
studying physiology and pathogenesis. Because of its 
ability to isolate individual variables and determine 
their role(s) in physiology, cell culture has become an 
integral tool in deciphering the pathologic cascades that 
occur in human disease. Diseases that affect lung are no 
exception.

Many diseases that affect the lung, and humans in 
general, are multifactorial. This begs the question how 
can cell culture, because of its reductionist nature only 
dealing with a minimal number of variables, help to solve 
the unknown questions and decipher the components 
involved in disease? Often, clinical observations, and the 
questions arising therein, have been the launching pad for 
investigation.

For instance, observations of massive infl ammation in 
the bronchoalveolar lavage samples of patients with acute 
respiratory disease syndrome (ARDS), consistent with 
damage seen in histologic samples, prompted investiga-

tors to determine the role(s) of infl ammation in the etiol-
ogy of ARDS. Through the use of cell culture, investigators 
were able to determine individual interactions that 
occurred in the disease process. Investigators have uti-
lized culture models employing microcapillary endothe-
lial cells under fl ow conditions to understand the role of 
proinfl ammatory cytokines in the cytokinesis and emi-
gration of neutrophils in disease. Using a model of pul-
monary endothelium under fl ow conditions allowed 
investigators to demonstrate the importance of certain 
proinfl ammatory cytokines in ARDS.11

The role of inhaled toxicants in lung injury, and the 
mechanism(s) by which they cause disease, is another 
area of investigation that has utilized cell culture. Scien-
tists have developed diverse and unique tissue culture 
systems that contain air–liquid barriers of lung epithe-
lium and subjected these cells to various gaseous toxi-
cants to determine what occurs following inhalation of 
various chemicals. Utilizing these types of systems, 
investigators are able to control the exposure time and 
other variables that may be diffi cult when determining 
inhaled toxicant effects in vivo. Moreover, the use of 
tissue culture, as opposed to an animal model, allows 
investigators to observe effects kinetically, without undue 
changes (e.g., sacrifi ce) and expense in the experimental 
model.11

A tissue culture model also permits an investigator to 
observe multiple changes in real time, such as cellular 
integrity, cell signaling and intracellular traffi cking, 
protein expression changes, oxidant-induced cellular 
damage, and more. Deciphering each of these changes in 
an animal model would be extremely diffi cult; through 
employing a tissue culture model, researchers are able to 
tightly control the experimental system while isolating 
the events of interest. Further examples of how tissue 
culture models are currently being used to elucidate 
questions in lung physiology and disease are discussed 
later in the section on lung tissue cell lines.

Biology of the Cultured Cell

Culture Environment

Maintaining cells in vitro was initially a very diffi cult task. 
Many characteristics need to be fulfi lled before a success-
ful cell culture occurs. Some of these characteristics are 
dependent on the type of tissue being studied; others may 
depend on specifi c requirements of the individual cells. 
Various chemically defi ned media are now available com-
mercially to support the growth and differentiation of 
numerous cell types. The creation of defi ned media has 
allowed investigators to culture a multitude of cell types 
while controlling the local environment to answer perti-
nent questions. For example, glucose can be removed 
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from a culture medium in order to study its effects on 
cellular metabolism, relative position in the cell cycle, and 
many other effects. Each chemical component is known 
in these media. Additionally, investigators can add growth 
factors to nourish their cell cultures.

The medium chosen when culturing cells in tissue 
culture must fi t two main requirements: (1) it must allow 
cells to continue to proliferate in vitro, and (2) it must 
allow the preservation of the certain specialized functions 
of interest.7 The most common medium formulations 
used currently in lung research are Dulbecco’s modifi ed 
Eagle’s medium, minimum essential medium, RPMI 1640, 
and Ham’s F-12. Occasionally, investigators develop new 
medium types to attain a formulation that optimizes their 
own experimental conditions. Fetal bovine serum is a 
common additive to most tissue culture media, although 
some investigators choose to forgo this additive for more 
defi ned supplementation. Additionally, others may choose 
sera from other sources such as human serum when cul-
turing cells of human origin. Inactivation of complement 
by heat treating serum for 1 hr at 56°C was initially very 
popular in tissue culture. However, it has become clear 
that this treatment may in fact damage some of the pro-
teinaceous growth factors present in the medium, render-
ing it less effective. Currently, many experts recommend 
heat inactivation only if the cell type of interest is particu-
larly sensitive to complement.12 More specifi c examples 
of medium utilized in lung tissue culture models are given 
later in the section on lung tissue cell lines.

When deciphering if the current culture conditions are 
suffi cient for the experimental design, the investigator 
must determine which cellular characteristics are impor-
tant. Not only are the general characteristics, such as 
adhesion, multiplication, and immortalization of cell 
types important, but so are tissue-specifi c characteristics. 
Of importance to pulmonary research, the lung is a unique 
environment to simulate in vitro because of the air–liquid 
interface. Recently, investigators have made use of culture 
insert wells (e.g., Transwells, Corning) in order to study 
this interaction.6

Cell Adhesion

Nearly all normal or neoplastic human epithelial cells will 
attach with relative ease to tissue culture surfaces. Most 
tissue culture models utilizing tissue of lung origin fi t this 
description, with the notable exception of small cell lung 
carcinoma cell lines. However, for culture cells that may 
loosely adhere, or may not adhere at all, scientists coat 
tissue culture surfaces with extracellular matrix proteins. 
Incubating tissue culture surfaces with serum, as well as 
laminin, fi bronectin, or collagen, prior to culture has been 
shown to improve attachment of fi nicky cells.8 These 
treatments also help in replicating the normal attachment 
of cells to extracellular matrix proteins in vivo.

Development of Continuous Cell Lines

The development of continuous cell lines may be seren-
dipitous, as was the development of early cell lines. In 
brief, many investigators would continue splitting primary 
cell cultures until one or more cell clones became immor-
tal. Unfortunately, the changes that generally occurred in 
culture led to cells with abnormal phenotypes that had 
undergone dedifferentiation. Today, many investigators 
choose to use molecular biology techniques, exploiting 
our current knowledge of oncogenic viruses and enzy-
matic processes of cellular aging to transform primary 
cells in vitro to an immortal phenotype. It is known that 
the large T antigen present in the SV (Simian virus) 40 
virus is capable of transforming cells to an abnormal 
phenotype.11,13,14 Moreover, transfection of primary cells 
with a transposase enzyme has also been shown to induce 
an immortal phenotypic change while preserving most 
normal cellular functions and phenotypes.11

Dedifferentiation

A commonly encountered problem in tissue culture is 
dedifferentiation. This loss of phenotype may be insignifi -
cant to the research at hand or it may be critical, and it 
must be dealt with on a case by case basis. When a cell 
culture undergoes dedifferentiation it is often unclear 
whether undifferentiated cells took over the culture of 
terminally differentiated cells or whether a primary 
cell of interest became immortal under the culture 
conditions.

Functional Environment

The functional environment in which cells are cultured is 
critical when correlating experimental results to those 
seen in vivo. We previously alluded to the importance of 
the environment in which cells are cultured when discuss-
ing the advantages and limitations of tissue culture. Inves-
tigators have frequently strived to replicate integral in 
vivo environments in vitro in order to increase the sig-
nifi cance of their experimental results.

The development of cell culture insert wells (e.g., 
Transwells, Corning) has allowed investigators to culture 
bronchial or alveolar epithelial cells at an air–liquid inter-
face. This ability allows investigators to begin to replicate 
a signifi cant aspect of these cells’ functional environment 
in vitro, thereby increasing their understanding of the 
effects of gaseous particles on pulmonary epithelial cells. 
Alternatively, scientists have also cultured epithelial cells 
on a roller bottle apparatus. This method allows investiga-
tors to determine the amount of time the apical epithelial 
cell surface is in contact with the air.

Capillary cell cultures have also come under frequent 
criticism when cultured in a monolayer in a tissue culture 
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plate. Investigators have been able to utilize gel matrices 
in which capillary cells form tubule-like structures, more 
closely replicating the architecture these cells maintain in 
vivo. Additionally, endothelial cells are constantly under 
fl ow conditions in vivo. Addressing this condition in vitro 
has allowed investigators to look at the role of endothe-
lial cells during infl ammation—helping to increase the 
understanding of the role endothelium plays in acute 
lung injury.

At times, researchers may also choose to determine the 
effects of soluble factors (e.g., cytokines, hormones, neuro-
transmitters) from acute patients or animal models in a 
cell culture model. The milieu of soluble factors present 
in the serum that may play a role in a disease state is 
considerable. Moreover, these factors may have actions 
alone that are different when combined with other soluble 
factors. Reconstituting every factor presents a diffi culty 
in vitro and leaves the possibility that an unknown factor 
may be missing. To address this, investigators have har-
vested sera from patients or animal models and used 
these samples as additives in their media formulations. 
For instance, through the use of serum samples from an 
animal model of smoke/burn injury–induced acute lung 
injury, investigators have demonstrated that use of arte-
riovenous CO2 removal in acute lung injury signifi cantly 
reduces apoptotic cell death in epithelial cells.15

Lung Tissue Cell Lines: Establishment 
and Signifi cance

The diversity of research fi elds utilizing tissue culture 
models of lung diseases is extensive. In this section, we 
will give a brief overview of the main lung cell types that 
are being utilized in research today to answer pressing 
questions about lung physiology and the pathophysiology 
of pulmonary disease. Included in this discussion is also 
an overview of cell isolation and culture.

Normal Human Bronchial Epithelial Cells

The use of normal human bronchial epithelial (HBE) 
cells is extensively reported in the literature. Based on a 
method pioneered by Lechner et al.,16 bronchial frag-
ments obtained from surgery, autopsy, or biopsy speci-
mens may be used as explants. The outgrowth of bronchial 
epithelial cells occurs readily from these explants when 
grown in medium supplemented with bovine pituitary 
extract and epidermal growth factor. Alternatively, these 
cells have also been demonstrated to grow in basal kera-
tinocyte serum-free medium without supplementation; 
however, they demonstrate a slower growth rate and 
earlier senescence.8

Cultures of HBE cells are valuable for determining the 
responses to toxic inhaled pollutants. In vitro exposure 

systems based on these methods have several advantages. 
First, in vitro exposure systems can be stringently con-
trolled and reproduced much better than in animal 
systems; second, individual determination of the cell 
types’ responses to pollutants allows for a better charac-
terization of the individual involvement of the cell type 
to a biologic response. Finally, in vitro determination of 
the responses to toxic agents allows investigators to 
observe the reactions of human cells when testing in 
humans is not feasible because of ethical restraints.

In vitro study of the responses of bronchial cells to 
gaseous pollutants is not without its diffi culties. Wallaert 
et al.17 have described these constraints well. Briefl y, 
because of the gaseous nature of the pollutants, culture 
systems should be designed that allow signifi cant expo-
sure times to pollutants while also taking care to inhibit 
cells from drying out when exposed to air. To facilitate 
these experiments, roller bottle cultures have been devel-
oped that allow cells direct contact with the ambient air. 
Alternatively, cells have been grown on a membrane 
fi lter and cultured at an air–liquid interface, which 
allows constant exposure to the experimental treatment. 
The same type of experiments that are used to deter-
mine the responses of cells to inhaled toxicants have also 
been used to characterize responses to inhaled 
pharmaceuticals.

In addition to the characterization of responses to 
inhaled agents, epithelial cell cultures, notably alveolar 
epithelium obtained from fetal lung tissue, have allowed 
investigators to characterize the liquid transport pheno-
type that occurs in the developing lung. Characterization 
of the Cl− ion secretion system, which occurs in the distal 
lung epithelium throughout gestation, has been shown to 
be integral in the stimulation of growth of the developing 
lung by regulating liquid secretion. Likewise, a pheno-
typic switch of Na+ absorptive capacity has been described 
toward the end of gestation, which is important for prepa-
ration of the lung to function postpartum and beyond. 
These culture systems have elucidated important physio-
logic changes that occur in the developing lung. Similar 
experiments have demonstrated that while ion transport 
plays a crucial role in this process other hormones and 
neurotransmitters are also important.

Pulmonary Endothelial Cells

Pulmonary endothelial cells represent a unique type of 
endothelium because of their paradoxical responses to 
hypoxia. This uniqueness highlights the need to utilize cell 
culture models of pulmonary endothelium as opposed to 
other endothelia when interested in investigating their 
role(s) in pulmonary physiology. Several investigators 
have described the isolation and culture of pulmonary 
endothelial cells. Persistent pulmonary hypertension of 
the newborn, also known as neonatal pulmonary hyper-
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tension, is caused by a disorder of the pulmonary vascu-
lature from fetal to neonatal circulation, culminating in 
hypoxemic respiratory failure and death. The inciting 
events that culminate in neonatal pulmonary hyperten-
sion are multifactorial. Despite this, decreased production 
of vasodilator molecules such as nitric oxide and prosta-
glandin I2 in the pulmonary endothelium has been shown 
to be a critical component of disease progression.18

Airway Smooth Muscle and Asthma

Primary cell cultures of human airway smooth muscle 
tissue can be obtained utilizing a method described by 
Halayko et al.19 in which they isolated and characterized 
airway smooth muscle cells obtained from canine tra-
cheal tissue. Briefl y, airway smooth muscle cells were 
obtained by fi nely mincing tissue and subjecting it to an 
enzymatic disaggregation solution containing collage-
nase, type IV elastase, and type XXVII Nagarse protease. 
Following generation of a single cell suspension, cells may 
be grown in Dulbecco’s modifi ed Eagle’s medium supple-
mented with 10% fetal bovine serum. Halayko et al.20 
obtained approximately 1.3 × 106 smooth muscle cells per 
gram of tissue using this method. Although Halayko 
et al.21 pioneered this technique using trachealis tissue, 
many other investigators have obtained airway smooth 
muscle cells from a variety of biopsy specimens.

Airway smooth muscle hyperreactivity and hypertro-
phy has been known for nearly 100 years2 to be an impor-
tant end response of asthma. The use of airway smooth 
muscle in vitro has been vital toward delineating the 
pathologic steps that occur in asthma, as well as testing 
of potential therapeutics that may help to decrease the 
morbidity and mortality of asthma. Additionally, the rela-
tive paucity of in vivo models of asthma further illustrates 
the value of isolation and characterization of smooth 
muscle cells from asthmatic patients in vitro.

Using airway smooth muscle cell culture, investigators 
have characterized both the hypertrophic and hyperplas-
tic growth of smooth muscle in individuals. Investigation 
of the potential stimuli that lead to airway smooth muscle 
proliferation and hypertrophy have led researchers to 
implicate the mitogen-activated protein kinase family 
members, extracellular signal-regulated kinase-1 and -2, 
and the phosphoinositol-3 kinase pathways in pathogen-
esis.22 Additionally, mediators directing smooth muscle 
migration have also been observed in vitro and may play 
a role in the progression of asthma. Platelet-derived 
growth factor, fi broblast growth factor-2, and transform-
ing growth factor-β (TGF-β) have all been shown to play 
a role in the migratory response of smooth muscle cells 
seen in asthma.22 Additionally, contractile agonists such 
as leukotriene E4 have been shown to potentiate the 
migratory responses seen with platelet-derived growth 
factor treatment.22

Human airway smooth muscle cell culture has also 
been utilized to investigate possible pharmacologic inter-
ventions for the treatment of asthma. β2-Agonists have 
been shown to decrease the rate of DNA synthesis and 
likewise decrease the hyperplasia seen in airway smooth 
muscle cells in response to mitogenic stimuli through an 
increase in cyclic adenosine monophosphate. Like β2-
agonists, glucocorticoids have similar antiproliferative 
activities.

Lung Cancer Tissue and the Development 
of Novel Therapeutics

Culture of neoplastic cells from human tumors has 
allowed investigators to harvest a wealth of knowledge 
into the biology of lung cancers; moreover, these cultures 
have provided potential models to test potential thera-
peutics. The propagation of lung cancer cells in vitro has 
been covered in great depth previously.8 In contrast to 
primary cell cultures, cultures of neoplastic cells are 
immortal, allowing their easy growth in culture with less 
chance of being overgrown by mesenchymal cells such as 
fi broblasts. The relative ease of growth in culture has led 
to many cell lines of lung cancer tissue. The National 
Cancer Institute, recognizing the need for a variety of 
lung cancer cell lines (both small cell and non–small cell), 
helped establish over 300 cell lines.23 These lines are a 
wonderful resource for investigators given that they are 
extensively characterized, and many have full clinical 
data available. Moreover, many of these cell lines are now 
easily available through the American Type Culture Col-
lection for a modest handling fee. Additionally, if investi-
gators do not wish to use currently established lung 
cancer cell lines, obtaining clinical samples for use in 
tissue culture models is relatively easy. The same methods 
used to obtain biopsy specimens for clinical staging can 
also be used to begin cell cultures. Following culture and 
initial characterization of lung cancer cell lines, many 
investigators have demonstrated that lung cancer cell 
lines maintain a similar phenotype after establishment. 
Specifi cally, it has been verifi ed that injection of lung 
cancer cell lines into nude mice exhibit similar histopa-
thology to the original tumor, indicating minimal change 
occurred following establishment of the cell lines.

Small cell lung carcinoma (SCLC) cell lines have been 
established from a multitude of biopsy specimens, includ-
ing bone marrow, lymph nodes, and pleural effusions.8,24 
Once viable cells have been obtained from clinical 
samples, cells are easily maintained in a basal cell culture 
medium such as RPMI 1640 in a humidifi ed incubator 
at 37°C and 5% CO2, although the initial isolations of 
SCLC lines utilized HITES and ACL-4 media.25 Most 
established SCLC cell lines maintain a neuroendocrine 
phenotype in culture; however, Baillie-Johnson et al.24 
noticed considerable heterogeneity in the cell lines they 
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established, highlighting the signifi cance that establishing 
a cell line from the clinical sample of interest may provide 
investigators with a line that possesses the exact pheno-
typic properties of interest.

Small cell carcinoma poses many diffi culties to surgical 
treatment, owing to its early and widespread metastasis. 
Therefore, combination chemotherapy is generally uti-
lized in treatment. Unfortunately, despite initial sensitivi-
ties, SCLC tumors become resistant to further treatment. 
Utilizing in vitro cultures of SCLC cell lines, Sethi et al.26 
began to describe how extracellular matrix proteins can 
protect SCLC against apoptosis-inducing chemothera-
peutics through β1-integrin–mediated survival signals. 
These data indicate that extracellular matrix proteins sur-
rounding SCLC may play a role in the local recurrence 
seen in patients following chemotherapy in vivo and 
suggest novel therapeutics aimed at blocking these sur-
vival signals.

Non–small cell lung carcinoma (NSCLC) cell lines 
including squamous cell carcinoma, adenocarcinoma, and 
large cell carcinoma have all been established. Despite 
the fact that NSCLC cells comprise three distinct histo-
logic cell types, all cell types can be established relatively 
easily. The primary treatment protocol for patients 
affl icted by NSCLC is generally surgical resection of the 
tumor; therefore, tumor cells for culture are readily avail-
able. These cell types can be grown under conditions 
similar to those described for SCLC.

Infectious Diseases

Infectious diseases play a unique role in lung pathology 
in light of their roles as either important contributors or 
consequences of many lung diseases. For instance, cer-
tain lung diseases may predispose patients to infection: 
patients affl icted with obstructive lung diseases, as well as 
cystic fi brosis patients, commonly suffer from severe and 
recurrent bacterial infections. Additionally, patients may 
become superinfected following a viral respiratory infec-
tion. Systemic infections, such as gram-negative bacterial 
sepsis, may lead to lung diseases such as ARDS.

Human Type II Alveolar Pneumocytes and 
Acute Lung Injury/Acute Respiratory 
Distress Syndrome

Pulmonary alveolar type II cells are a unique cell subset 
that carries out highly specialized functions that include 
synthesis and secretion of surfactant, a unique composi-
tion of lipoproteins that act to reduce surface tension 
at the alveolar air–liquid interface.27 Defi ning the mole-
cular mechanisms leading to production of surfactant 
by type II pneumocytes is important in many disease 
processes.

The pathogenic sequence that results in ARDS, the 
most severe manifestation of alveolar lung injury, is gen-
erally thought to be initiated by a systemic infl ammatory 
response.28 Despite this knowledge, there still exist many 
questions about the initial triggers and pathologic steps 
that occur in ARDS. Greater understanding of these 
steps may help to develop new treatment regimes. Cur-
rently, treatment of ARDS consists of mechanical ventila-
tion, which helps to stabilize blood gases. However, 
mechanical ventilation itself may provoke further infl am-
mation in the alveoli, thereby decreasing compliance and 
gas exchange in the alveoli.29

The cell type of particular interest in ARDS and diffuse 
alveolar damage is the type II pneumocytes.30–34 Until 
recently, studies trying to decipher the pathologic sequence 
in acute lung injury have had to rely on standard lung epi-
thelial cell lines. Recently, however, human type II alveo-
lar epithelial cells (pneumocytes) have been successfully 
isolated from fetal human lung tissue by collagenase diges-
tion.35 Briefl y, fetal lung tissues were minced and incu-
bated in a serum-free medium containing dibutyryl cyclic 
adenosine monophosphate for 5 days. The tissue explants 
were then treated with collagenase and incubated with 
DEAE-dextran to eliminate contaminating fi broblasts. 
Cells were then plated onto tissue culture dishes treated 
with extracellular matrix derived from MDCK cells and 
cultured overnight in Waymouth’s medium containing 
10% serum. These steps resulted in relatively pure popula-
tions of human type II pneumocytes that were then cul-
tured at an air–liquid interface. Using these methods, 
Alcorn et al.35 were able to maintain a primary culture that 
retained the morphologic and biochemical characteristics 
of type II pneumocytes for up to 2 weeks.

Three-Dimensional Biology

Conventional Bioreactors and 
Three-Dimensionality: The Origins 
of Three-Dimensional Culture

Carrel postulated that tissue development was linked to 
access to nutrient supply, noting that peripheral cells grew 
readily, and internal cells became necrotic presumably 
based on their distance from the nutrient source. To cir-
cumvent this issue, Carrel implemented cultures on silk 
veils, preventing the plasma clots of the growth media 
from deforming or becoming spherical, thus facilitating 
the internal cell’s ability to obtain nutrient replenish-
ment. Many attempts were made in standard culture 
systems (bioreactors) and other culture apparatuses to 
escape the constraints of two-dimensional cell culture, 
with the intent of yielding high-fi delity human and mam-
malian tissues, and thus emphasizing the need for devel-
opment of three-dimensional biology.
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Another famous researcher, Leighton, improved on 
Carrel’s techniques in the 1950s and 1960s. Leighton’s 
major contribution to three-dimensional culture technol-
ogy was the introduction of the idea of a sponge matrix 
as a substrate on which to culture tissues.36,37 Leighton 
fi rst experimented on cellulose sponges surrounded by 
plasma clots resident within glass tubes. He devised a 
system to grow 1- to 5-mm3 tissue explants on sponges, 
using small amounts of chick plasma and embryo extract. 
After the mixture solidifi ed on the sponge Leighton 
added the nutrient media and inserted the “histoculture” 
in a roller apparatus to facilitate nutrient mass transfer. 
He experimented with many sponge combinations, dis-
covering that collagen-impregnated cellulose sponges 
were optimal for sustaining the growth of native tissue 
architecture.3,38

Leighton was successful in growing many different 
tissue types on the sponge-matrix cultures.3,38 Leighton 
also found that C3HBA mouse mammary adenocarci-
noma cells, when grown on sponge-matrix histoculture, 
aggregated “much like the original tumor, forming 
distinct structures within the tumors such as lumina 
and stromal elements, and glandular structures.” An 
extremely important difference of this three-
dimensional histoculture from the standard two-dimen-
sional culture is the apparent quiescence of the stromal 
component and the balanced growth of these cells with 
regard to the overall culture. Leighton further advanced 
the concept of three-dimensional histoculture to his-
tophysiologic gradient cultures.39 These cultures are 
conducted in chambers that allow metabolic exchange 
between “the pool of medium and the culture chamber 
by diffusion across a membrane.” Histophysiologic 
gradient cultures mimic, to some degree, diffusion in 
tissues.38

From the pioneering work of Carrel and Leighton, 
other methods of emulating three-dimensional cultures 
have been developed, such as embedding cells and tissues 
in collagenous gels of rat tail as per the techniques of 
Nandi and colleagues. Many of the advantages of three-
dimensional cultures seen by Leighton, Nandi, and others 
may be attributed to permitting the cells to retain their 
normal shape and special associations.3 This global 
concept will be important as we begin to understand and 
recall the physical and environmental characteristics of 
the rotating-wall vessel systems.

Other methods of three-dimensional culture encom-
pass a technique known as organ culture or culture on a 
fi lter, a strategy developed by Strangeways40 and Fell and 
Robinson.41 Tissue explants were grown on lens paper 
in a watch glass containing liquid culture medium. 
Browning and Trier42 found “that for some tissues, it 
is critical to keep the cultures at the air–liquid interface,” 
thus allowing the tissues to experience conditions similar 
to the in vivo environment.

Another strategy is the use of three-dimensional cul-
tures known as proto-tissues, or aggregates of cells, used 
to form spheroids. This technique was popularized by 
Sutherland and colleagues more than 20 years ago when 
they manipulated aggregates of cells into a spherical 
confi guration by spinning agitation of the cells in spinner 
fl asks.43 This technique produced pseudo-tissue-like 
organoids useful for research evaluations. Each of these 
methodologies will be of benefi t as we continue to 
examine strategies for achieving three-dimensional lung 
tissue constructs.3,38

Finally, membrane bioreactors are capable of retaining 
enzymes, organelles, and microbial, animal, and plant 
cells behind a membrane barrier, trapped in a matrix or 
adherent to the membrane surface. In 1963, Gallup and 
Gerhardt 44 fi rst used the membrane bioreactor for dialy-
sis culture of Serratia marcescens. Immobilized enzyme 
microencapsulation was pioneered by Chang,45 but 
Butterworth et al.46 fi rst developed the enzyme membrane 
reactor to successfully accomplish starch hydrolysis with 
α-amylase. Likewise, for animal cell culturing, Knazek et 
al.47 fi rst cultured human choriocarcinoma cells on com-
pacted bundles of Amicon fi bers. Many reviews on the 
particular applications of hollow fi ber and immobilized 
bioreactant bioreactors for enzyme catalysts, microbial 
cells, and animal cell culture are available.48–53

As presented previously, tissue-engineering applica-
tions of three-dimensional function and structure are 
well known in medical science research.54 In microgra-
vity three-dimensional aggregates form, facilitating the 
expression of differentiated organotypic assemblies. 
Investigations to determine the effect of composite matri-
ces, spiked with esterifi ed hyaluronic acid and gelatin, to 
augment osteochondral differentiation of cultured, bone 
marrow–derived mesenchymal progenitor cells and the 
effects of the matrix on cellular differentiation have been 
examined in vitro and in vivo.54

Briefl y, empty and populated matrices cultured for 28 
days, with and without TGF-β1 demonstrated the follow-
ing results. Cells implanted in the matrix produced a 
robust type II collagen extracellular matrix in vitro. 
Matrices placed in immunodefi cient mice yielded no 
differentiation in empty constructs, osteochondral differ-
entiation in loaded implants, and an enhanced level 
of differentiation in preimplantation in vitro–cultured 
matrices containing TGF-β1. These results demonstrate 
the utility of three-dimensional matrix for presentation 
of bone mesenchymal progenitor cells in vivo for repair 
of cartilage and bone defects as well as indicate the effi -
cacy for in vitro tissue engineering regimes.54 These tech-
niques lend themselves to microgravity and ground-based 
research tissue cultures alike.

Many earth-based laboratories are researching and 
developing hemopoietic bone marrow cultures of stem 
cell origin, and three-dimensional confi gurations are 
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providing promising results as illustrated by Schoeters 
and coworkers.55 They report that murine bone marrow 
cells, cultured under long-term hemopoietic conditions, 
produce mineralized tissue and bone matrix proteins in 
vitro but only when precipitated by the presence 
of adherent bone stroma cells in three-dimensional col-
lagen matrices. At a concentration of 8 × l06 stromal 
cells, mineralization occurs in 6 days. In contrast, two-
dimensionally oriented marrow fragments at 1 × 107 cells 
require requires more than 10 days before mineralization 
can similarly be detected.55

Two-dimensional long-term marrow culture facilitates 
and enhances expansion of the stromal component and 
rudimentary differentiation of osteogenic-like cells in 
the adherent stromal layer as verifi ed by type I collagen 
or cells positive for alkaline phosphatase. Production 
of osteonectin and osteocalcin, a bone-specifi c protein, 
combined with calcifi cation is observed only in three-
dimensional cultures. These studies demonstrate the 
need for and benefi t of three-dimensionality and the 
application to the microgravity environment.55 As we can 
see, this further reinforces the quest for three-
dimensionality and the potential of modeling the micro-
gravity environment.

Three-Dimensional Models for 
Physiological Study

Investigations clearly show the need for the application 
of three-dimensional study techniques in lung pathophys-
iologic studies. Interestingly, three-dimensional biology 
has facilitated full-scale investigations into most areas of 
tissue engineering, cell biology and physiology, immunol-
ogy, and cancer research.

Anchorage-dependent cells are widely cultured on 
microcarriers.56 Studies show that for the purposes of 
improved surface-to-volume ratio and scale up, the micro-
carrier suspension culture provides excellent potential 
for high-density cell growth.57 In addition, microcarriers 
serve well as structural supports for three-dimensional 
assembly, the composite of which is the basis for three-
dimensional tissue growth.58

Conventional culture systems for microcarrier cultures 
(i.e., bioreactors) use mechanical agitation to suspend 
microcarriers and thus induce impeller strikes as well as 
fl uid shear and turbulence at the boundary layer between 
the wall and the fl uid. Investigators have attempted to 
make a complete study of the most effi cient bioreactor 
designs and agitation regimens.59 They concluded that 
virtually all stirred-tank bioreactors operate in the turbu-
lent regimen. It has been demonstrated that bead-to-bead 
bridging of cells is enhanced signifi cantly at lower agita-
tion rates in a stirred reactor.60 Excessive agitation from 
either stirring or gas bubble sparging has been docu-
mented as a cause of cell damage in microcarrier cell 

cultures.61,62 To overcome the problems induced by these 
mechanisms, investigators developed alternative culture 
techniques such as porous microcarriers to entrap cells,63 
increased viscosity of culture medium,64 bubble-free oxy-
genation,65 and improved methods for quiescent inocula-
tion.66,67 These steps decreased the damage attributed to 
turbulence and shear forces but failed to signifi cantly 
rectify the problems. Reactor systems of substantially 
increased volume exhibit less agitation-related cell 
damage. This is presumably because of the decreased fre-
quency of cell–microcarrier contact with the agitation 
devices in the systems. Research-scale investigations do 
not afford the luxury of experimenting with large-scale 
production systems. Therefore, if a large-volume system 
is indeed more quiescent, an improved bioreactor system 
should emulate the fl uid dynamics present in the upper 
regions of large-scale reactors in which cells and micro-
carriers reside with minimal agitation. The problem, then, 
is to suspend microcarriers and cells without inducing 
turbulence or shear while providing adequate oxygen-
ation and nutritional replenishment.

The term rotating-wall vessel comprises a family of 
vessels, batch fed and perfused, that embody the same 
fl uid dynamic operating principles. These principles are 
(1) solid body rotation about a horizontal axis that is 
characterized by (a) colocation of particles of different 
sedimentation rates, (b) extremely low fl uid shear stress 
and turbulence, and (c) three dimensional spatial freedom; 
and (2) oxygenation by active or passive diffusion to the 
exclusion of all but dissolved gasses from the reactor 
chamber, yielding a vessel devoid of gas bubbles and 
gas–fl uid interface (zero head space).68,69

Three-Dimensional Models of Lung Disease

Lung Cancer

Current cell culture models have shortcomings resulting 
in unreliable tumor growth, uncharacteristic tumor devel-
opment, nonhuman tumors, and inadequate methods of 
detection. Cells propagated under traditional culture 
conditions differ widely in their expression of differenti-
ated markers, adhesion receptors, and growth factor 
receptors compared with cells in situ or those grown as 
tissue-like structures.70,71 This is of concern because the 
phenotypic changes leading to malignant transformation 
often stem from alterations in the balanced and multifac-
eted roles of growth factors, receptors, and cytokines 
(reviewed by Herlyn et al.71). With increasing evidence of 
the importance of adhesive contacts, paracrine cross-talk 
between different cell types, and signaling cascades that 
link the cell with a complex substratum, there is now 
recognition that models must be developed that better 
simulate these complexities. There is still much to learn 
about the dynamic relationships among the different 
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phenotypes found in the normal lung and in lung cancers. 
Until a cell culture system is developed that allows dif-
ferentiation to occur,72 it is diffi cult to make any fi rm 
statement about relating effects in cell culture to clinical 
practice. Tissue engineering is very embryonic in develop-
ment and currently nearly universally focused on build-
ing replacement tissues. A new technology developed at 
the NASA Johnson Space Center used to study colon 
cancer has been adapted to three-dimensional in vitro 
lung tissue culture models but has not been reported on 
to date.

Rotating-wall vessels are horizontally rotating cylindri-
cal tissue culture vessels that provide controlled supplies 
of oxygen and nutrients with minimal turbulence and 
extremely low shear.69 These vessels suspend cells and 
microcarriers homogeneously in a nutrient-rich environ-
ment, which allows the three-dimensional assembly of 
cells to tissue. Prior to seeding rotating-wall vessels 
(Synthecon, Inc, Houston, TX), cells were cultured in stan-
dard T fl asks (Corning, Corning, NY) in GTSF-2 medium 
(1993 PSEBM) in a humidifi ed 37°C, 5% CO2 incubator. 
The rotating-wall vessels were seeded with 1–2 mg/mL 
Cultispher-GL microcarriers (Hyclone Laboratories, Inc., 
Logan, UT) followed by BEAS2-B or BZR-T33 cells 
(ATCC, Baltimore, MD) at a density of 2 × 105 cells/mL. 
Cultures were grown in the rotating-wall vessels for 14–21 
days for formation of 3- to 5-mm diameter tumor masses. 
Rotating-wall vessel rotation was initiated at 25 rpm and 
increased as aggregate size became larger. Stationary 
control cultures were initiated under the same conditions 
using FEP Tefl on bags (American Fluoroseal, Columbia, 
MD). At 24-hour intervals pH, dissolved CO2, and dis-
solved O2 were determined using a Corning 238 model 
clinical blood gas analyzer. Glucose concentration was 
determined using a Beckman 2 model clinical glucose 
analyzer (Beckman, Fullerton, CA). Cell samples were 
harvested every 48 hr and fi xed with Omnifi x (Xenetics, 
Tustin, CA) for immunohistochemistry or fi xed with 3% 
glutaraldehyde/2% paraformaldehyde in 0.1 M cacodylic 
buffer (Electron Microscopy Sciences, Fort Washington, 
PA) for scanning electron microscopy.

Cancer models already developed by NASA investiga-
tors include growth and differentiation of an ovarian 
tumor cell line,72–74 growth of colon carcinoma lines,72 and 
three-dimensional aggregate and microvillus formation 
in a human bladder carcinoma cell line.74 In support as 
an appropriate model for cancer, even the most rudi-
mentary three-dimensional cellular structures exhibit 
different phenotypes than cell lines cultured under two-
dimensional conditions. Properties such as responses to 
TGF-β, drug resistance to cisplatin or cyclophosphamide, 
and resistance to apoptosis are all altered in various types 
of cell aggregates.75

Many investigations sustain consistent evidence that 
cells growing in three-dimensional arrays appear more 

resistant to cytotoxic chemoagents than cells in mono-
layer culture.38 Li et al. found that spheroids were more 
resistant to cytosine arabinoside by 11-fold and metho-
trexate by 125-fold when compared with single cell sus-
pensions.76 Further monolayer cultures of colon carcinoma 
cells were sensitive to piericidin C in contrast to responses 
within in vivo colon tumors or three-dimensional slices 
of tumors grown in vitro.77 Numerous other investiga-
tions have revealed increased levels of drug resistance of 
spheroids compared with single cell monolayers.3,38

Questions of poor diffusion and insuffi cient drug 
absorption within spheroids and a relatively frequent 
high proportion of resting cells have clouded differences 
in drug resistance, which could be the result of nutrient 
deprivation and hypoxia. Heppner and colleagues 
executed precise experiments that confi rmed three-
dimensional structure and function as the causative agent 
and was responsible for drug resistance rather than simple 
inaccessibility to nutrients or the drug concentration. 
Heppner embedded tumor specimens or cell aggregates 
in collagen gels, exposed the culture to various cytotoxic 
drugs, and compared the drug responses of the same cells 
in monolayers. These experiments revealed an increased 
resistance in the three-dimensional tumor arrays of a 
remarkable 1,000-fold greater than in monolayer cultures, 
and a similar result was seen in three-dimensional histo-
cultures in collagen. The tumor cells grew in the presence 
of drug concentrations that rendered monolayers to a 
viability less than 0.1% of control cultures. Amazingly, 
Heppner observed that the cells became sensitive again 
when replated as monolayers and fi nally showed that 
even when exposed to melphalan and 5-fl uorouracil 
in monolayer cells transferred to collagen gels were 
again resistant based on three-dimensional architecture. 
Thus, the cells were exposed to the drugs as monolayers, 
facilitating access to the drugs, and, once the cells 
were transferred after drug exposure to a three-
dimensional structure, high resistance to the drugs was 
sustained.38,78–81

Based on the caliber of data referenced above, Teicher 
et al.82 serially passaged through multiple (10) transfers 
EMT-6 tumors in mice that were treated with thiotepa, 
cisplatin, and cyclophosphamide over a prolonged 6-
month period, thus producing extremely drug-resistant 
tumors in vivo. When these tumors were grown as mono-
layer cultures, they were as drug sensitive as the parental 
cells. Kobayashi and colleagues83 grew the same in vivo 
drug-resistant tumor cell lines as spheroids in three-
dimensional arrays, and resistance was almost 5,000 times 
that of the parent line with selected drugs, an example 
being the active form of cyclophosphamide used in vitro. 
Similarly extreme resistance was also observed to cispla-
tin and thiotepa. This resistance was not seen in mono-
layer cultures, even when the monolayers were cultured 
on traditional extracellular matrix substrates. These 
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experiments reconfi rmed that cells in a three-dimensional 
array are more drug resistant than monolayer cells in 
vitro and demonstrated that three-dimensional cellular 
confi gurations can and do become resistant to super 
pharmacologic doses of drugs by forming compact 
structures.38

Rotating-Wall Vessel Tumor Models

Several important human tumor models have been 
created in rotating-wall vessel cultures, specifi cally, lung, 
prostate, colon, and ovarian.14,58,73,84 Many of these models 
involve cancers that are leading killers in our society. We 
present two such examples in this section, colon and pros-
tate carcinoma. As previously reviewed, the litera-
ture indicates the remarkable difference between 
chemotherapeutic cytotoxicity in two-dimensional and 
three-dimensional cellular constructs, which may be 
predicated on a number of criteria. Therefore, a three-
dimensional tumor model that emulates differentiated in 
vivo–like characteristics would provide unique insights 
into tumor biology.

Goodwin et al.58 detail the fi rst construction of a 
complex three-dimensional ex vivo tumor in rotating-
wall vessel culture composed of a normal mesenchymal 
base layer (as would be seen in vivo) and either of two 
established human colon adenocarcinoma cell lines, HT-
29, an undifferentiated line, and HT-29KM a stable, 
moderately differentiated subline of HT-29. Each of these 
engineered tumor tissues produced tissue-like aggregates 
(TLAs) with glandular structures, apical and internal 
glandular microvilli, tight intercellular junctions, desmo-
somes, cellular polarity, sinusoid development, internal-
ized mucin, and structural organization akin to normal 
colon crypt development. Necrosis was minimal through-
out the tissue masses up to 60 days of culture while 
achieving >1.0 cm in diameter. Other notable results 
included enhanced growth of neoplastic colonic epithe-
lium in the presence of mixed normal human colonic 
mesenchyme. These results mimic the cellular differentia-
tion seen in vivo and are similar to results obtained with 
other tumor types.

Prostate carcinoma has also been modeled in the 
rotating-wall vessel system by several investigators.85–87 
One of the most comprehensive descriptions of these 
engineered tissues is detailed by Wang et al.88 In that 
review, the authors describe the ability of the rotating-
wall vessel system to recapitulate human prostate carci-
noma (LNCaP) and bone stroma (MG63) to illuminate 
the evolution of prostate tumorigenesis to the metastatic 
condition. In particular, the LNCaP and ARCaP models 
represented in the review are known to be lethal in the 
human, being androgen independent and metastatic. 
Rotating-wall vessel TLA engineering also allowed in-
depth study of epithelial and stromal interactions, which 

are the facilitating elements of the continuance of LNCaP 
prostate-specifi c antigen production in vitro. When 
LNCaP was cultured in three dimensions without stroma, 
production of prostate-specifi c antigen ceased and meta-
static markers were not observed. The authors outline 
the process of malignant transformation, demonstrating 
that these metastatic models are only possible in three-
dimensional TLAs and are achieved by specifi c geometric 
relationships in three-dimensional confi guration. Fur-
thermore, they show through direct comparison with 
other culture systems the advantages of the rotating-wall 
vessel system to allow synergistic relationships to study 
this disease state.88

Unlike two-dimensional models, these rotating-wall 
vessel tumor tissues were devoid of metabolic and nutri-
ent defi ciencies and demonstrated in vivo–like architec-
ture. These data suggest that the rotating-wall vessel 
affords a new model for investigation and isolation of 
growth, regulatory, and structural processes within neo-
plastic and normal tissues.

Rotating-Wall Vessel Normal Human Tissue 
Models as Disease Targets

In this section, we explore the utility of rotating-wall 
vessel TLAs as targets for microbial infection and disease. 
Several studies have been conducted recently that indi-
cate that three-dimensional tissues respond to infective 
agents with greater fi delity and with a more in vivo–like 
response than traditional two-dimensional cultures. 
Nickerson et al.89 describe the development of a three-
dimensional TLA engineered from INT-407 cells of the 
human small intestine, which were used as targets for the 
study of Salmonella typhimurium. In this study, three-
dimensional TLAs were used to study the attachment, 
invasion, and infectivity of Salmonella into human intes-
tinal epithelium. Immunocytochemical characterization 
and scanning and transmission electron microscopic anal-
yses of the three-dimensional TLAs revealed that the 
TLAs more accurately modeled human in vivo differenti-
ated tissues than did two-dimensional cultures. The level 
of differentiation in the INT-407 TLAs was analogous to 
that found in previously discussed small intestine TLAs72 
and from other organ tissues reconstructed in rotating-
wall vessels. Analysis of the infectivity studies revealed 
Salmonella attached and infected in a manner signifi -
cantly different from that in control two-dimensional cul-
tures. During an identical exposure period of infection 
with Salmonella, the three-dimensional TLAs displayed 
a minor loss of structural integrity when compared with 
the two-dimensional INT-407 cultures. Furthermore, 
Salmonella demonstrated a greatly reduced ability 
to adhere, invade, and induce the apoptotic event in 
these INT-407 three-dimensional TLAs than in two-
dimensional cultures. This result is not unlike the in vivo 
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human response. Two-dimensional cultures were signifi -
cantly damaged within several hours of contact with the 
bacteria; conversely, although “pot marks” could be seen 
on the surfaces of the three-dimensional TLAs, they 
remained structurally sound.

Cytokine analysis and expression postinfection of 
three-dimensional TLAs and two-dimensional cultures 
with Salmonella exhibited remarkable differences in 
expressed levels of interleukin (IL)-1α, IL-1β, IL-6, IL-
1Ra, and tumor necrosis factor-α mRNAs. Additionally, 
noninfected three-dimensional TLAs constitutively dem-
onstrated elevated levels of TGF-β1 mRNA and prosta-
glandin E2 compared with noninfected two-dimensional 
cultures of INT-407.89

As previously stated, traditional two-dimensional cell 
monolayers lack adequate fi delity to emulate the infec-
tion dynamics of in vivo microbial adhesion and invasion. 
The respiratory epithelium is of critical importance in 
protecting humans from disease. Exposed to the environ-
ment, the respiratory epithelium acts as a barrier to 
invading microbes present in the air, defending the host 
through a multilayered complex system.90 The three 
major layers of the human respiratory epithelium are 
pseudostratifi ed epithelial cells, a basement membrane, 
and underlying mesenchymal cells. Ciliated, secretory, 
and basal epithelial cells are connected by intercellular 
junctions and anchored to the basement membrane 
through desmosomal interactions. Together with tight 
junctions and the mucociliary layer, the basement mem-
brane maintains the polarity of the epithelium and pro-
vides a physical barrier between the mesenchymal layer 
and the airway.91,92 Infi ltrating infl ammatory and immune 
cells move freely between the epithelial and subepithelial 
compartments.

Airway epithelial cells play a vital role in host defense90 
by blocking paracellular permeability and modulating 
airway function through cellular interactions. Ciliated 
epithelial cells block invasion of countless inhaled micro-
organisms by transporting them away from the airways.93 
As regulators of the innate immune response, epithelial 
cells induce potent immunomodulatory and infl amma-
tory mediators such as cytokines and chemokines that 
recruit phagocytic and infl ammatory cells that remove 
microbes and enhance protection.90,91,94,95

Ideally, cell-based models should reproduce the struc-
tural organization, multicellular complexity, differen-
tiation state, and function of the human respiratory 
epithelium. Immortalized human epithelial cell lines, such 
as BEAS-2B,96 primary normal human bronchial epithe-
lial cells,97 and air–liquid interface cultures,98 are used to 
study respiratory virus infections in vitro. Traditional 
monolayer cultures (two-dimensional) of immortalized 
human bronchoepithelial cells represent homogenous 
lineages. Although growing cells in monolayers is conve-
nient and proliferation rates are high, such models lack 

the morphology and cell–cell and cell–matrix interactions 
characteristic of human respiratory epithelia. Thus, their 
state of differentiation and intracellular signaling path-
ways most likely differ from those of epithelial cells in 
vivo. Primary cell lines of human bronchoepithelial cells 
provide a differentiated model similar to the structure 
and function of epithelial cells in vivo; however, this state 
is short lived in vitro.97,99 Air–liquid interface cultures of 
primary human bronchoepithelial cells (or submerged 
cultures of human adenoid epithelial cells) are grown on 
collagen-coated fi lters in wells on top of a permeable 
fi lter. These cells receive nutrients basolaterally, and their 
apical side is exposed to humidifi ed air. The result is a 
culture of well-differentiated heterogeneous (ciliated, 
secretory, basal) epithelial cells essentially identical to 
airway epithelium in situ.98,100 Although this model shows 
fi delity to the human respiratory epithelium in structure 
and function, maintenance of consistent cultures is not 
only diffi cult and time consuming but also limited to 
small-scale production and thus limits industrial research 
capability.

True cellular differentiation involves sustained complex 
cellular interactions101–103 in which cell membrane junc-
tions, extracellular matrices (e.g., basement membrane 
and ground substances), and soluble signals (endocrine, 
autocrine, and paracrine) play important roles.104–107 This 
process is also infl uenced by the spatial relationships of 
cells to each other. Each epithelial cell has three mem-
brane surfaces: a free apical surface, a lateral surface that 
connects neighboring cells, and a basal surface that inter-
acts with mesenchymal cells.108

Recently viral studies by Goodwin et al.109 and 
Suderman et al.110 were conducted with rotating-well 
vessel–engineered TLA models of normal human lung. 
This model is composed of a coculture of in vitro three-
dimensional human bronchoepithelial TLAs engineered 
using a rotating-wall vessel to mimic the characteristics 
of in vivo tissue and to provide a tool to study human 
respiratory viruses and host–pathogen cell interactions. 
The TLAs were bioengineered onto collagen-coated 
cyclodextran beads using primary human mesenchymal 
bronchial-tracheal cells as the foundation matrix and an 
adult human bronchial epithelial immortalized cell line 
(BEAS-2B) as the overlying component. The resulting 
TLAs share signifi cant characteristics with in vivo human 
respiratory epithelium, including polarization, tight junc-
tions, desmosomes, and microvilli. The presence of tissue-
like differentiation markers, including villin, keratins, and 
specifi c lung epithelium markers, as well as the produc-
tion of tissue mucin, further confi rm these TLAs differ-
entiated into tissues functionally similar to in vivo tissues. 
Increasing virus titers for human respiratory syncytial 
virus (wtRSVA2) and parainfl uenza virus type 3 (wtPIV3 
JS) and the detection of membrane-bound glycoproteins 
(F and G) over time confi rm productive infections with 
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both viruses. Viral growth kinetics up to day 21 pi with 
wtRSVA2 and wtPIV3 JS were as follows: wtPIV3 JS 
replicated more effi ciently than wtRSVA2 in TLAs. Peak 
replication was on day 7 for wtPIV3 JS (approximately 
7 log10 particle forming units [pfu] per milliliter) and on 
day 10 for wtRSVA2 (approximately 6 log10 pfu/mL). Viral 
proliferation remained high through day 21 when the 
experiments were terminated. Viral titers for severe acute 
respiratory syndrome–coronavirus were approximately 
2 log10 pfu/mL at 2 day pi.

Conclusion

Human lung TLAs mimic aspects of the human respira-
tory epithelium well and provide a unique opportunity to 
study the host–pathogen interaction of respiratory viruses 
and their primary human target tissue independent of 
the host’s immune system, as there can be no secondary 
response without the necessary immune cells. These rotat-
ing-wall vessel–engineered tissues represent a valuable 
tool in the quest to develop models that allow analysis 
and investigation of cancers and infectious disease in 
models engineered with human cells alone.

We have explored the creation of three-dimensional 
TLAs for normal and neoplastic studies and fi nally as 
targets for microbial infections. Perhaps Carrel and 
Leighton would be fascinated to know that from their 
early experiments in three-dimensional modeling and 
the contributions they made has sprung the inventive 
spirit to discover a truly space age method for cellular 
recapitulation.
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and radiation therapy.3,4 Five-year survival rates decline 
sharply as the stage increases: 61% for stage IA, 38% for 
stage IB, 22%–34% for stage II, 9%–13% for stage III, 
and less than 5% for stage IV.3,6 The staging of SCLC 
is less complex, with a distinction made only between 
limited stage and extensive stage disease.3 Most SCLC 
cases are diagnosed when metastasis has already occurred, 
and the 5-year survival rates for all SCLC cases are 3% 
or less.3

Lung cancer is a primarily environmental disease with 
risk factors that include radon exposure and asbestos 
exposure, but the risk factor with the highest correlation 
by far is cigarette smoking. From 80% to 90% of lung 
cancer patients have a history of cigarette smoking, and 
the relative risk for lung cancer for current smokers is 20 
times greater than the risk to those who have never 
smoked.3,7 The contribution of cigarette smoking to lung 
cancer is believed to be related to a “fi eld cancerization” 
effect where simultaneous mutations accumulate through-
out the bronchial epithelium, increasing the chances of 
mutations leading to cancer.7,8 Because studies suggest 
that this accumulation must reach at least 10 signifi cant 
mutations to proceed to apparent oncogenic transforma-
tion, the broad effects of fi eld cancerization signifi cantly 
decrease the barriers to lung cancer development.9

In this chapter, we summarize recent advances in our 
understanding of the molecular oncogenesis of lung 
cancer, particularly with regard to alterations of onco-
genes, tumor suppressor genes, and growth factors and 
their receptors. Recent insights into novel genetic changes, 
such as MiRNA silencing, are also be discussed.

Oncogene Activation

Figure 16.1 shows the major genetic changes associated 
with lung cancer. Activation of protooncogenes and 
growth factor signaling play a critical role in the oncogen-
esis of lung cancer. Common oncogenes in lung cancer 

Introduction

In 2005, cancer surpassed heart disease as the leading 
cause for death in Americans under the age of 80 years. 
Among all types of human cancer, lung cancer is the 
leading cause of cancer-related death, claiming more than 
150,000 lives every year in the United States alone (which 
exceeds the combined mortality from breast, prostate, 
colorectal, and pancreatic cancers). Patients with advanced 
stages of lung cancer, representing 75% of all new cases, 
have a median survival time of only 10 months.1 In con-
trast to the signifi cant medical burden associated with 
lung cancer, research on lung cancer is underfunded. 
According to National Institutes of Health data (http://
planning.cancer.gov/disease), the U.S. government spent 
approximately $1,200 per lung cancer death in 2002 on 
research compared with $11,425 for breast cancer, $8,190 
for prostate cancer, and $3,350 for colorectal cancer. 
Approximately $31,000 was spent on research per HIV/
AIDS death in 2002. Understanding the molecular basis 
of lung cancer progression and tumor metastasis is an 
essential step to reducing the mortality from lung 
cancer.

Lung cancer can broadly be divided into two catego-
ries: small cell lung cancer (SCLC) (∼20%) and non–small 
cell lung cancer (NSCLC) (80%).2 Small cell lung cancer 
is typically composed of cells that have scanty cytoplasm, 
a neuroendocrine phenotype, inconspicuous nucleoli, and 
frequent metastases.3,4 Non–small cell lung cancer can be 
further subdivided into adenocarcinomas, squamous cell 
carcinomas, large cell carcinomas, and several infrequent 
subtypes.3–5

The TNM staging method is the currently accepted 
system for staging NSCLC in which T indicates the size 
and location of the primary tumor, N indicates the loca-
tion of involved lymph nodes, and M indicates the pres-
ence of metastatic lesions.3 Lung cancer with stages I, II, 
and IIIA, but not stages IIIB and IV, can be treated 
with surgery; the latter can be treated by chemotherapy 
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include K-ras and c-Myc. In addition, mutations of EGFR 
(epidermal growth factor receptor) are associated with 
aggressive metastasis of lung cancer. Elevated expression 
of growth factor receptors is quite common in lung 
cancer.

K-ras Activation

In normal cells, Ras protein functions as a signal trans-
ducer between growth factor signaling at the cell mem-
brane and the mitogen-activated protein kinase (MAPK) 
pathways. Growth factors bind to receptor tyrosine 
kinases that indirectly stimulate guanosine triphosphate 
for guanosine diphosphate exchange on Ras. Guanosine 
triphosphate–bound Ras (the active form) then serves to 
propagate the signal through its downstream effectors, 
which results in many cellular changes, many of which 
promote cell growth and proliferation (see Figure 16.2 
for details). Ras is actually a superfamily of proteins, and 
of these the isoform K-Ras is mutated in 17%–25% of 
human tumors and in 20%–50% of NSCLCs.2,10,11 Studies 
in mouse models of lung cancer indicate that mutation of 
K-ras is an early essential event during lung cancer onco-
genesis, further emphasizing the essential role of K-Ras 
in lung cancer.12

Erb Family Activation: ErbB1 (EGFR) and 
ErbB2 (HER2/neu)

Epidermal growth factor receptor (EGFR), which is also 
known as ErbB1, is a receptor tyrosine kinase. Receptor 
tyrosine kinases are transmembrane spanning proteins 
whose activation by ligand binding, such as epidermal 
growth factor and transforming growth factor α (TGF-α), 
to their extracellular binding domain causes dimerization 
followed by autophosphorylation of intracellular tyrosine 
residues. This phosphorylation leads to binding of kinase 
substrates and adapter proteins that stimulate down-
stream activation of cell signaling pathways (see Figure 
16.2), such as Ras/MAPK, and phosphatidylinositol-3 
kinase, that then propagate signals for proliferation, dif-
ferentiation, motility, invasion, adhesion, and blocking of 
apoptosis,13,14 through signal transduction and activation 
of transcription proteins.

EGFR mutations have been found in approximately 
20% of NSCLC, and all of these are located in the 
tyrosine kinase domain of the protein.15 Additionally, 
the overexpression of EGFR ligands and amplifi cation of 
EGFR contribute to EGFR-dependent phenotypes. 
Because of the availability of tyrosine kinase inhibitors 
and because of the low survival rates for lung cancer 
chemotherapy, the application of these inhibitors 
in the treatment of lung cancer has been explored 
(see Chapter 17).

HER2/neu, which is also known as ErbB2, is another 
member of the same family of receptor tyrosine kinases 
as EGFR, and it has also been implicated in NSCLC. 
HER2/neu has been shown to be upregulated in a subset 
of NSCLC.3 The anti-HER2/neu monoclonal antibody 
trastuzumab, which has shown success in HER2/neu-
positive breast cancer when used in combination with 
chemotherapy, has not shown the same level of success 
in NSCLC (see Chapter 17).16

Myc Activation

The Myc proteins can be regulated by the Ras/MAPK 
pathway and are transcription factors that regulate the 
expression of genes important in cell cycle regulation, 
proliferation, and DNA synthesis. There are three 
members: c-Myc, N-Myc, and L-Myc. Through a mecha-
nism that is unclear, Myc proteins also induce p14ARF, 
which serves as a negative feedback loop triggering apop-

Figure 16.1. A proposed model for major genetic altera-
tions in lung cancer development from normal tissue to 
metastatic tumor.

Figure 16.2. Growth factor signaling and the Ras/MAP kinase 
pathway. The basic pathway components are given in black with 
examples in gray parentheses. EGF, epidermal growth factor; 
GDP, guanosine diphosphate; GTP, guanosine triphosphate; 
MAPK, mitogen-activated protein kinase; MAPKK, MAPK 
kinase; MAPKKK, MAPKK kinase; TGF-α, transforming 
growth factor-α.
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tosis through p53 if cellular conditions are not appropri-
ate for proliferation. Because of this, Myc upregulation 
in cancer cells is usually accompanied by mutations in p53 
pathway components.

Overexpression of Myc proteins by either gene ampli-
fi cation or transcriptional dysregulation has been observed 
in 10%–40% of SCLCs the majority of which are the N-
Myc and L-Myc subtypes.3,5 Myc overexpression has been 
observed in only 8%–20% of NSCLCs.5

Other Alterations: Vascular Endothelial 
Growth Factor, Bcl-2, Myb, Fms, Rlf, 
Kit/SCR, GRP/GRPR, Raf

Expression of vascular endothelial growth factor (VEGF), 
an important molecule in the regulation of tumor angio-
genesis, is associated with poor outcomes of chemother-
apy of metastatic NSCLC and SCLC. Recent clinical 
trials indicate that the angiogenesis inhibitor bevaci-
zumab in combination with chemotherapy can signifi -
cantly extend survival in patients with advanced lung 
cancer. The list of additional oncogenes in lung cancer 
includes Raf, Fes, Fur, Sis, Bcl-2, and IGF-1 for NSCLC 
and Raf, Myb, Fms, Kit/SCF, Rlf and GRP/GRPR SCLC.7 
Raf is another member of the MAPK pathway (see Figure 
16.2) acting as a kinase downstream of Ras. Raf mutations 
are rare in lung cancer with detection in less than 3% of 
case.15 c-Kit is a receptor tyrosine kinase that upon ligand 
binding activates signaling pathways such as the MAPK 
pathway.17 Its ligands include stem cell factor (SCF), 
which has been shown to be aberrantly expressed with 
the c-Kit receptor in SCLC, thereby producing autocrine 
proliferation signals.17,18 Activating mutations of c-Kit 
have been discovered in SCLC but are not common.17 

Gastrin-releasing peptide (GRP) is a peptide hormone 
that binds to the GRP receptor (GRPR), a G protein–
coupled receptor (GPCR) that activates the phosphati-
dylinositol-3 kinase pathway.19 Gastrinreleasing peptide 
and its receptor have been detected in many cases of 
SCLC, indicating that they may act in an autocrine 
manner to stimulate proliferation of SCLC cells.18,19

Bcl-2 promotes cell survival by acting as a negative 
regulator of mitochondrial-stimulated apoptosis. It has 
been shown to be overexpressed in 10%–27% of 
NSCLC.2,8 Recent studies indicate that hedgehog signal-
ing is activated in subsets of lung cancer.20–22 Loss of 
the tumor suppressor PTCH in the hedgehog signaling 
pathway by chromosomal deletion of 9q is just one of 
several ways that this pathway may be activated in 
SCLC.9,23 These and many other potential oncogenes 
have been proposed, but the clinical signifi cance of their 
actions has not been determined.

Alterations of Tumor Suppressor 
Genes in Lung Cancers

The p53 Pathway

The transcription factor p53 protein is well known as a 
key regulator of cell cycle progression that is frequently 
targeted for inactivation in neoplastic cells. Functional 
inactivation of p53 and its pathway components occurs 
with high frequency in lung cancer. p53 responds to a 
variety of signals such as DNA damage and oncoprotein 
expression, and it responds by initiating cell cycle arrest, 
senescence, apoptosis, differentiation, DNA repair, 
or other p53-dependent pathways depending on the 
cell conditions (see Figure 16.3).24–26 The p53 protein 

Figure 16.3. The p53 and retinoblas-
toma (Rb) pathways. The main pathway 
connections between components of the 
p53 pathway and the Rb pathway are 
shown. The purple P indicates a phos-
phate residue. UV, ultraviolet.
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promotes the transcription of several target genes, includ-
ing p21WAF/Cip1, which contribute to G1 cell cycle arrest. 
Cell cycle arrest gives the cell time to initiate and com-
plete DNA repair before replication. If repair is unsuc-
cessful, p53 can initiate apoptosis by initiating transcription 
of Bim1, Bax, PERP, and others.27 The primary mecha-
nism for regulation of p53 is through its concentration in 
the cell where the negative regulator MDM2 (HDM2) 
plays a crucial role as an E3 ubiquitin ligase specifi c for 
p53. The p53 gene is located on chromosome 17p13.

Because of the crucial role that p53 plays as a monitor 
of DNA damage, it is a logical target in cancer progres-
sion. The p53 mutations are found in 70% of SCLC and 
50% of NSCLC, and loss of the second wild-type 
allele via chromosomal deletion of the 17p13 region is 
common.27–29 For additional information on specifi c p53 
mutations, one can review the database of published 
mutations for p53 at http://www-p53.iarc.fr, maintained 
by the International Agency for Research on Cancer.30 
Several studies have proposed that the G to T transver-
sion mutations in p53 are directly caused by the carcino-
genic components of smoke or the reactive oxygen species 
that they promote.28,31 Contributing to the mutagenic 
selection of p53 is the fact that cigarette smoke may also 
inhibit repair.28,32 Unfortunately, there is controversy 
regarding the use of p53 status as an indicator for prog-
nosis (see Chapter 15).29 It is likely that alterations to 
other p53 pathway components such as p21WAF/Cip1 and 
MDM2 contribute to treatment outcome as well (see 
Chapter 17).29 In fact, accumulation of MDM2 has been 
shown to occur in more than 24% of NSCLC and in more 
than 40% of SCLC.33 Also, p14ARF, an inhibitor for MDM2 
(see Figure 16.3), has shown to be inactivated in 19%–
37% of NSCLC, adding to the proliferative controls 
inactivated in lung cancers.34

The Retinoblastoma Pathway: Rb and P16INK4

The retinoblastoma (Rb) pathway is another important 
regulator of the cell cycle. It has cross-talk with the p53 
pathway through p14ARF and p21Waf/Cip1 (see Figure 16.3). 
Active Rb exists in a hypophosphorylated state and 
therefore is inactivated by phosphorylation. Cell cycle 
promoting complexes such as cyclin D–Cdk4–6 and cyclin 
E–Cdk2 promote this phosphorylation, thus relieving the 
inhibition of Rb on cell cycle progression. Active p53 
promotes the transcription of p21WAF/Cip1, which inhibits 
these two cyclin complexes, thereby promoting Rb-
dependent inhibition of cell cycle progression. In turn, 
active Rb binds to E2F proteins, preventing them from 
acting as transcription factors for the transcription of 
genes necessary for entry into and progression through S 
phase of the cell cycle.35 E2F proteins also increase the 
transcription of p14ARF, which inhibits MDM2. This serves 
as a negative feedback loop to increase p53 concentration 

in the cell and to prevent dysfunctional Rb from allowing 
cell cycle progression. As such, Rb pathway inactivation 
is commonly associated with p53 pathway inactivation. 
Expression of p14ARF is also induced by other oncopro-
teins such as Myc and Ras, increasing its ability to control 
hyperproliferation.36 Protein p16INK4A functions in the Rb 
pathway by binding to CDK4 and CDK6 and inhibiting 
the cyclin D–CDK4–6 complex.37 By inhibiting the inac-
tivation of Rb, p16INK4A also inhibits G1/S phase progres-
sion. The Rb gene is located on chromosome 13q14.9

It has been postulated that components of the Rb 
pathway are inactivated in most human lung cancers. 
There appears to be a selection preference for Rb pathway 
components that differs between SCLC and NSCLC. 
Rb inactivation occurs in approximately 90% of SCLC 
but substantially less frequently in NSCLC, whereas the 
upstream regulator p16INK4A seems to have the opposite 
pattern, with 70% inactivation in NSCLC and little in 
SCLC.38 This interesting dichotomy has yet to be explained 
but is likely related to inherent differences in protein 
expression patterns between NSCLC and SCLC. Approx-
imately 40% of NSCLC show overexpression of cyclin 
D1, which would contribute to phosphorylation and thus 
inactivation of Rb.39

Taken together, the high frequency of alterations in the 
Rb and p53 pathways indicates that these pathways are 
crucial obstacles to lung cancer oncogenesis. The inactiva-
tion of individual components leads to slightly different 
phenotypes even when inactivated components are within 
the same pathway. This is because the above pathway 
descriptions have been simplifi ed and do not include 
information on the different isoforms of each pathway 
member and the heterogeneity of pathway cross-talk. 
Because of the complexity of these different phenotypes, 
it has been diffi cult to defi nitively determine the prognos-
tic implications of each mutation (see Chapter 15).

Other Chromosomal Deletions

While the p53 and Rb pathways represent two of the 
best-studied tumor suppressor pathways, other chromo-
somal deletions have been shown to occur in lung cancer 
specimens with a frequency that suggests that important 
but as of yet unconfi rmed tumor suppressors are encoded 
in these regions. Using allelotyping studies of lung cancer 
cell lines, it has been demonstrated that the following 
regions are frequently lost: in SCLC, 4p, 5p, and 10q; in 
NSCLC, 6p, 6q, 10q, 11q, 12p, 16q, 19p, 19q, 21q, 22p, Xp, 
and Xq; and in both, 1p, 1q, 3p, 4q, 5q, 8p, 9p, 9q, 10p, 11p, 
15q, 16q, 18q, and 20p.9

Additionally, the locus for p53 (17p) and Rb (13q) are 
frequently lost in both SCLC and NSCLC. The 9p site 
encodes both p16INK4A and p14ARF genes whose genes par-
tially overlap in the same coding sequence.9,36 The 9q site 
for SCLC is known to contain the PTCH locus, which is 
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a known tumor suppressor functioning in the hedgehog 
signaling pathway.9,23 The 3p region has several candidate 
tumor suppressor genes whose functional signifi cance has 
yet to be determined. These include FHIT, VHL, TGFBR2, 
DLC1, MLH1/HNPCC2, PTPG, BAP1, RARβ, RASSF1A, 
SEMA3B, FUS1, and ROBO1.9,40–43 Tumor suppressor 
gene(s) in the 3p locus are likely to be important to lung 
cancer development, as loss of the region appears to be 
an early event in lung cancer formation.8 Recent work 
indicates that alteration of microRNA may be responsi-
ble for some of these changes.

Gene Silencing by MicroRNA

Micro (mi) RNAs were initially discovered through 
studies of embryonic development of Caenorhabditis 
elegans.44 They are 22 nucleotide (nt) noncoding RNAs 
that control essential processes during normal develop-
ment, such as cell differentiation, proliferation, apoptosis, 
and metabolism. It is estimated that the human genome 
contains about 1,000 MiRNAs, which are generated from 
large RNA precursors (pre-miRNAs) in the nucleus by 
RNase III enzyme. The pre-miRNAs form hairpin struc-
tures and are transported into cytoplasm.45 Maturation of 
miRNAs requires Dicer, another RNase III enzyme. The 
exact mechanism for miRNA-mediated gene expression 
regulation is not entirely clear at present, but the function 
of miRNA requires its binding to the complimentary 
sequences of the target mRNA transcripts, leading to 
either degradation or translational block of the target 
genes.

Mounting evidence indicates that miRNA expression 
patterns are altered in human cancer, including lung 
cancer. MicroRNA genes are frequently located at fragile 
sites, as well as in minimal regions of loss of heterozygos-
ity, minimal regions of amplifi cation, and common break-
point regions, suggesting that miRNAs might be a new 
class of genes involved in human tumorigenesis. Cancer 
patients with a low level of let-7 expression in the tumor 
have signifi cantly shorter survival.45 Further studies show 
that let-7 can inhibit K-ras expression.46 In support of this, 
microarray analysis of miRNAs revealed specifi c down-
regulation of let-7 expression in samples of lung but not 
of breast or colon cancer compared with normal adjacent 
tissue. Direct comparison of squamous cell carcinoma of 
the lung and adjacent normal tissue reveals reduced 
expression of let-7 miRNA and concomitant overexpres-
sion of ras in the lung carcinomas. A comprehensive study 
of miRNA expression in 104 paired specimens of lung 
cancer has recently been performed. It shows that 
human lung cancer has extensive alterations of miRNA 
expression that may deregulate cancer-related genes. The 
miRNA molecular profi les of lung adenocarcinoma, par-
ticularly mir-155 and let-7, also correlate with patient 

survival.47 However, much work remains to identify the 
targets of these miRNA.

More work is needed in order to understand the genetic 
alterations involved in lung cancer progression. More 
knowledge about these alterations in tumor suppressor 
genes, oncogenes, and miRNA in the tumor will provide 
a better understanding of molecular oncogenesis of 
lung.

Perspectives

Signifi cant progress has been made in understanding lung 
oncogenesis. The challenges for us are to translate this 
knowledge into clinically relevant strategies to diagnose 
cancer early, to prevent formation of the tumors, and to 
treat lung cancers with novel and specifi c compounds, 
which will require tremendous synergy and collaboration 
between basic scientists and clinical researchers. On the 
one hand, basic information about lung cancer biology, 
such as early diagnosis and therapeutic interventions, 
needs to be applied in cancer patient care. The results of 
these applications, in return, will feed back basic research. 
Clinical fi ndings of lung cancer drive the research to a 
higher level.

With new technologies now available for large-scale 
testing of clinical specimens, such as tissue microarray, 
gene chip analysis, and large-scale screening of small 
molecule chemicals with biologic activities, we are very 
hopeful that the next decade will be a golden age for 
researchers in lung cancer biology. In particular, we 
believe the following two areas of research will advance 
signifi cantly. First, early diagnosis of lung cancer utilizing 
multiple biomarkers and ultrasound-guided fi ne aspira-
tion will signifi cantly improve lung cancer detection. 
Second, novel small molecule compounds with specifi c 
biologic activities will be discovered and applied to clini-
cal trials or even clinical use, particularly small inter-
ference RNA. Again, these advances will require high 
synergy and collaboration between basic researchers and 
clinical scientists.
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17
Genetic Susceptibility

Philip T. Cagle and Timothy Craig Allen

susceptibility to cancer may arise from inherited poly-
morphisms of genes the products of which affect an indi-
vidual’s ability to repair DNA damage from carcinogen 
exposures, to metabolize carcinogens to more potent 
forms, or to detoxify carcinogens. Although these inher-
ited polymorphisms are not themselves cancer causing, 
they affect a certain exposure’s effect or affect an indi-
vidual’s response to that exposure.

Familial Lung Cancer Risk

Many authors have reported increased incidences of lung 
and other cancers in lung cancer patients’ family mem-
bers.20–47 As family members have common genetics, but 
also typically live in common environments, a familial 
increase in cancer risk could possibly be caused by expo-
sures common to the family members sharing the same 
environment or common lifestyles. Potentially confounding 
factors such as secondhand smoke, similar smoking habits, 
and common occupational exposures must be taken into 
account before a familial cluster of cancer can legitimately 
be considered to be from a genetic cause. Studies examining 
these confounding factors have identifi ed a statistically 
signifi cant increased lung cancer risk in relatives of lung 
cancer patients.22,26–36,40–47 Specifi cally, studies of families of 
lung cancer patients who were nonsmokers or signifi cantly 
younger than average showed an increased familial lung 
cancer risk—further evidence that genetic susceptibility is 
a factor in lung cancer development.29,31,41,48–63

Most likely, some degree of familial lung cancer risk is 
caused by inherited polymorphisms in the DNA repair 
genes, as noted earlier, and xenobiotic-metabolizing 
enzyme genes, discussed later. Potential chromosomal 
loci for lung cancer susceptibility in families can be inves-
tigated with current techniques. In a study of multigen-
erational families with lung, throat, and laryngeal cancer, 
for example, a lung cancer susceptibility locus was mapped 
to chromosome 6q23–25.38

Lung Cancer Risk

Tobacco smoke, with its many associated carcinogens, 
procarcinogens, and suspected carcinogens such as nitro-
samines, aromatic amines, polycyclic aromatic hydrocar-
bons (PAHs), and free radical species, is strongly linked 
to lung cancer risk. Compared with tobacco smoke, other 
environmental exposures implicated in lung cancer have 
little impact on lung cancer risk. However, not every one 
with the same or similar tobacco exposure develops lung 
cancer. Why do only 10%–20% of smokers develop lung 
cancer, even with similar smoking histories, while up 
to 15% of lung cancers occur in individuals who have 
never smoked? Although never-smokers may have been 
exposed to environmental carcinogens or procarcinogens, 
their lung cancers are often considered to be idiopathic. 
Still, many people have similar environmental exposures 
without developing lung cancer. What factors can be used 
to distinguish between never-smokers with similar envi-
ronmental exposures who develop lung cancer and those 
who do not?

People are generally thought to have different suscep-
tibilities to cancer risk factors, including lung cancer risk 
factors.1–19 These different susceptibilities might explain 
why some people exposed to a certain risk factor develop 
cancer while others similarly exposed do not and why 
some people with minimal exposure, or younger than 
average for that group of exposed individuals, develop 
cancer. A genetic basis for different susceptibilities to 
cancer risk factors has been proposed based on the obser-
vation that different susceptibilities seem to be inherited 
based on aggregation of cancers within families.20–47 
Inherited susceptibilities would help explain why some 
people develop lung cancer, such as individuals with 
minimal or no tobacco smoke exposure,48–54 frequently in 
association with family histories positive for cancer,55–59 
or those who develop lung cancer from exposure at a 
signifi cantly earlier-than-average age.60–63 This genetic 
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Lung Cancer Risk in Women and Men

Multiple studies have investigated possible gender differ-
ences in lung cancer susceptibility.64–71 Some suggest that 
women smokers have an increased risk of developing 
lung cancer relative to men smokers with the same 
smoking histories,72–74 whereas others have not identifi ed 
any differences.75,76 The International Early Lung Cancer 
Action Program Investigators, studying 7,498 women and 
9,427 men, found an increased susceptibility to tobacco 
carcinogens in women.71 Conversely, neither the Nurses’ 
Health Study, studying smoking and lung cancers in more 
than 60,000 women, nor the Health Professionals Follow-
Up Study, examining more than 25,000 men, identifi ed an 
increased lung cancer risk in women.76 Hormonal infl u-
ences and environmental factors have been proposed as 
reasons for reported differences in gender-associated 
lung cancer susceptibility, as have differences in xeno-
biotic-metabolizing enzymes, between men and 
women.77,78

Xenobiotic-Metabolizing Enzymes

Xenobiotics, chemicals within the body such as drugs, 
toxins, solvents, and poisons, are altered by xenobio-
tic-metabolizing enzymes. Xenobiotics may induce 
xenobiotic-metabolizing enzymes by various methods, 
such as by acting as substrate ligands that bind receptors, 
by activating the xenobiotic enzymes by transcription, or 
by stabilizing the protein product. Phase I xenobiotic-
metabolizing enzymes can metabolize the xenobiotic 
chemicals into other compounds but paradoxically may 
cause metabolic bioactivation of xenobiotic substrates 
and transform them into active or more potent toxins or 
carcinogens, so-called reactive intermediates. The cyto-
chrome P450s, or CYPs, are an important group of phase 
I xenobiotic-metabolizing enzymes. Phase II enzymes can 
detoxify reactive intermediates and transform them into 
compounds that can be removed from the body. The glu-
tathione-S-transferases (GSTs) are an important class of 
phase II enzymes. Phase III transporters, including P-
glycoprotein, multidrug resistance–associated proteins, 
and organic anion transporting polypeptide 2, are impor-
tant for xenobiotic transport and excretion.79–89

The primary activity of the phase I enzymes P450s or 
CYPs is to catalyze xenobiotic oxidation; however, they 
also may catalyze reduction reactions. These enzymes are 
also involved in other processes, such as biosynthesis of 
steroid hormones and prostaglandins.90–101 These reac-
tions primarily occur in the liver but can take place in 
other tissues, including lung tissue.102–106 Cytochrome 
P450–dependent metabolism frequently produces inter-
mediate compounds—reactive intermediates—that may 
be more potent carcinogens than their parent compounds 
and that could covalently bind to DNA and form adducts. 

DNA adduct formation is thought to be an important 
step in carcinogenesis. These intermediate compounds 
are also converted to more soluble, inactive products that 
can be excreted or compartmentalized by phase II 
enzyme-dependent conjugation reactions. As such, CYP 
metabolism may be a double-edged sword, leading to 
production of reactive intermediates that are more carci-
nogenic than the original compounds—but also more 
readily detoxifi ed and removed than the original com-
pounds. Nearly 60 active human P450 genes have been 
identifi ed, and most are polymorphic. The CYP allele 
homepage address is http://www.imm.ki.se/cypalleles/. 
The CYP enzymes and genes are designated by family 
number (an Arabic number), subfamily letter (A, B, C, 
etc.), and individual members of a subfamily (also an 
Arabic number). Class I polymorphic CYP enzymes, 
which include CYP1A1, CYP1A2, CYP1B1, CYP2A6, 
CYP2E1, and CYP3A4, metabolize procarcinogens. In 
particular, CYP1A1 and CYP1B1 are important for the 
metabolism of PAHs from tobacco smoke, and CYP2A6 
and CYP2E1 are involved in the metabolism of nitrosa-
mines from tobacco smoke.90–101

A number of CYPs are induced by the aryl hydro-
carbon receptor (AhR), which dimerizes with the AhR 
nuclear translocator (Arnt) and induces expression of 
CYP1A1 and CYP1B1. CYP1A1 and CYP1B1 encode 
aryl hydrocarbon hydroxylases as well as CYP1A2. 
Ligands for AhR include PAHs and other xenobiotics 
that are also substrates for the activated CYP enzymes. 
Aryl hydrocarbon receptor may exhibit either low affi n-
ity or high affi nity for its ligands, producing low or high 
inducibility of CYP1 enzymes. After binding its ligand, 
AhR translocates into the nucleus and dimerizes with 
Arnt protein. The AhR–Arnt dimer binds to xenobiotic 
responsive elements (XREs) of the CYP1A1 gene, 
thereby activating its transcription.107–110

Benzo(a)pyrene, a PAH in tobacco smoke, has been 
extensively studied. Benzo(a)pyrene binds to AhR upon 
entering the lungs, resulting in the induction of CYP1A1 
and CYP1B1. The CYP enzymes metabolically activate 
benzo(a)pyrene to benzo[a]pyrene-7,8-diol-9,10-epoxide 
(BPDE); BPDE is a carcinogen that damages DNA by 
covalently bonding to the DNA, forming bulky chemical 
adducts, for example by binding to guanine nucleobases 
in codons 157, 248, and 273 of p53—mutational “hot-
spots” in smoking-related lung cancers.111–118 Besides 
PAHs, tobacco smoke contains N-nitrosamines, in-
cluding 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone, 
N-dimethylnitrosamine, N-diethylnitrosamine, N-
nitrosophenylmethyl-amine, and N-nitrosonornicotine. 
These inhaled N-nitrosamines are metabolically activated 
by CYP2A6 and CYP2E1 to compounds that form chem-
ical adducts with DNA.119–124

The phase II enzyme GSTs primarily act to catalyze 
the conjugation of glutathione to xenobiotics containing 
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an electrophilic center, forming more soluble, nontoxic 
peptides that can be excreted or compartmentalized by 
other enzymes—phase III enzymes. The GST superfamily 
consists of enzymes that catalyze the conjunction of 
glutathione to xenobiotics. It is divided into three sub-
families, each composed of multigene families—soluble 
or cytosolic (canonical) GSTs, microsomal or MAPEG 
(membrane-associated proteins involved in eicosanoid 
and glutathione metabolism) GST, and the plasmid-
encoded bacterial fosfomycin-resistance GSTs. The cyto-
solic GSTs are polymorphic and are divided into seven 
classes—alpha, mu, and pi are regarded as specifi c and 
sigma, omega, theta, and zeta as common. Of particular 
interest among the cytosolic GSTs in the metabolism of 
tobacco-derived carcinogens are GSTM1, GSTM3, and 
GSTP1, which detoxify reactive intermediates of PAHs 
such as benzo(a)pyrene, and GSTT1, which detoxifi es 
reactive oxidants such as ethylene oxide.125–129 Other 
phase II enzymes include N-acetyltransferases (NATs), 
sulfotransferases, UDP-glucuronosyltransferases, and 
NAD(P)H:quinone oxidoreductase (NQO1). Microsomal 
epoxide hydrolase (mEH) is a phase II enzyme that also 
acts as a phase I enzyme. Microsomal epoxide hydrolase 
catalyzes the trans-addition of water to xenobiotics such 
as PAHs, including benzo(a)pyrene, producing dihydro-
diol reactive intermediates involved in PAH-initiated 
carcinogenesis.130–134

DNA Adducts and Lung Cancer

DNA adducts from metabolically activated intermediates 
of compounds found in tobacco smoke are mutagenic 
and carcinogenic.135–138 Bulky DNA adducts can be identi-
fi ed with 32P-postlabeling of tumor tissues, peripheral 
blood lymphocytes, and other tissues; immunoassays and 
immunohistochemistry; mass spectrometry; fl uorescence; 
high performance liquid chromatography electrochemi-
cal detection; and phosphorescence spectroscopy.139 
Polycyclic aromatic hydrocarbon–DNA adducts can be 
identifi ed by BPDE-DNA immunoassays such as the 
BPDE-DNA chemiluminescence immunoassay.140

Elevated DNA adduct levels have been found in 
smokers’ lung and other tissues. More DNA adducts are 
found in patients with smoking-related cancers such as 
lung cancer than in patients without cancer.141–147 Veglia 
et al., in a metaanalysis that included data on 691 cancer 
patients and 632 controls from six studies (fi ve studies 
involved lung cancer, one study oral cancer, and one study 
bladder cancer) found that current smokers with smoking-
related cancers had a statistically signifi cant (83% higher) 
level of DNA adducts than controls.145 Gyorffy et al., 
studying 85 lung cancer patients—47 smokers, 23 long-
term former smokers, 15 never-smokers—identifi ed 
increased levels of DNA adducts in smokers’ lungs rela-
tive to non-smokers’ and never-smokers’ lungs.146

These studies, along with studies demonstrating the 
carcinogenicity of DNA adducts from tobacco smoke, 
suggest a link between the number of DNA adducts and 
the development of lung cancer. However, in retrospec-
tive case–control studies, the possibility that the levels of 
DNA adducts are the result of, rather than the cause of, 
the disease cannot be completely excluded. Nonetheless, 
that DNA adducts are a cause of, rather than an effect of, 
cancer is strongly supported by prospective studies in 
which DNA adducts were measured in blood samples 
collected years before cancer onset. Tang et al., compar-
ing blood samples from 89 subjects enrolled in the pro-
spective Physicians’ Health Study who developed primary 
lung cancers with 173 controls, found that disease-free 
current smokers with elevated levels of DNA adducts in 
blood leukocytes were three times more likely to be diag-
nosed with lung cancer 1–13 years later than current 
smokers with lower DNA adduct levels.142

In a case–control study of patients enrolled in the 
European Prospective Investigation into Cancer and 
Nutrition investigation, Peluso et al. measured the levels 
of DNA adducts in blood samples collected several 
years before the onset of cancer and noted that levels 
of leukocyte DNA adducts were associated with the 
subsequent risk of lung cancer.147 The lung cancer 
association was stronger in never-smokers—whose 
sources would be environmental, such as second-hand 
tobacco smoke and air pollution—and in younger 
patients. These prospective studies strongly suggest a 
relationship between DNA adduct levels and lung cancer 
risk and further suggest that individual patients have 
differing susceptibilities to carcinogen exposures, high-
lighted by the risks observed in those with fewer years of 
exposure—younger patients—and those with lesser levels 
of exposure—never-smokers.

Polymorphisms and DNA Adduct Levels

Differences in levels of DNA adduct are related not only 
to exposure levels but also to the activity levels of xeno-
biotic enzymes.148–154 Some alleles of specifi c xenobiotic 
enzymes are more active than other alleles. A variant of 
a phase I enzyme that is highly active (extensive metabo-
lizer) may produce a greater number of reactive inter-
mediates and, as a result, more DNA adducts than a less 
active variant of the same phase I enzyme (poor metabo-
lizer). A less active variant of a phase II enzyme might 
detoxify reactive intermediates more slowly than a more 
active variant, resulting in a greater accumulation of 
reactive intermediates and therefore potentially creating 
more DNA adducts. Consequently, polymorphisms of 
xenobiotic enzymes could possibly contribute to differing 
DNA adduct levels in patients, which might cause patients 
to exhibit different susceptibilities to lung cancer. The 
same is true when less active variants of DNA repair 
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genes repair damage from DNA adducts, or other sources, 
at a reduced rate.

Studies have found that differing levels of DNA adducts 
may occur in association with different variants of xeno-
biotic enzymes.148–154 Patients lacking the GSTM1 enzyme 
have higher DNA adduct levels compared with GSTM1-
positive patients. GPX1 is a phase II enzyme that conju-
gates PAH-diols to glutathione. In GPX1, the Pro198Leu 
allelic variant has lower enzyme activity, which results in 
less detoxifi cation and therefore higher levels of DNA 
adduct compared with wild-type patients. Microsomal 
epoxide hydrolase is a phase II enzyme, and the slow 
allelic variant mEH*2 results in increased epoxide inter-
mediates and therefore higher DNA adduct levels.154

Investigations of Specifi c Polymorphisms 
and Susceptibility to Lung Cancer

As described later, studies of polymorphisms of 
xenobiotic-metabolizing genes and DNA repair genes 
have identifi ed potential allelic variants associated with 
greater or lesser risk of lung cancer.155–158 Although the 
concept of polymorphisms of xenobiotic-metabolizing 
enzymes and DNA repair enzymes is appealing, studies 
correlating single-locus alleles with lung cancer risk have 
generally produced confl icting results. These confl icting 
results probably arise from a variety of factors. The number 
of cases might be too few in some studies to reliably gauge 
any moderate effects on lung cancer risk. The polymor-
phisms studied might vary. Different ethnic groups have 
widely differing frequencies of some polymorphisms that 
affect results according to the ethnic group studied. As the 
metabolism, detoxifi cation, and repair processes involved 
in DNA adducts are complex, one single polymorphism 
most likely does not account for differences in DNA 
adduct levels. Studies analyzing several or many polymor-
phisms simultaneously in a single population are more 
likely to yield more comprehensive and consistent results. 
Newer technologies, permitting study of single nucleotide 
polymorphisms and haplotypes, increase statistical 
sensitivity.158 Linkage disequilibrium–based strategies are 
likely to improve detection of the DNA alleles that con-
tribute to common diseases, such as lung cancer.155–158

Xenobiotic-Metabolizing Genes

Cytochrome P450 Polymorphisms and 
Lung Cancer Susceptibility

Ayesh et al. proposed in 1984 that there was a relation-
ship between risk of lung cancer and a polymorphism 
of CYP (debrisoquine 4-hydroxylase or CYP2D6).159 In 
1990, Kawajiri et al. suggested that CYP1A1 polymor-
phisms may impact on lung cancer risk.160 Ensuing 

studies of CYP2D6 polymorphisms have produced mixed 
results.161–166 Several CYP1A1 alleles have been exten-
sively studied.

The CYP1A1 m1 allele, also known as MspI, has a T to 
C transition in the 3′ noncoding fl anking region. It has 
increased enzyme activity. Hayashi et al. in 1991 fi rst 
described a transition of adenine to guanine at position 
2455 in exon 7 of CYP1A1, causing an isoleucine to valine 
amino acid substitution at codon 462 (Ile462Val).167 
Similar to the MspI allele, the valine allele, or CYP1A1 
m2 allele—also termed CYP1A1*2C—has increased 
enzymatic activity (extensive metabolizer), believed to 
cause greater carcinogenic DNA adduct production and 
higher risk of tobacco smoke–related lung cancer. The 
CYP1A1 m3 allele, with a mutation in intron 7, is thought 
to be specifi c to African Americans, whereas the CYP1A1 
m4 allele has a transition in exon 7 that causes a Thr for 
Asn substitution.167–179

Many studies have investigated the possible associa-
tion between CYP1A1 polymorphisms and lung cancer 
risk in various ethnic populations.180–220 CYP1A1 m1 and 
m2 polymorphisms correlated strongly with lung cancer 
risk in several Japanese studies, especially with respect 
to tobacco smokers and squamous cell carcinoma of the 
lung.180,183,185,186,191,193,201 Song et al., examining 217 Chinese 
lung cancer cases and 404 controls, identifi ed an increased 
risk for pulmonary squamous cell carcinoma in patients 
with at least one CYP1A1 m1 allele or at least one 
CYP1A1 m2 allele.211 Lin et al. has reported similar 
fi ndings.207 Persson et al. did not identify any association 
of lung cancer and CYP1A1 polymorphisms in Chinese 
patients who were predominantly women with 
adenocarcinomas.203

Because the prevalence of the CYP1A1 m1 and m2 
alleles is very low in Caucasians, studies have generally 
exhibited mixed results regarding these polymorphisms 
and Caucasian patient lung cancer risk.184,187,188,197,199,200 Le 
Marchand et al., examining pooled data from Caucasians 
from 11 studies with a total of 1,153 lung cancer cases and 
1,449 control patients, identifi ed an increased risk of lung 
cancer, predominantly squamous cell carcinoma, related 
to the presence of the CYP1A1 m2 allele.212 In a study of 
1,050 lung cancer patients and 581 controls, Larsen et al. 
identifi ed an association between the CYP1A1 m2 allele 
and the risk of lung cancer, especially among women 
patients, younger patients, and patients with lesser 
smoking histories.217 Studies of populations of Americans 
with mixed ethnicity have also identifi ed an increased 
risk of lung cancer associated with the CYP1A1 m1 
allele,197,199,200 and Brazilian studies have identifi ed an 
increased lung cancer risk associated with the CYP1A1 
m2 allele.190,194 An increased risk for pulmonary adeno-
carcinoma, but not other types of lung cancer, associated 
with the CYP1A1 m3 allele has been reported in African 
Americans.189,192,195,202
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CYP2A6

CYP2A6 metabolically bioactivates N-nitrosamines in 
tobacco smoke. Several alleles of CYP2A6 have been 
identifi ed, including CYP2A6*4C, CYP2A6*7, CYP2A6*9, 
and CYP2A6*10, and the alleles have decreased the 
enzyme activity or decreased expression of CYP2A6. 
These variant alleles of CYP2A6 are associated with a 
decreased lung cancer risk, especially for squamous cell 
carcinoma and small cell carcinoma, and a decreased risk 
in heavy smokers compared with light smokers and never 
smokers, a fi nding compatible with the decreased meta-
bolic bioactivation of N-nitorsamines.221–224

Other CYP Alleles

Several other CYP gene alleles have been studied as 
potential markers of lung cancer susceptibility, including 
CYP2A13,235,236 CYP2E,237,238 and CYP3A.239 Data regard-
ing their use as lung cancer susceptibility markers is 
limited, however.

Aryl Hydrocarbon Receptor

The AhR alleles have received some scrutiny for their use 
as possible markers of lung cancer susceptibility. However, 
no association with increased lung cancer risk has yet 
been found.240,241

Microsomal Epoxide Hydrolase

A number of authors have noted that mEH alleles with 
high activity show an association with a higher risk of 
smoking-related lung cancers relative to alleles with low 
activity.242–247

Glutathione-S-Transferase and Lung 
Cancer Susceptibility

Glutathione-S-transferase variants have been studied with 
respect to risk of lung cancer, but the studies have pro-
duced mixed results.248–276 Glutathione-S-transferase poly-
morphisms could also affect lung cancer cell type.277–279 
These alleles occur in the GSTM1, GSTT1, GSTP1, and 
GSTM3 genes and are associated with the reduced activ-
ity or deletion, with loss of all activity, of these phase II 
enzymes. These alleles include the GSTM1*0 (GSTM1 
null) allele, a deletion of the GSTM1 gene; the GSTT1*0 
(GSTT1 null) allele, a deletion of the GSTT1 gene; the 
GSTP1 Ile105Val variant (I105V), caused by an A to G 
transition; the GSTP1 Ala114Val variant (A114V), caused 
by a C to T transition; and the GSTM3 intron 6 polymor-
phism, a three-base pair deletion in intron 6. Perera et al., 
in a nested case–control study that included 89 lung 
cancer cases and 173 controls (within the prospective 

Physicians’ Health Study), found, after controlling for 
smoking level, that adducts signifi cant predicted lung 
cancer risk; that the combined GSTM1 null/GSTP1 Val 
genotype was associated with lung cancer generally, espe-
cially in patients who were former smokers; and that 
adducts were signifi cantly higher in patients who were 
current or former smokers with lung cancer who exhib-
ited the GSTM1 non-null/GSTP1 Ile genotype.266 Ye 
et al., in a metaanalysis of data from 130 studies contain-
ing 23,452 lung cancer cases and 30,397 controls, found a 
weak association of the GSTM1 null and GSTT1 null 
polymorphisms with lung cancer risk and possibly weaker 
associations in studies of patients of European descent, 
whereas the GSTP1105V, GSTP1114V, and GSTM3 
intron 6 polymorphisms showed no signifi cant overall 
associations with lung cancer.276

Other Phase II Xenobiotic Enzymes

Studies of NQO1 alleles and possible lung cancer risk 
have shown mixed results.280–284 Saldiver et al. noted that 
the NQO1 variant allele associated with reduced activity 
was associated with increased lung cancer risk in younger 
patients, in women, and in never-smokers.284 Other authors 
studying NAT1 alleles and lung cancer risk have reached 
confl icting conclusions.285–289 Habalova et al. found a slow 
acetylation variant—*5B/*6—to be associated with squa-
mous cell carcinoma risk in younger patients, in non-
smokers, and in women;289 whereas Wang et al. noted an 
increased risk of lung cancer in association with the 
SULT1A1*2 allele (variant A-allele) which codes for 
a SULT1A1 sulfotransferase enzyme with decreased 
activity.290

Multiple Xenobiotic-Metabolizing Enzymes

Because xenobiotic metabolism is a complex process 
involving many enzymes, an accurate understanding of 
lung cancer susceptibility requires an understanding 
of the interactions among multiple genes and the effects 
of multiple enzymes. Several studies have examined the 
combined effects of two or more xenobiotic enzymes.291–299 
In a pooled analysis of data from 14 case–control studies 
that included 302 lung cancer cases and 1,631 controls in 
Caucasian nonsmokers from the International Collabor-
ative Study on Genetic Susceptibility to Environmental 
Carcinogens, Hung et al. identifi ed an increased lung 
cancer risk with the combined CYP1A1 Ile462Val variant 
and GSTM1 null genotype relative to the CYP1A1 wild 
type and GSTM1 non-null genotype.294 Raimondi et al. 
performed a metaanalysis of data from 21 case–control 
studies from the International Collaborative Study on 
Genetic Susceptibility to Environmental Carcinogens 
that included 2,764 Caucasians—555 lung cancer cases 
and 2,209 controls—and 383 Asians—113 lung cancer 
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cases and 270 controls—who had never smoked on a 
regular basis.299 In their analysis of multiple xenobiotic 
metabolizing enzymes, the investigators found (1) a sig-
nifi cant association between lung cancer and CYP1A1I-
le462Val polymorphism in Caucasians; (2) GSTT1 
deletion was a risk factor for lung cancer in Caucasian 
nonsmokers only in studies including healthy controls; 
and (3) the combination of CYP1A1 wild type, GSTM1 
null, and GSTT1 non-null genotypes was associated with 
a lower lung cancer risk. None of the polymorphisms 
studied by Raimondi et al. were associated with lung 
cancer in Asian nonsmokers.299

DNA Repair Gene Polymorphisms and 
Lung Cancer Susceptibility

The genes and their products involved in DNA damage 
repair have been discussed elsewhere. In cultured lym-
phocytes, DNA repair capacity (DRC) can be measured 
using the host–cell reactivation assay and a reporter gene 
damaged by the activated tobacco carcinogen BPDE. A 
fi vefold variation in DRC has been found in the general 
population. Also, decreased DRC has been associated 
with increased lung cancer risk.300–304 Polymorphisms in 
DNA repair genes may be related to differences in effi -
ciency of DNA repair. Decreased or increased ability to 
repair DNA damage is thought to impact the accumula-
tion of signifi cant genetic abnormalities required for 
cancer development. This has led to research regarding 
inherited polymorphisms of the DNA repair genes as 
factors in lung cancer susceptibility.

Nucleotide Excision Repair 
Pathway Polymorphisms

As discussed elsewhere, the nucleotide excision repair 
pathway removes bulky PAH–DNA adducts and as such 
has been an important focus of research investigating 
lung cancer susceptibility. After the recognition of DNA 
damage, such as bulky adducts, by the XPC–hHR23B 
complex, the helicase activities of XPD (also termed 
ERCC2) and XPB permit opening of the DNA double 
helix, which allows the damaged DNA segment to be 
excised and removed. The XPD protein is a required for 
the nucleotide excision repair pathway. Point mutations 
in XPD cause DNA repair-defi ciency diseases, such as 
trichothiodystrophy, Cockayne syndrome, and xeroderma 
pigmentosum. Xeroderma pigmentosum patients have a 
very high predilection for cancers, which stresses the 
importance of the association between DNA repair effi -
ciency and the risk of cancer.

The prevalence of XPD alleles and genotypes varies 
greatly by ethnicity. Polymorphisms in codons 156, 312, 
711, and 751 of the XPD gene are noted commonly, with 

an allele frequency greater than 20%. Polymorphisms of 
codon G23592A (Asp312Asn) of exon 10 and codon 
A35931C (Lys751Gln) of exon 23 cause amino acid 
changes in the XPD protein and have been studied with 
respect to lung cancer susceptibility.305–325 Studies have 
examined the levels of DNA adducts associated with 
these polymorphisms as an indication of the effi ciency of 
the different alleles at DNA repair. Most likely a higher 
level of adducts suggests that the allele has less effi ciency 
at excising DNA adducts. With respect to codon 312 poly-
morphisms, the majority of studies have found a higher 
level of DNA adducts in association with the Asn allele 
than with the Asp allele. With regard to the 751 polymor-
phism, the majority of studies have identifi ed a higher 
level of DNA adducts in association with the Gln 
allele. As such, most studies indicate a difference in DNA 
repair effi ciency between these specifi c XPD alleles.305–325 
Hu et al., in a metaanalysis of data from nine case–
control studies including 3,725 lung cancer cases and 
4,152 controls, found that patients with the XPD751CC 
genotype had a 21% higher risk of lung cancer compared 
with patients with the XPD751AA genotype and that 
patients with the XPD312AA genotype had a 27% higher 
risk of lung cancer than those with the XPD312GG 
genotype.320

Performing a meta-analysis derived from the same 
studies as Hu et al.,320 including 2,886 lung cancer cases 
and 3,085 controls for the XPD312 polymorphism from 
six studies and 3,374 lung cancer cases and 3,880 controls 
for the XPD751 polymorphism from seven studies, 
Benhamou and Sarasin322 were unable to conclude that 
one or the other of these polymorphisms was associated 
with an increased risk of lung cancer. After the confl icting 
metaanalyses, Hu et al. performed a case–control study 
that included 1,010 lung cancer cases and 1,011 age- and 
sex-matched cancer-free controls in a Chinese popula-
tion.324 They studied eight single nucleotide polymor-
phisms–deletion/insertion polymorphisms of XPD/ERCC2 
and XPB/ERCC3 and found that none of the eight poly-
morphisms was individually associated with lung cancer 
risk; however, the combination of genetic variants in 
ERCC2 and ERCC3 contributed to the risk of lung cancer 
in a dose–response manner.

Other studies have shown an increased lung cancer 
risk with combinations of XPD polymorphisms and 
polymorphisms of other DNA repair genes. Zhou et al. 
identifi ed a signifi cantly increased lung cancer risk in 
patients with fi ve or six variant alleles of XPD 
Asp312Asn, XPD Lys751Gln, and XRCC1 Arg399Gln 
polymorphisms compared with patients with no variant 
alleles.319 Chen et al. found that patients with variant 
alleles for both XPD Lys751Gln and XRCC1 Arg194Trp 
polymorphisms had a higher lung cancer risk than 
patients with only one variant allele in a Chinese 
population.310
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Other DNA Repair Genes

Other DNA repair gene polymorphisms, including 
XPA,326–328 XPC,329,330 XPG,331 XRCC1,332–338 XRCC3,339 
MMH/OGG1, the base excision repair pathway,340–345 and 
MGMT,346–348 have been examined with respect to lung 
cancer susceptibility, generally yielding confl icting or 
unconfi rmed results, Kim et al., examining ATM geno-
types in 616 lung cancer patients and 616 cancer-free 
controls, noted that the A allele at the site (IVS62+60G 
> A) was associated with a higher lung cancer risk than 
the G allele.349 Patients with the ATTA haplotype showed 
signifi cantly increased lung cancer risk versus patients 
with the common GCCA haplotype; and patients with 
the (NN)TA haplotype showed an increased lung cancer 
risk versus patients without the (NN)TA haplotype.

Multiple DNA Repair Genes

Zienolddiny et al., studying 44 single nucleotide polymor-
phisms in 20 DNA repair genes in 343 non–small cell 
carcinoma patients and 413 controls from the general 
population of Norway, found that (1) for the nucleotide 
excision repair pathway, ERCC1 (Asn118Asn, C > T), 
ERCC1 (C15310G), and ERCC2 (Lys751Gln) variants 
were related to increased lung cancer risk, and XPA, 
G23A, and ERCC5/XPG (His46His) variants were 
related to decreased lung cancer risk; (2) for the base 
excision repair pathway, OGG1 (Ser326Cys) and PCNA 
(A1876G) variants were associated with increased lung 
cancer risk, the APE1/APEX (Ile64Val) variant was asso-
ciated with decreased lung cancer risk, and the variant 
T allele of PCNA2352 single nucleotide polymorphism 
had a marginal effect on cancer risk; (3) for the double-
strand break repair pathway, the XRCC2 (Arg188His) 
variant was related to increased lung cancer risk, and the 
XRCC9 (Thr297Ile) and ATR (Thr211Met) variants were 
associated with decreased lung cancer risk; and (4) for 
the death receptor pathway, the MGMT/AGT (Leu-
84Phe) variant in exon 3 exhibited a slight tendency 
toward a higher lung cancer risk.350
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patients in therapeutic trials and identify those patients 
who may be more likely to benefi t from adjuvant thera-
pies.24 Table 18.1 lists a number of studies examining or 
reviewing potential prognostic implications from various 
molecular genetic abnormalities in NSCLC.25–68

c-erbB2

The c-erbB2 protooncogene (p185, HER2/neu), located 
on chromosome 17 q21, a well-established prognostic 
marker for breast cancer, codes for a transmembrane 
protein with tyrosine kinase activity.23,69 It shares a large 
part of sequence homology with, and is structurally similar 
to, the epidermal growth factor receptor gene.23,69 c-erbB2 
is normally found in low levels in ciliated lung cells, type 
II pneumocytes, and bronchial submucosal glands.23 
ErbB2 receptor helps regulate DNA repair, cell cycle 
checkpoints, and apoptosis in NSCLC.25 Kern et al. exam-
ined 44 NSCLC, all adenocarcinomas, and found overex-
pression of c-erbB2, especially in association with Ki-Ras 
mutations, to be associated with poorer prognosis for 
NSCLC patients.25 Giatromanolaki et al. identifi ed a 
worse prognosis with c-erbB2 immunopositivity in 107 
NSCLC patients.26 Other studies contradict this fi nding. 
Moldvay et al.,23 examining 227 NSCLC patients, Pfeiffer 
et al.,27 examining 186 NSCLC patients, and Pollan et al.,28 
examining 465 NSCLC patients, found no prognostic sig-
nifi cance with c-erbB2 tumor cell immunopositivity. 
Tateishi et al., examining 203 NSCLC patients who showed 
improved survival with c-erbB2 overexpression, reported 
a 5-year survival rate of 52% for patients with c-erbB2 
immunopositive tumors and 30% for patients with immu-
nonegative tumors.29 The contradictory results may be due 
to differing interpretations of immunostaining and cut-off 
values and to technique heterogeneity.23,25 Some studies 
evaluate cytoplasmic staining, and others evaluate mem-
branous staining.23 Additional studies may clarify the role 
of c-erbB2 as a prognostic marker with NSCLC.

Prognostic Markers

DNA damage in lung cancers results in molecular genetic 
abnormalities that contribute to their pathogenesis and 
progression.1 Many studies have examined the predictive 
value of specifi c molecular genetic abnormalities involv-
ing cell cycle regulation, apoptosis, and so forth, in indi-
vidual tumors on the clinical outcomes of lung cancer 
patients.2–4 Both loss of specifi c tumor-suppressor gene 
function and the activation of specifi c oncogenes have 
been studied as potential prognostic indicators, as have 
other molecular abnormalities, for example, epigenetic 
phenomena such as hypermethylation.3–22 Ultimately, no 
one molecular marker is expected to predict prognosis by 
itself because development and progression of cancer 
involves the accumulation of multiple genetic abnormali-
ties with complex pathways, feedback loops, and redun-
dancies such that abnormalities of any of several proteins 
in a pathway can produce similar effects on the cells. 
Therefore, molecular profi les of multiple markers are 
likely to be more useful than examination of one or two 
markers alone in predicting prognosis.19 The markers pre-
sented here are those that have undergone the most 
investigation to date.

Non–Small Cell Lung Cancers

The presence of resectable tumor is the best established 
indicator of non–small cell lung carcinoma (NSCLC) 
prognosis because, while the 5-year survival rate for all 
NSCLC is 13%, early stage tumors treated surgically attain 
a 5-year survival rate of 47%.23 Nonetheless, about half of 
the patients with early stage resected cancers relapse, sug-
gesting differing degrees of aggressiveness, recurrence, 
and occult metastasis in similarly staged NSCLC.23 Con-
siderable clinical and basic science research has been per-
formed examining the prognostic potential of molecular 
biologic markers that might help stratify lung cancer 
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proteins: one group (Bcl-2, Bcl-xL, Bcl-w, Mcl-1) pre-
serves mitochondrial membrane potential and prevents 
cell apoptosis by suppression of the release of apoptotic 
factors such as cytochrome c and apoptosis-inducing 
factor; and a second group (Bax, Bak, Bid, Bad, Bok, 
Bim) acts as proapoptotic factors, inducing via mitochon-
drial dysfunction the release of proapoptotic mediators, 
which then activate caspase-9.70 Bcl-2 is abnormally 
expressed in over half of small cell lung cancers, but there 
is no prognostic benefi t.71

Researchers, including Pezzella et al.,30 examining 122 
NSCLC patients, Cox et al.,31 examining 167 NSCLC 
patients, Ohsaki et al.,72 examining 99 NSCLC patients, 
and Silvestrini et al.,32 examining 229 NSCLC patients, 
have found Bcl-2 overexpression to be associated with 
improved prognosis in lung adenocarcinomas, possibly 
from the loss of its antiapoptotic activity from Bcl-2 phos-
phorylation or from its association with other Bcl-2 family 
members, such as Bax and Bcl-x.23,30–32,72 Other possible 
explanations include altered Bcl-2:Bax ratio and Bcl-2-
induced inhibition of tumor angiogenesis.23,31,32,72 However, 
one study by Poleri et al, examining 53 NSCLC patients, 
showed a poorer prognosis with increased Bcl-2 expres-
sion.33 Bcl-2 acts by inhibiting programmed cell death and 
has a suppressive function over vascular endothelial 
growth factor and thymidine phosphorylase, involved 
in angiogenesis, and over c-erbB2, involved in cell 
migration.73–75

p53

p53 is a tumor suppressor gene associated with G1 arrest 
and apoptosis caused by cytotoxic stress, including DNA 
damage and various genetic abnormalities in the gene 
sequence. The cytotoxic stress stabilizes p53 and allows 
for its detection by immunohistochemistry. Its immu-
nopositivity correlates with p53 missense mutation, but 
other types of p53 mutations, making up about 20% of 
mutations, cause an absence of functional p53 protein. 
These mutations, called null phenotype mutations, are not 
immunohistochemically identifi able. Also physiologically 
stabilized p53 accumulates and is detectable by immuno-
histochemistry in reactive processes. Therefore, presence 
or absence of p53 immunostaining is not an absolute 
indicator of p53 mutation.

Overexpression of p53 protein, and sometimes p53 
mutations, may be found prior to invasive disease. Squa-
mous cell dysplasia and in situ carcinoma demonstrate 
p53 accumulation, identifi able immunohistochemically, 
increasingly in the continuum of mild dysplasia to in situ 
carcinoma, from approximately 20% to approximately 
60%. p53 alterations are the most common genetic 
changes found in lung cancer.25 Between 40% and 60% 
NSCLC patients have p53 alterations detected by immu-
nohistochemistry.1,25,76 Reports have shown unique p53 

Table 18.1. Commonly studied prognostic markers.

Marker Authors Year

c-erbB2 Kern et al.25 1994
Giatromanolaki et al.26 1996
Pfeiffer et al.27 1996
Moldvay et al.23 2000
Pollan et al.28 2003
Tateishi et al.29 1991

Bcl-2 Pezzella et al.30 1996
Cox et al.31 2001
Anton et al.18 1997
Silvestrini et al.32 1998
Poleri et al.33 2003

p53 Pastorino et al.34 1997
Xu et al.16 1996
Greatens et al.35 1998
Lee et al.36 1999
Quinlan et al.15 1992
D’Amico et al.37 1999
Kwaitkowski et al.38 1998
Dalquen et al.39 1996
Huang et al.40 1998
Ahrendt et al.41 2003
Fukuyama et al.42 1997
Schiller et al.43 2001

p63 Au et al.44 2004
Massion et al.45 2003
Iwata et al.46 2005

Retinoblastoma protein Dworakowska et al.47 2004
Reissmann et al.48 1993
Haga et al.49 2003
D’Amico et al.37 1999

Other cell cycle proteins Esposito et al.50 1999
Anton et al.22 2000

Epidermal growth factor receptor Sonnweber et al.51 2006
Nakamura et al.52 2006
Shepherd et al.53 2005

Murine double minute 2 Dworakowska et al.54 2004
Higashiyama et al.55 1997
Ko et al.56 2000

ras Mascaux et al.57 2005
Grossi et al.58 2003
Keohavong et al.59 1996

L-Myc Shih et al.60 2002
Ge et al.61 1996
Tefre et al.62 1990
Spinola et al.63 2001

Neuroendocrine tumors Johnson et al.64 1996
Rodriguez-Salas et al.65 2001
Micke et al.66 2001
Beasley et al.67 2003
Casali et al.68 2004

Bcl-2

The Bcl-2 (B-cell lymphoma/leukemia-2 gene mapping 
on chromosome 18 q21) protooncogene family is located 
on the inner mitochondrial membranes and makes up 
important control points in the intrinsic apoptotic 
pathway.70 The family possesses two groups of control 
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changes in NSCLC patients who smoked, specifi cally an 
excess of G:C to T:A transversions.1 Non–small cell lung 
cancer in never-smokers had a reciprocal increase in G:
C to A:T transitions.1 Squamous cell NSCLC patients 
have the greatest frequency of p53 mutations, approxi-
mately 70%.1

Studies regarding the prognostic role of p53 have 
yielded confl icting results.33 This may be caused by differ-
ing methods, immunohistochemistry techniques, or gene 
analysis used in identifying p53 alterations.77 Although 
some researchers examine specifi c p53 gene mutations, 
others examine p53 protein expression by immunohisto-
chemistry. The short half-life of wild-type p53 allows little 
or no immunopositivity in normal cells, whereas the 
longer half-life of p53 mutations generally results in 
visible immunopositivity.77 Studies of the prognostic 
impact in NSCLC of p53 expression are numerous. 
Pastorino et al.34 examined 515 NSCLC patients and 
Pappot et al.78 examined 228 NSCLC patients, and neither 
group identifi ed any prognostic effect with p53 expres-
sion by immunohistochemistry. Several other large studies 
have yielded similar results.23,35,36,78,79

Other studies including large numbers of NSCLC 
patients have found a worse prognosis with p53 tumor 
cell immunopositivity.37–39,80 Several researchers using p53 
mutation analysis rather than immunohistochemistry, 
including Huang et al.,40 who examined 204 tumors, 
Ahrendt et al.,41 who examined 188 tumors, and 
Fukuyama et al.,42 who examined 159 NSCLC patients, 
found a poorer prognosis for NSCLC patients with tumor 
cells containing mutated p53. Schiller et al. examined 183 
stages II and III NSCLC patients with both techniques 
and found no prognostic effect by either mutational anal-
ysis or immunohistochemistry.43 These confl icting studies 
suggest further research is necessary before p53 status 
can be used as a clinical prognostic marker.

p63

p63 is a member of the p53 family with similar structural 
and functional features; however, unlike p53, p63 has 
several isoforms.81 p63 is important in epithelial develop-
ment, craniofacial development, and the development of 
limbs and may induce growth suppression and cell death 
in tumor cell lines.81 Au et al.,44 evaluating 284 NSCLC 
patients, and Massion et al.,45 examining 217 NSCLC 
patients, found that p63 tumor cell immunopositivity was 
associated with a better prognosis in squamous cell 
NSCLC patients. Pelosi et al. examined 221 NSCLC 
patients and identifi ed a high prevalence of p63 immu-
nopositivity in squamous cell NSCLC, as well as in squa-
mous metaplasia and dysplasia; however, tumor cell 
immunostaining did not correlate with prognosis of the 
NSCLC patients.81 Iwata et al., studying 161 squamous 
cell NSCLC patients, did not identify any prognostic sig-

nifi cance of p63 immunostaining.46 Additional large pro-
spective studies may establish the role of p63 as a clinically 
useful prognostic marker.

Retinoblastoma Protein

Retinoblastoma protein (pRb) is a nuclear phosphopro-
tein that helps control G1 phase and cell proliferation. 
It is in turn regulated by phosphorylation by the cyclin 
D1 complex. Dworakowska et al.,47 examining 195 
NSCLC patients, Reissmann et al.,48 examining 219 
NSCLC patients, and Haga et al.,49 evaluating 187 NSCLC 
patients, found no effect on prognosis with pRb tumor 
cell immunostaining. D’Amico et al. studied 408 NSCLC 
patients and identifi ed a trend for better prognosis in 
patients with pRb tumor cell immunopositivity, but the 
results were not statistically signifi cant.37 By itself, pRb is 
not presently clinically useful as a prognostic marker.

Cell Cycle Proteins

Noting the key role performed by cell cycle kinase–cyclin 
complexes, their inhibitors, and p53 in regulating the cell 
cycle, and the role performed by proliferating cell nuclear 
antigen (PCNA) in DNA repair and replication, Esposito 
et al. examined cell cycle–related proteins p21, p16, p53, 
and PCNA as a group in 68 NSCLC patients for any 
prognostic implications and found that tumor cell immu-
nopositivity with p53, p21, and p16, but not PCNA was 
signifi cantly correlated with survival.50 Those NSCLC 
patients having tumor cell immunonegativity with both 
p21 and p16 had signifi cantly shorter overall survival.50 
Esposito et al. suggests that with cell cycle protein muta-
tions occurring frequently in NSCLC, functional coopera-
tion between the various cell cycle inhibitor proteins 
may helps regulate tumor cell growth and suppression.50 
Esposito et al. then examined 105 NSCLC patients for 
the simultaneous loss of cell cycle–related proteins and 
found that the simultaneous loss of cyclin D1, p16, and 
pRb correlated with survival.82 Esposito et al. concludes 
that the cyclin D1–p16–retinoblastoma tumor suppressor 
pathway is inactivated in most NSCLC, supporting the 
authors’ premise regarding cell cycle inhibitor protein 
cooperation.82

Epidermal Growth Factor Receptor

Epidermal growth factor receptor (EGFR), a receptor 
tyrosine kinase, is a glycoprotein involved with cell 
proliferation, differentiation, migration, and cell survival 
that is frequently overexpressed in NSCLC.83 Epidermal 
growth factor receptor is most commonly expressed in 
squamous cell NSCLC but is also frequently found 
in adenocarcinoma and large cell NSCLC.83 Research 
results regarding the relationship between EGFR 
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protein overexpression and prognosis are inconsistent. 
Sonnweber et al. examined 78 NSCLC patients and found 
that phosphorylated EGFR is correlated with poor 
prognosis.51 Nakamura et al.52 performed a metaanalysis 
of 18 studies, including 15 immunohistochemical studies 
and containing 2,972 NSCLC patients, and found that 
EGFR was overexpressed in 58% of squamous cell 
NSCLC, 39% of adenocarcinomas, and 38% of large cell 
NSCLC. Nakamura et al. found that EGFR overexpres-
sion was not associated with poorer prognosis.52 The 
results were the same whether or not the nonimmunohis-
tochemical studies were excluded.52

With two EGFR inhibitors, gefi tinib and erlotinib, 
approved in the United States for use as second or third 
line treatment for advanced NSCLC, the relationship 
between EGFR and prognosis after EGFR inhibitor 
therapy has been studied.51 Shepherd et al. has shown 
improved survival of patients with advanced NSCLC 
who received erlotinib; however, the improved survival 
was not related to the status of the patients’ EGFR over-
expression.53 Further studies might elucidate whether 
there is a clinically important role for examination of 
EGFR overexpression not only in the context of treat-
ment of advanced NSCLC patients but also in the context 
of potential therapy for less advanced NSCLC patients.

Murine Double Minute 2

Murine double minute 2 (MDM2), an oncoprotein physi-
cally associated with p53, forms an autoregulatory feed-
back loop with p53, with p53 positively regulating MDM2 
levels and MDM2 inhibiting p53 expression and activity.54 
Murine double minute 2 may have a p53-independent 
role in tumor development.54 The prognostic implications 
of MDM2 overexpression are controversial. Higashiyama 
et al. identifi ed MDM2 overexpression in 24% of 201 
NSCLC patients and found MDM2 overexpression indi-
cate an improved prognosis.55 Murine double minute 2 
immunopositive NSCLC patients who were also immu-
nonegative for p53had an even better prognosis.55 While 
24% of patients had MDM2 protein overexpression, 
MDM2 gene amplifi cation was identifi ed in only 7% of 
30 NSCLC patients in that study.55 Ko et al., examining 
81 NSCLC patients of whom 51.5% showed MDM2 
protein overexpression, did not fi nd the status of MDM2 
protein overexpression to be prognostically helpful; 
however, MDM2 mRNA expression was found to be a 
favorable prognostic factor.56 Dworakowska et al., study-
ing 116 NSCLC patients of whom 21% were found to 
have MDM2 amplifi cation by real-time polymerase chain 
reaction, noted a poorer prognosis for NSCLC patients 
with MDM2 gene amplifi cation.54 Further research is nec-
essary to resolve these confl icting studies regarding the 
prognostic benefi t of MDM2 gene amplifi cation, mRNA 
expression, and MDM2 protein overexpression.

ras

The ras oncogene, involved in lung cancer development, 
is made up of three ras genes, the H-ras gene, the K-ras-2 
gene, and the N-ras gene.57 These genes code for four 
highly homologous p21 proteins.58 ras is mutated in 15%–
20% of NSCLC cases and in 30%–50% of adenocarcino-
mas.57 The literature is unsettled as to whether ras 
mutations affect prognosis. Grossi et al. examined 269 
NSCLC patients and found that K-ras mutations were 
associated with poorer prognosis.58 Keohavong et al. 
examined 173 NSCLC patients with a combination of 
polymerase chain reaction and denaturing gradient gel 
electrophoresis and identifi ed 43 NSCLCs with K-ras 
mutations, 41 within adenocarcinomas, 1 in an adeno-
squamous NSCLC, and 1 in a squamous cell NSCLC.59 
The authors found no prognostic difference between 
adenocarcinomas with K-ras mutations and K-ras–
negative adenocarcinomas.59 In an attempt to clarify 
whether ras is of any prognostic value, Mascaux et al. 
performed a metaanalysis of 28 studies and found that 
NSCLC patients with K-ras-2 mutations or with p21 
overexpression, especially in adenocarcinomas, had a 
poorer prognosis.57

L-Myc

L-Myc, a member of the Myc gene family, including c-
Myc and N-Myc, encodes for transcription factors affect-
ing cell proliferation, apoptosis, and tumor development.84 
Some authors have identifi ed an association between 
L-Myc polymorphism and NSCLC prognosis; however, 
other studies have not found any prognostic association.84 
Shih et al., examining 169 NSCLC patients, found poorer 
prognosis correlating with patients with an S allele of the 
L-Myc gene, along with a Pro/Pro variant genotype of 
p53.60 Ge et al. evaluated 98 NSCLC patients and found 
a poorer prognosis for patients with the LL L-Myc geno-
type than for patients with the SS L-Myc genotype.61 In 
contrast, Tefre et al. studied 83 NSCLC patients and 
found no prognostic value based on the presence or 
absence of an L-Myc polymorphism.62 Spinola et al. 
examined 199 Italian patients with NSCLC and found no 
signifi cant association between NSCLC prognosis and an 
L-Myc polymorphism.63 Additional large studies are 
necessary to determine whether L-Myc polymorphism is 
a clinically signifi cant prognostic factor in NSCLC 
patients.

Neuroendocrine Lung Cancers

The prognostic features of molecular markers for patients 
with neuroendocrine lung cancers have not been 
ex tensively examined. Johnson et al.64 noted that over-
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e xpressions of c-Myc, N-Myc, and L-Myc have been iden-
tifi ed in small cell lung carcinoma (SCLC) cell lines, and 
Myc dysregulation has been correlated with poor prog-
nosis.85 Rodriguez-Salas et al. examined 50 SCLC biop-
sies for β-catenin expression and found that β-catenin 
cytoplasmic overexpression correlated with shorter time 
to progression and shorter overall survival in the patients.65 
Micke et al., studying 107 SCLC patients, found that c-
erbB2 was identifi ed in 13% and correlated with shorter 
survival.66 Beasley et al., examining 25 atypical carcinoids, 
42 large cell neuroendocrine carcinomas, and 79 SCLCs, 
found that p16 loss, cyclin D1 overexpression, and Rb loss 
were not prognostically signifi cant.67 Casali et al. exam-
ined 33 large cell neuroendocrine carcinomas and 
reported that c-kit expression correlated with a poorer 
prognosis in the patients.68

Conclusion

As a group, both NSCLC and neuroendocrine carcino-
mas have shown predictable prognosis with profi les of 
specifi c molecular genetic abnormalities in individual 
tumors that include common markers for tumor prolif-
eration, cellular growth, apoptosis, and metastatic poten-
tial. The factors discussed in this chapter have been shown 
to be the more common molecular genetic abnormalities 
with implications for potential therapeutic trials and 
adjuvant therapies.

References

 1. Brambilla E. Histopathological classifi cation and pheno-
type of lung tumors. In Hayat MA, ed. Handbook of Immu-
nohistochemistry and In Situ Hybridization of Human 
Carcinomas: Molecular Genetics; Lung and Breast Carcino-
mas. Boston: Elsevier; 2004:105–114.

 2. Cagle PT. The cytogenetics and molecular genetics of lung 
cancer: implications for pathologists. In Rosen PP, Fechner 
RE, eds. Pathology Annual. East Norwalk, CT: Appleton & 
Lange; 1990:317–329.

 3. Cagle PT. Carcinoma of the lung. In Churg AM, Myers JL, 
Taxelaar HD, Wright JL, eds. Thurlbeck’s Pathology of the 
Lung, 3rd ed. New York: Thieme; 2005:413–480.

 4. Fong KM, Sekido Y, Mina J. The molecular basis of lung 
carcinogenesis. In Coleman WB, Tsongalis GJ, eds. The 
Molecular Basis of Human Cancer. Totowa, NJ: Humana 
Press; 2002:379–405.

 5. Fong KM, Sekido Y, Gazdar AF, Minna JD. Lung cancer. 9: 
Molecular biology of lung cancer: clinical implications. 
Thorax 2003;58:892–900.

 6. Sekido Y, Fong KM, Minna JD. Molecular genetics of lung 
cancer. Annu Rev Med 2003;54:73–87.

 7. Johnson BE, Ihde DC, Makuch RW, et al. myc family onco-
gene amplifi cation in tumor cell lines established from small 
cell lung cancer patients and its relationship to clinical 
status and course. J Clin Invest 1987;79:1629–1634.

 8. Harada M, Dosaka-Akita H, Miyamoto H, et al. Prognostic 
signifi cance of the expression of ras oncogene product in 
non–small cell lung cancer. Cancer 1991;69:72–77.

 9. Miyamoto H, Harada M, Isobe H, et al. Prognostic value of 
nuclear DNA content and expression of the ras oncogene 
product in lung cancer. Cancer Res 1991;51:6346–6350.

10. Slebos RJC, Kibbelaar RE, Dalesio O, et al. K-ras oncogene 
activation as a prognostic marker in adenocarcinoma of the 
lung. N Engl J Med 1990;323:561–565.

11. Kern JA, Schwartz DA, Nordberg JE, et al. p185neu expres-
sion in human lung adenocarcinomas predicts shortened 
survival. Cancer Res 1990;50:5184–191.

12. Volm M, Efferth T, Mattern J. Oncoprotein (c-myc, c-erbB1, 
c-erbB2, c-fos) and suppressor gene product (p53) expres-
sion in squamous cell carcinomas of the lung. Anticancer 
Res 1992;12:11–20.

13. Funa K, Steinholtz L, Nou E, Bergh J. Increased expression 
of N-myc in human small cell lung cancer biopsies predicts 
lack of response to chemotherapy and poor prognosis. Am 
J Clin Pathol 1987;88:216–220.

14. Xu H-J, Hu S-X, Cagle PT, Moore GE, Benedict WF. 
Absence of retinoblastoma protein expression in primary 
non–small cell lung carcinomas. Cancer Res 1991;51:
2735–2739.

15. Quinlan D, Davidson A, Summers C, Doshi H. Production 
of mutant p53 protein correlates with a poor prognosis in 
human lung cancer. Proc Am Assoc Cancer Res 1992;
33:379.

16. Xu H-J, Cagle PT, Hu S-X, Li J, Benedict WF. Altered reti-
noblastoma and p53 protein status in non–small cell carci-
noma of the lung: potential synergistic effects on prognosis. 
Clin Cancer Res 1996;2:1169–1176.

17. Younes M, Brown RW, Stephenson M, Gondo M, Cagle PT. 
Overexpression of Glutl and Glut3 in stage I non–small cell 
carcinoma is associated with poor survival. Cancer 1997;80:
1046–1051.

18. Anton RC, Brown RW, Younes M, Gondo MM, Stephenson 
MA, Cagle PT. Absence of prognostic signifi cance of bcl-2 
immunopositivity in non–small cell lung cancer: Analysis of 
427 cases. Hum Pathol 1997;28:1079–1082.

19. Marchevsky AM, Patel S, Wiley KJ, Stephenson MA, Gondo 
M, Brown R, Yi ES, Benedict WF, Anton RC, Cagle PT. 
Artifi cial neural networks and logistic regression as tools 
for prediction of survival in patients with stages I and II 
non–small cell lung cancer. Mod Pathol 1998;11:618–625.

20. Yi ES, Harclerode D, Gondo M, Stephenson M, Brown RW, 
Younes M, Cagle PT. High c-erbB-3 protein expression is 
associated with shorter survival in advanced non–small cell 
lung carcinomas. Mod Pathol 1997;10:142–148.

21. Castro CY, Stephenson M, Gondo MM, Medeiros LJ, Cagle 
PT. Prognostic implications of calbindin-D28K expression 
in lung cancer: analysis of 452 cases. Mod Pathol 2000;13:
808–813.

22. Anton RC, Coffey DM, Gondo MM, Stephenson MA, 
Brown RW, Cagle PT. The expression of cyclins D1 and E 
in predicting short-term survival in squamous cell carci-
noma of the lung. Mod Pathol 2000;13:1167–1172.

23. Moldvay J, Scheid P, Wild P, et al. Predictive survival markers 
in patients with surgically resected non–small cell lung car-
cinoma. Clin Cancer Res 2000;6:1125–1134.



198 A. Sienko, T.C. Allen, and P.T. Cagle

24. Brundage MD, Davies D, Backillop WJ. Prognostic factors 
in non–small cell lung cancer: a decade of progress. Chest 
2002;122:1037–1057.

25. Kern JA, Slebos RJC, Top B, et al. C-erB-2 expression and 
codon 12 k-ras mutations both predict shortened survival 
for patients with pulmonary adenocarcinomas. J Clin Invest 
1994;93:516–520.

26. Giatromanolaki A, Gorgoulis V, Chetty R, et al. C-erbB-2 
oncoprotein expression in operable non–small cell lung 
cancer. Anticancer Res 1996;16:987–994.

27. Pfeiffer P, Clausen PP, Anderson K, Rose C. Lack of prog-
nostic signifi cance of epidermal growth factor receptor and 
the oncoprotein p185her-2 in patients with systemically 
untreated non–small cell lung cancer: an immunohisto-
chemical study on cryosections. Br J Cancer 1996;74:86–
91.

28. Pollan M, Varela G, Torres A, et al. Clinical value of p53, c-
erbB-2, CEA and CA125 regarding relapse metastasis and 
death in resectable non–small cell lung cancer. Int J Cancer 
2003;107:781–790.

29. Tateishi M, Ishida T, Mitsudomi T, et al. Prognostic value of 
c-erbB-2 protein expression in human lung adenocarcinoma 
and squamous cell lung carcinoma. Eur J Cancer 1991;27:
1372–1375.

30. Pezzella F, Turley H, Kuzu I, et al. Bcl-2 protein expression 
in non–small cell lung cancers: correlation with survival 
time. Clin Cancer Res 1996;2:690–694.

31. Cox G, Louise-Jones J, Andi A, et al. Bcl-2 is an independent 
prognostic factor and adds to a biological model for predict-
ing outcome in operable non–small cell lung cancer. Lung 
Cancer 2001;34:417–426.

32. Silvestrini R. Costa A, Lequaglie C, et al. Bcl-2 protein and 
prognosis in patients with potentially curable non–small-
cell lung cancer. Virchows Arch 1998;432:441–444.

33. Poleri C, Morero JL, Nieva B, et al. Risk of recurrence in 
patients with surgically resected stage I non–small cell lung 
carcinoma: histopathologic and immunohistochemical anal-
ysis. Chest 2003;123:1858–1867.

34. Pastorino U, Andreola S, Tagliabue E, et al. Immunocyto-
chemical markers in stage I lung cancer: relevance to prog-
nosis. J Clin Oncol 1997;15:2858–2865.

35. Greatens TM, Niehans GA, Rubins JB, et al. Do molecular 
markers predict survival in non–small-cell lung cancer? Am 
J Respir Crit Care Med 1998;157:1093–1097.

36. Lee YC, Chang YL, Luh SP, et al. Signifi cance of p53 and 
Rb protein expression in surgically treated non–small cell 
lung cancers. Ann Thorac Surg 1999;68:343–347.

37. D’Amico TA, Massey M, Herndon JE, et al. A biologic risk 
model for stage I lung cancer: immunohistochemical analy-
sis of 408 patients with the use of ten molecular markers. 
J Thorac Cardiovasc Surg 1999;117:736–743.

38. Kwiatkowski DJ, Harpole DH, Godleski J, et al. Molecular 
pathologic substaging in 244 stage I non–small-cell lung 
cancer patients: clinical implications. J Clin Oncol 1998;16:
2468–2477.

39. Dalquen P, Sauter G, Torhorst J, et al. Nuclear p53 over-
expression is an independent prognostic parameter in node-
negative non–small cell lung carcinoma. J Pathol 1996;178:
53–58.

40. Huang C, Taki T, Adachi M, et al. Mutations in exon 7 
and 8 of p53 as poor prognostic factors in patients 
with non–small cell lung cancer. Oncogene 1998;16:2469–
2477.

41. Ahrendt SA, Hu Y, Buta M, et al. p53 mutations and survival 
in stage I non–small-cell lung cancer: results of a prospec-
tive study. J Natl Cancer Inst 2003;95:961–970.

42. Fukuyama Y, Mitsudomi T, Sugio K, et al. K-ras and p53 
mutations are an independent unfavourable prognostic 
indicator in patients with non–small-cell lung cancer. Br J 
Cancer 1997;75:1125–1130.

43. Schiller JH, Adak S, Reins RH, et al. Lack of prognostic 
signifi cance of p53 and K-ras mutations in primary resected 
non–small-cell lung cancer on E4592: a laboratory ancillary 
study on an Eastern Cooperative Oncology Group Prospec-
tive Randomized Trial of Postoperative Adjuvant Therapy. 
J Clin Oncol 2001;19:448–457.

44. Au NCH, Cheang M, Huntsman DG, et al. Evaluation of 
immunohistochemical markers in non–small cell lung cancer 
by unsupervised hierarchical clustering analysis: a tissue 
microarray study of 284 cases and 18 markers. J Pathol 
2004;204:101–109.

45. Massion PP, Tafl an PM, Jamshedur Rahman SM, et al. Sig-
nifi cance of p63 amplifi cation and overexpression in lung 
cancer development and prognosis. Cancer Res 2003;63:
7113–7121.

46. Iwata T, Uramoto H, Sugio K, et al. A lack of prognostic 
signifi cance regarding ΔNp63 immunoreactivity in lung 
cancer. Lung Cancer 2005;50:67–73.

47. Dworakowska D, Jassem E, Jassem J, et al. Prognostic rele-
vance of altered pRb and p53 protein expression in surgi-
cally treated non–small cell lung cancer patients. Oncology 
2004;67:60–66.

48. Reissmann PT, Koga H, Takahashi R, et al. Inactivation of 
the retinoblastoma susceptibility gene in non–small-cell 
lung cancer. The Lung Cancer Study Group. Oncogene 
1993;8:1913–1919.

49. Haga Y, Hiroshima K, Iyoda A, et al. Ki-67 expression and 
prognosis for smokers with resected stage I non–small cell 
lung cancer. Ann Thorac Surg 2003;75:1727–32; discussion 
1732.

50. Esposito V, Baldi A, Tonini G, et al. Analysis of cell cycle 
regulator proteins in non–small cell lung cancer. J Clin 
Pathol 2004;57:58–63.

51. Sonnweber B, Dlaska M, Skvortsov S, et al. High predictive 
value of epidermal growth factor receptor phosphorylation 
but not of EGFRvIII mutation in resected stage I non–small 
cell lung cancer. J Clin Pathol 2006;59:255–259.

52. Nakamura H, Kawasaki N, Taguchi M, Kabasawa K. Sur-
vival impact of epidermal growth factor receptor in patients 
with non–small cell lung cancer: a meta-analysis. Thorax 
2006;61:140–145.

53. Shepherd FA, Pereira J, Ciuleanu TE, et al. Erlotinib in 
previously treated non–small-cell lung cancer. N Engl J 
Med 2005;353:123–132.

54. Dworakowska D, Jassem E, Jassem J, et al. MDM2 gene 
amplifi cation: a new independent factor of adverse progno-
sis in non–small cell lung cancer. Lung Cancer 2004;43:
285–295.



18. Prognostic Markers 199

55. Higashiyama M, Doi O, Kodama K, et al. MDM2 gene 
amplifi cation and expression in non–small-cell lung cancer: 
immunohistochemical expression of its protein is a favour-
able prognostic marker in patients without p53 protein 
accumulation. Br J Cancer 1997;75:1302-1308.

56. Ko JL, Cheng YW, Change SL, et al. MDM2 mRNA expres-
sion is a favorable prognostic factor in non–small-cell lung 
cancer. Int J Cancer 2000;89:265–270.

57. Mascaux C, Iannino N, Martin B, et al. The role of RAS 
oncogene in survival of patients with lung cancer: a systemic 
review of the literature with meta-analysis. Br J Cancer 
2005;92:131–139.

58. Grossi F, Loprevite M, Chiaramondia M, et al. Prognostic 
signifi cance of K-ras, p53, bcl-2, PCNA, CD34 in radically 
resected non–small cell lung cancers. Eur J Cancer 2003;39:
1242–1250.

59. Keohavong P, De Michele MMA, Melacrinos AC, et al. 
Detection of K-ras mutations in lung carcinomas: relation-
ship to prognosis. Clin Cancer Res 1996;2:411–418.

60. Shih CM, Kuo YY, Want YC, et al. Association of L-myc 
polymorphism with lung cancer susceptibility and prognosis 
in relation to age-selected controls and stratifi ed cases. Lung 
Cancer 2002;32:125–132.

61. Ge H, Lam WK, Lee J, et al. Analysis of L-myc and GSTM1 
genotypes in Chinese non–small cell lung carcinoma 
patients. Lung Cancer 1996;15:355–366.

62. Tefre T, Borresen AL, Aamdal S, Brogger A. Studies of the 
L-myc DNA polymorphism and relation to metastasis in 
Norwegian lung cancer patients. Br J Cancer 1990;61:809–
812.

63. Spinola M, Nomoto T, Manenti G, et al. Linkage disequilib-
rium pattern in the L-myc gene in Italian and Japanese 
non–small-cell lung-cancer patients. Int J Cancer 2001;95:
329–331.

64. Johnson BE, Russell E, Simmons AM, et al. Myc family 
DNA amplifi cation in 126 tumor cell lines from patients with 
small cell lung cancer. J Cell Biochem 1996;24:210–217.

65. Rodriguez-Salas N, Palacios J, de Castro J, et al. Beta-catenin 
expression pattern in small cell lung cancer: correlation with 
clinical and evolutive features. Histol Histopathol 2001;16:
353–358.

66. Micke P, Hengstler JG, Ros R, et al. c-erbB-2 expression in 
small-cell lung cancer is associated with poor prognosis. Int 
J Cancer 2001;92:474–479.

67. Beasley MB, Lantuejoul S, Abbondanzo S, et al. The p16/
cyclin D1/Rb pathway in neuroendocrine tumors of the 
lung. Hum Pathol 2003;34:136–140.

68. Casali C, Stefani A, Rossi G, et al. The prognostic role of 
c-kit protein expression in resected large cell neuroendo-
crine carcinoma of the lung. Ann Thorac Surg 2004;77:247–
253.

69. Bakir K, Ucak R, Tuncozgur B, Elbeyli L. Prognostic factors 
and c-erbB-2 expression in non–small-cell lung carcinoma 
(c-erB-2 in non–small cell lung carcinoma). Thorac Cardio-
vasc Surg 2002;50:55–8.

70. Choi S, Kim M, Kang C, et al. Activation of Bak and Bax 
through c-Abl-protein kinase Cδ-p38 MAPK signaling in 
response to ionizing radiation in human non–small cell lung 
cancer cells. J Biol Chem 2006;281:7049–7059.

71. Jiang SX, Sato Y, Kuwao S, Kameya T. Expression of bcl-2 
oncogene protein is prevalent in small cell lung carcinomas. 
J Pathol 1995;177:135–138.

72. Ohsaki Y, Toyoshima E, Fujiuchi S, et al. Bcl-2 and p53 
protein expression in non–small cell lung cancers: correla-
tion with survival time. Clin Cancer Res 1996;2:915–920.

73. Reed JC. Double identity for proteins of the bcl-2 family. 
Nature (Lond) 1997;387:773–776.

74. Koukourakis MI, Giatromanolaki A, O’Byrne KJ, et al. 
Potential role of Bcl-2 as a supressor of tumor angiogenesis 
in non–small cell lung cancer. Intl J Cancer 1997;74:565–
570.

75. Yilmaz A, Savas I, Dizbay-Sak S, et al. Distribution of Bcl-2 
gene expression and its prognostic value in non–small cell 
lung cancer. Tuberkuloz ve Toraks Dergisi 2005;53:323–
329.

76. Maddau C, Confortini M, Bisanzi S, et al. Prognostic signifi -
cance of p53 and Ki-67 antigen expression in surgically 
treated non–small cell lung cancer. Am J Clin Pathol 
2006;125:425–431.

77. Singhal S, Vachani A, Antin-Ozerkis D, et al. Prognostic 
implications of cell cycle, apoptosis, and angiogenesis bio-
markers in non–small cell lung cancer: a review. Clin Cancer 
Res 2005;11:3974–3986.

78. Pappot H, Francis D, Brunner N, et al. p53 protein in non–
small cell lung cancers as quantitated by enzyme-linked 
immunosorbent assay: relation to prognosis. Clin Cancer 
Res 1996;2:155–160.

79. Nishio M, Koshikawa T, Kuroishi T, et al. Prognostic 
signifi cance of abnormal p53 accumulation in primary, 
resected non–small-cell lung cancers. J Clin Oncol 1996;14:
497–502.

80. Harpole DH, Herndon JE, Wolfe WG, et al. A prognostic 
model of recurrence and death in stage I non–small cell lung 
cancer utilizing presentation, histopathology, and oncopro-
tein expression. Cancer Res 1995;55:51–56.

81. Pelosi, G, Pasini F, Stehnolm CO, et al. p63 immunoreactiv-
ity in lung cancer: yet another player in the development of 
squamous cell carcinomas? J Pathol 2002;198:100–109.

82. Esposito V, Baldi A, De Luca A, et al. Cell cycle re-
lated proteins as prognostic parameters in radically 
resected non–small cell lung cancer. J Clin Pathol 2005;58:
734–739.

83. Lee SM. Is EGFR expression important in non–small cell 
lung cancer? Thorax 2006;66:98–99.

84. Spinola M, Pedotti P, Dragani TA, Taioli E. Meta-analysis 
suggests association of L-myc EcoR1 polymorphism with 
cancer prognosis. Clin Cancer Res 2004;10:4769–4775.

85. Campbell AM, Camling BG, Algazy KM, El-Deiry WS. 
Clinical and molecular features of small cell lung cancer. 
Cancer Biol Ther 2002;1:105–112.



200

19
Pulmonary Angiogenesis in Neoplastic 
and Nonneoplastic Disorders

Michael P. Keane and Robert M. Strieter

Endothelin-1 mediates it effects through two receptors, 
ETA and ETB. Endothelin A appears to be more im-
portant in angiogenesis. The dual ET-1 receptor antago-
nist bosentan has been shown to have benefi cial effects 
in the treatment of pulmonary hypertension, but the 
precise mechanism underlying the benefi cial effect is 
unclear.

The VEGF family of proteins is perhaps the best known 
of all angiogenic agents. There are six growth factors, 
VEGF-A, B, C, D, and E, and three receptors, VEGFR-1 
(Flt-1), VEGFR-2 (KDR/fl k-1), and VEGFR-3 (Flt-4). 
Vascular endothelial growth factor A, the best character-
ized of the family, is a 36–46 kDa glycoprotein that is 
induced by hypoxia and oncogenic mutation.5 It mediates 
its effects through VEGFR-1 and -2 and has been impli-
cated in the growth of several tumors. Much interest has 
been generated for understanding the mechanism of 
VEGF-mediated angiogenesis, and this has lead to the 
development of inhibitors of VEGF. The recombinant 
humanized monoclonal antibody to VEGF, bevacizumab, 
has been studied in clinical trials of various cancers, par-
ticularly colon cancer, with variable results.6,7 Although 
use of bevacizumab alone has failed to show a survival 
benefi t, when this agent is used in combination with other 
agents it has had positive effects on survival in colon and 
lung cancers.6 Possible explanations for the variable 
results with bevacizumab are discussed later.

The CXC Chemokines

The CXC chemokines can be divided into two groups on 
the basis of a structure/function domain consisting of the 
presence or absence of three amino acid residues (Glu-
Leu-Arg, the ELR motif) that precedes the fi rst cysteine 
amino acid residue in the primary structure of these cyto-
kines. The ELR+ CXC chemokines are chemoattractants 
for neutrophils and act as potent angiogenic factors.8 In 
contrast, the ELR− CXC chemokines are chemoattrac-

Introduction

Angiogenesis is the process of new blood vessel growth 
and is a critical biologic process in both physiologic and 
pathologic conditions. Angiogenesis can occur in physio-
logic conditions, including normal wound repair and 
embryogenesis. In contrast, pathologic angiogenesis is 
associated with chronic infl ammatory and fi broprolifera-
tive disorders, as well as growth of tumors. A variety of 
factors have been described that either promote or inhibit 
angiogenesis, including the CXC chemokines, endothelin-
1 (ET-1), vascular endothelial growth factor (VEGF), 
and basic fi broblast growth factor (bFGF). In the local 
microenvironment, net angiogenesis is determined by the 
balance between angiogenic and angiostatic factors.

The CXC chemokines are heparin-binding proteins 
that display unique disparate roles in the regulation of 
angiogenesis. The family has four highly conserved cyste-
ine amino acid residues, with the fi rst two cysteines sepa-
rated by a nonconserved amino acid residue.1,2 A second 
structural domain dictates their functional activity. The 
NH2-terminus of several CXC chemokines contains three 
amino acid residues (Glu-Leu-Arg, the “ELR” motif), 
which immediately precede the fi rst cysteine amino acid 
residue.1,2 The CXC chemokines with the ELR motif 
(ELR+) promote angiogenesis (Tables 19.1 and 19.2).1 In 
contrast, the CXC chemokines that are, in general, inter-
feron inducible and lack the ELR motif (ELR−) inhibit 
angiogenesis (Tables 19.1 and 19.3).1 The dissimilarity in 
structure dictates interaction with different CXC chemo-
kine receptors on endothelial cells, which ultimately leads 
to signal coupling and either promotion or inhibition of 
angiogenesis. CXCR2 mediates the angiogenic signals of 
the ELR+ CXC chemokines, whereas the ELR− CXC 
chemokines mediate their angiostatic actions through 
CXCR3. Furthermore, it has recently been suggested that 
angiostatic signals are specifi cally mediated through 
CXCR3B, whereas CXCR3A may mediate angiogenic 
signals.3,4
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CXC chemokines bind to CXCR2.9 The ability of all 
ELR+ CXC chemokine ligands to bind to CXCR2 sup-
ports the idea that this receptor mediates the angiogenic 
activity of ELR+ CXC chemokines.

Although CXCR1 and CXCR2 are both detected in 
endothelial cells,9–11 it is CXCR2, and not CXCR1, that 
has been found to be the primary functional chemokine 
receptor in mediating endothelial cell chemotaxis.9,10 
Endothelial cells respond to CXCL8 with rapid stress 
fi ber assembly, chemotaxis, enhanced proliferation, and 
phosphorylation of extracellular signal-regulated protein 
kinase 1/2 (ERK1/2) related to activation of CXCR2.12 
Blocking the function of CXCR2 by either specifi c neu-
tralizing antibodies or inhibiting downstream signaling 
using specifi c inhibitors of ERK1/2 and phosphatidylino-
sitol-3 kinase (PI3K) impaired CXCL8-induced stress 
fi ber assembly, chemotaxis, and endothelial tube forma-
tion in endothelial cells.12

Activation of CXCR2 leads to receptor internalization 
and recycling of the receptor back to the cell membrane 
or targets CXCR2 for degradation. ELR+ CXC chemo-
kine activation of CXCR2 under conditions in which the 
receptor is transiently exposed or stimulated with less 
than saturable concentrations results in movement of 
CXCR2 into clathrin-coated pits, movement into the 
early (sorting) endosome, and then to the recycling endo-
some, with traffi cking back to the plasma membrane com-
partment and reexpression on the cell surface.13 However, 
if CXCR2 is exposed to prolonged saturating concentra-
tions of ELR+ CXC chemokines, a signifi cant proportion 
of CXCR2 will move into the late endosome and on to 
the lysosome for degradation.13 Interestingly, CXCR2 
internalization is necessary for generating a chemotactic 
response. Mutation of CXCR2, which impairs receptor 
internalization by altering the binding of adaptor pro-
teins AP-2 or β-arrestin to the receptor, results in a 
marked reduction in the chemotactic response.13

The importance of CXCR2 in mediating ELR+ CXC 
chemokine-induced angiogenesis has been shown in vivo 
using the corneal micropocket assay of angiogenesis in 
CXCR2+/+ and CXCR2−/− animals. ELR+ CXC chemo-
kine-mediated angiogenesis was inhibited in the corneas 
of CXCR2−/− mice and in the presence of neutralizing 
antibodies to CXCR2 in the rat corneal micropocket 

Table 19.1. The CXC chemokines that display disparate angio-
genic activities.

Angiogenic CXC chemokines containing the ELR motif
 CXCL1 Growth-related oncogene-α (GRO-α)
 CXCL2 Growth-related oncogene-β (GRO-β)
 CXCL3 Growth-related oncogene-γ (GRO-γ)
 CXCL5 Epithelial neutrophil activating protein-78 

(ENA-78)
 CXCL6 Granulocyte chemotactic protein-2 (GCP-2)
 CXCL7 Neutrophil activating protein-2 (NAP-2)
 CXCL8 Interleukin-8 (IL-8)

Angiostatic CXC chemokines lacking the ELR motif
 CXCL4 Platelet factor-4 (PF4)
 CXCL9 Monokine induced by interferon-γ (MIG)
 CXCL10 Interferon-γ–inducible protein (IP-10)
 CXCL11 Interferon-inducible T cell α–chemoattractant 

(ITAC)
 CXCL12 Stromal cell–derived factor-1 (SDF-1)
 CXCL14 Breast and kidney–expressed chemokine (BRAK)

Table 19.2. CXC chemokine ligands and receptors that have 
been implicated in angiogenesis.

Receptor Ligand

CXCR2 CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, 
CXCL8

CXCR4 CXCL12

Table 19.3. CXC chemokine ligands and receptors that have 
been implicated in angiostasis.

Receptor Ligand

CXCR3B CXCL4,* CXCL9, CXCL10, CXCL11
Unknown/nonreceptor 

mediated
CXCL4,* CXCL14

*CXCL4 may act through CXCR3B or nonreceptor-mediated 
mechanisms.

tants for mononuclear cells and are potent inhibitors of 
angiogenesis (see Table 19.1).8

Based on structural/functional differences, the members 
of the CXC chemokine family are unique cytokines in 
their ability to behave in a disparate manner in the regula-
tion of angiogenesis. The angiogenic members include 
CXCLs 1, 2, 3, 5, 6, 7, and 8. CXCL1, CXCL2, and CXCL3 
are closely related CXC chemokines, with CXCL1 origi-
nally described for its melanoma growth stimulatory 
activity (see Table 19.1). CXCL5, CXCL6, and CXCL8 
were all initially identifi ed on the basis of neutrophil 
activation and chemotaxis. The angiostatic (ELR−) 
members of the CXC chemokine family include CXCL4, 
which was originally described for its ability to bind 
heparin and inactivate heparin’s anticoagulation func-
tion. Other angiostatic ELR− CXC chemokines are listed 
in Table 19.1.

CXCR2 Is the Receptor for Angiogenic ELR+ 
CXC Chemokine-Mediated Angiogenesis

The fact that all ELR+ CXC chemokines mediate angio-
genesis highlights the importance of identifying a common 
receptor that mediates their biologic function in promot-
ing angiogenesis. While the candidate CXC chemokine 
receptors are CXCR1 and/or CXCR2, only CXCL8 and 
CXCL6 specifi cally bind to CXCR1, whereas all ELR+ 
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assay.9 These studies have been further substantiated 
using CXCR2−/− mice in a wound repair model system in 
which signifi cant delays in wound healing parameters, 
including decreased neovascularization, were found in 
CXCR2−/− mice.14

Virally Encoded Chemokine Receptors 
and Angiogenesis

Given the fi nding that CXCR2 is the receptor that medi-
ates the angiogenic activity of ELR+ CXC chemokines, it 
is logical to hypothesize that a relationship exists between 
aberrant expression of this receptor, or a homolog of this 
receptor, and the process of neoplastic transformation. 
The pathogenesis of lung cancer is a multistep process 
that involves sequential morphologic and molecular 
changes that precede invasive lung cancer, and similar 
events occur in the genesis of other neoplasms. For 
example, the human Kaposi’s sarcoma herpes virus 
(KSHV) that mediates the pathogenesis of Kaposi’s 
sarcoma (KS) encodes a seven-transmembrane G 
protein–coupled receptor (7TM-GPCR) (KSHV-GPCR) 
that is homologous to CXCR2.15,16 Activation of 7TM-
GPCR leads to dissociation of the heterotrimeric protein 
complex (Gαβγ) to α- and βγ-subunits that mediate down-
stream regulation of several intracellular signaling path-
ways (i.e., cyclic adenosine monophosphate/AMP/protein 
kinase A, protein kinase C, phospholipase C, PI3K/Akt/
mTOR, Ras/Raf/MEK/JNK/p38/ERK1/ERK2) and 
activate NF-κB pathways.17–20 Some of these signaling 
pathways are identical to signal transduction by receptor 
protein tyrosine kinases that are important for cellular 
proliferation, migration, and regulation of apoptosis.17–19 
These fi ndings support the idea that 7TM-GPCRs, like 
CXCR2, may be involved in preneoplastic to neoplastic 
transformation.

The KSHV-GPCR has been determined to constitu-
tively signal couple, and signal coupling of this receptor 
can be further augmented with CXC chemokine ligand 
binding, (i.e., CXCL8 and/or CXCL1).21–23 To ascertain 
the relevance of KSHV-GPCR in promoting the patho-
genesis of KS, transgenic mice overexpressing expressing 
KSHV-GPCR have been found to constitutively produce 
tumors similar to KS.24,25 The mice develop angioprolif-
erative lesions in multiple organs that morphologically 
resemble KS lesions.24,25 These fi ndings suggest that the 
expression of only one viral chemokine receptor-like 
gene can lead to the histopathologic recapitulation of KS 
with cellular transformation and the development of a 
lesion that resembles an angiosarcoma. This supports the 
idea that a CXCR2-like receptor facilitates preneoplastic 
to neoplastic cellular transformation. The KSHV-GPCR 
has been found to signal couple a number of signaling 
pathways relevant to cellular transformation. In further 
support of this contention is the fi nding that a point muta-

tion of CXCR2, but not of CXCR1, results in constitutive 
signaling of the receptor and cellular transformation of 
transfected cells in a similar manner as KSHV-GPCR.15 
Furthermore, the persistent activation of CXCR2 by spe-
cifi c CXC chemokine ligands can lead to a similar cellular 
transformation as seen with either the point mutation of 
CXCR2 or KSHV-GPCR.15 CXCR2 has been further 
identifi ed in the cellular transformation of melanocytes 
into melanoma.26 Therefore, the expression of CXCR2 
on certain cells, in the presence of persistent autocrine 
and paracrine stimulation with specifi c CXC chemokine 
ligands, has important implications in promoting cellular 
transformation that may be relevant to the process of 
preneoplastic to neoplastic transformation.

Similar to KSHV-GPCR, another virally encoded che-
mokine receptor, US28, has been shown to signal and 
induce a proangiogenic phenotype and activate various 
pathways linked to proliferation.27 Cells expressing 
US28 promote tumorigenesis and angiogenesis in mice.27 
This is mediated through the expression of VEGF, indi-
cating important interactions between chemokines/
chemokine receptors and VEGF in promoting tumor 
growth. Furthermore, these fi ndings indicate potential 
mechanisms for viral involvement in tumorigenesis and 
angiogenesis.

CXCR3 Is the Major Receptor for CXC 
Chemokines That Inhibit Angiogenesis

The major receptor that has been identifi ed for angio-
static CXC chemokines is CXCR3, which is involved in 
mediating recruitment of type 1 helper T cells and acts as 
the receptor for inhibition of angiogenesis.28–32 Endothe-
lial expression of CXCR3 was originally identifi ed on 
murine endothelial cells;33 subsequent studies demon-
strated that CXCR3 ligands could block both human 
microvascular endothelial cell migration and prolifera-
tion in response to a variety of angiogenic factors.11,34 
Further clarifi cation of the role of CXCR3 in mediating 
angiostatic activity has come from the discovery that 
CXCR3 exists as two alternative splice forms.3 These 
variants have been termed CXCR3A and CXCR3B.3 
CXCR3A mediates the CXCR3 ligand-dependent chemo-
tactic activity of mononuclear cells.3 CXCR3B mediates 
the angiostatic activity of CXCL4, CXCL9, CXCL10, 
and CXCL11 on human microvascular endothelial cells.3 
Moreover, specifi c antibodies to CXCR3B immunolocal-
ize to endothelial cells within neoplastic tissues.3 This 
supports the idea that if CXCR3 ligands can be spatially 
expressed within the tumor, then CXCR3B activation can 
inhibit tumor-associated angiogenesis.3 To add to the 
complexity of CXCR3 biology, a variant of human 
CXCR3 has been recently identifi ed that is generated by 
posttranscriptional exon skipping, referred to as CXCR3-
alt.32 This receptor is expressed and responds to CXCL11 
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and, to a lesser extent, to CXCL9 and CXCL10.32 These 
fi ndings support the idea that augmenting CXCR3/
CXCR3-ligand biology will be a therapeutic strategy to 
enhance angiostasis within the tumor.

Although the above studies support the idea that 
CXCR3 is the receptor for CXCL4, CXCL9, CXCL10, 
and CXCL11, it remains unclear whether, in vivo, these 
CXCR3 ligands use CXCR3 on endothelium to mediate 
their angiostatic effect. Yang and Richmond35 have 
recently demonstrated that CXCL10 mediates its angio-
static activity in vivo by binding to CXCR3 and not via 
binding to glycosaminoglycans. To clarify this issue, they 
created expression constructs for mutants of CXCL10 
that exhibit partial or total loss of binding to CXCR3 or 
loss of binding to glycosaminoglycans. They transfected a 
human melanoma cell line with these expression vectors, 
and stable clones were selected and inoculated into 
immunodefi cient mice.35 Tumor cells expressing wild-type 
CXCL10 showed remarkable reduction in tumor growth 
compared with control vector–transfected tumor cells. 
Surprisingly, mutation of CXCL10 resulting in partial loss 
of receptor binding (IP-10C) or loss of glycosaminogly-
can binding (IP-10H) did not signifi cantly alter the ability 
to inhibit tumor growth. The reduction in tumor growth 
was associated with a reduction in tumor-associated 
angiogenesis, leading to an observed increase in both 
tumor cell apoptosis and necrosis.35 In contrast, expres-
sion of the CXCL10 mutant that fails to bind to CXCR3 
failed to inhibit tumor growth.35 These data suggest that 
CXCR3 receptor binding, but not glycosaminoglycan 
binding, is essential for the tumor angiostatic activity of 
CXCR3 ligands.

Endothelin-1 and Angiogenesis

Endothelin-1 is a potent mitogen for vascular endothelial 
cells in vitro and stimulates angiogenesis in vivo.36–40 
Endothelin-1 stimulates release of the angiogenic 
cytokines VEGF and interleukin (IL)-8 and directly 
stimulates neovascularization in the corneal micropocket 
model with an effi cacy similar to that of either VEGF or 
CXCL8.41 This corneal neovascular response could be 
inhibited by either ETA antagonism or mixed ETA and 
ETB antagonism using bosentan.41 Interestingly, inhibi-
tion of ETB alone had no effect on the response to ET-
1.41 Chinese hamster ovary cells stably transfected with 
ET-1 stimulated angiogenesis in both the chick chorioal-
lantoic membrane and gelatin sponge assays.40 In addi-
tion, there was an increase in endothelial cell proliferation.40 
The angiogenic response could be inhibited by combined 
ETA/ETB antagonism with bosentan, selective ETA 
receptor antagonism, and inhibition of endothelin-
converting enzyme-1.40 Some of the effects appeared to 
be mediated through VEGF, as the angiogenic response 

could be inhibited by inhibition of VEGF tyrosine kinase 
receptor activity.40 Similarly, ischemia-mediated angio-
genesis has been shown to be associated with upregula-
tion of ETA and ET-1 but not ETB.42,43 Endothelin 
receptor A is expressed during the healing and scar tissue 
phase of gastric ulcers, suggesting a role for endothelin in 
late angiogenesis, as opposed to the earlier expression of 
VEGF that is observed.43 The hypoxia-induced factor 
HIF-1α, which is induced by the interaction of ET-1 
with ETA, further promotes angiogenesis by inducing 
VEGF.42

Angiogenesis has probably received the most attention 
as it relates to tumor growth and invasion. Phaeochromo-
cytomas are usually highly vascular tumors but demon-
strate variable vascularity between tumors.44 Recently, 
Favier et al. studied the vascularity of malignant and 
benign phaeochromocytomas to try and identify a vascu-
lar pattern characteristic of malignant lesions.44 In situ 
hybridization demonstrated increased expression of ETA 
and ETB in pericytes and tumor cells in malignant as 
opposed to benign tumors, suggesting an important role 
for endothelin in the angiogenesis associated with the 
malignant phenotype.44 Furthermore, there was a distinct 
vascular pattern that was associated with malignant 
tumors.44 Similarly, ETA is overexpressed in ovarian 
cancer, and the selective ETA inhibitor atrasentan signifi -
cantly inhibited tumor growth.45 There was a signifi cant 
reduction in microvessel density and levels of VEGF 
and matrix metalloproteinase-2 and an increase in the 
numbers of apoptotic cells.45 This adds further support for 
the role of ET-1 in the regulation of angiogenesis associ-
ated with tumor growth.

Angiogenesis and Pulmonary 
Hypertension

Pulmonary hypertension is a rare and progressive disease 
that is characterized by vascular remodeling. Endothelin-
1 has been implicated in the pathogenesis of pulmonary 
hypertension, and indeed antagonism of ET-1 effects with 
bosentan has been shown to have signifi cant therapeutic 
effi cacy.46,47 The histopathologic hallmark of idiopathic 
pulmonary hypertension is the plexiform lesion, which 
has been shown to arise from monoclonal proliferation 
of endothelial cells.48 These plexiform lesions show simi-
larities to the renal glomerulus and the vascular hyper-
plasia that is seen around glioblastoma multiforme.49 
They demonstrate disorganized growth with areas of 
solid core and vascular channels and express markers of 
angiogenesis indicating that they are areas of vascular 
remodeling.49 This suggests that the benefi cial effects of 
endothelin antagonism in idiopathic pulmonary hyper-
tension may be related to both antiproliferative and anti-
angiogenic effects. Tuder et al. have demonstrated the 
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presence of markers of angiogenesis in the plexiform 
lesions of idiopathic pulmonary hypertension.50 There 
were increased levels of VEGF, VEGFR2, and both HIF-
1α and HIF-1β, all of which are involved in angiogenesis. 
Interestingly, the same group developed a rat model of 
severe pulmonary hypertension and vascular remodeling 
with the use of a VEGFR2 antagonist in combination 
with hypoxia.51

Angiogenesis and Fibroproliferation 
in the Lung

The existence of neovascularization in idiopathic pul-
monary fi brosis was originally identifi ed in 1963 by 
Turner-Warwick, who demonstrated that within areas of 
pulmonary fi brosis there was extensive neovasculariza-
tion with anastomoses between the systemic and 
pulmonary microvasculature.52 Further evidence of neo-
vascularization as a component of the pathogenesis of 
pulmonary fi brosis has been demonstrated in bleomycin-
induced pulmonary fi brosis, following the perfusion of 
the vascular tree of rat lungs with methacrylate resin at 
a time of maximal bleomycin-induced pulmonary fi bro-
sis.53 Angiogenesis has been shown to develop in the 
mouse lung within 6 days in response to ischemia, with 
the new vessels arising between the parietal and visceral 
pleura, supplied by intercostal arteries.54 In a mouse 
model of pulmonary artery ligation it has been demon-
strated that the angiogenic chemokines CXCL1 and 
CXCL2 are highly expressed in ischemic lung and associ-
ated with angiogenesis.55 Recently, an imbalance in the 
levels of angiogenic chemokines compared with angio-
static chemokines, which favors net angiogenesis, has 
been demonstrated in both animal models and tissue 
specimens from patients with idiopathic pulmonary fi bro-
sis.56–59 Renzoni et al. have demonstrated vascular remod-
eling in both idiopathic pulmonary fi brosis and fi brosing 
alveolitis associated with systemic sclerosis.60 Cosgrove et 
al. provided further support for the concept of vascular 
remodeling in idiopathic pulmonary fi brosis when they 
studied the expression of pigment epithelium-derived 
factor and VEGF in lung specimens of patients with idio-
pathic pulmonary fi brosis.61 Immunolocalization demon-
strated a relative absence of vessels in the fi broblastic foci 
of idiopathic pulmonary fi brosis. This appeared to corre-
late with increased expression of pigment epithelium-
derived factor in the fi broblastic foci. Interestingly, they 
also noted signifi cant vascularity in the areas of fi brosis 
around the fi broblastic foci, with numerous abnormal 
vessels in the regions of severe architectural distortion. 
These fi ndings are similar to those of Renzoni et al.61 and 
support the concept of regional heterogeneity of vascular-
ity in idiopathic pulmonary fi brosis. This heterogeneity is 
not surprising, since usual interstitial pneumonia, which 

is the pathologic manifestation of idiopathic pulmonary 
fi brosis, is defi ned by its regional and temporal 
heterogeneity.

Although studies have suggested an important role for 
CXCL8 in mediating neutrophil recruitment, CXC che-
mokines have been found to exert disparate effects in 
regulating angiogenesis.8 This latter issue is relevant to 
idiopathic pulmonary fi brosis, as the pathology of 
idiopathic pulmonary fi brosis demonstrates features of 
dysregulated and abnormal repair with exaggerated 
angiogenesis, fi broproliferation, and deposition of extra-
cellular matrix, leading to progressive fi brosis and loss of 
lung function. In idiopathic pulmonary fi brosis lung tissue, 
there is an imbalance in the presence of CXC chemokines 
that behave as either promoters of angiogenesis (CXCL8) 
or inhibitors of angiogenesis (CXCL10).56 This imbalance 
favors augmented net angiogenic activity.56 Immunolocal-
ization of CXCL8 demonstrated that the pulmonary 
fi broblast was the predominant interstitial cellular source 
of this chemokine, and areas of CXCL8 expression were 
essentially devoid of neutrophil infi ltration.56 This sup-
ports an alternative biologic role for CXCL8 or other 
ELR+ CXC chemokines in the interstitium of idiopathic 
pulmonary fi brosis lung tissue.

CXCL5 is an additional important regulator of angio-
genic activity in idiopathic pulmonary fi brosis.59 Lung 
tissue from patients with idiopathic pulmonary fi brosis 
expressed greater levels of CXCL5 than did normal 
control lung tissue. The predominant cellular sources of 
CXCL5 were hyperplastic type II cells and macrophages. 
These hyperplastic type II cells are associated with areas 
of active infl ammation and are often found in proximity 
to fi broblastic foci. This provides further support for the 
role of nonimmune cells in the pathogenesis of idiopathic 
pulmonary fi brosis and may help to explain the failure of 
conventional immunosuppressive agents in this disease. 
As both CXCL8 and CXCL5 bind to CXCR2, this may 
represent an attractive therapeutic target with respect to 
the inhibition of angiogenesis, which may lead to a slowing 
of the progression of idiopathic pulmonary fi brosis.

In contrast to the increased angiogenic activity attrib-
utable to CXCL5 and CXCL8, there is a defi ciency of the 
production of the angiostatic factor CXCL10 in idio-
pathic pulmonary fi brosis compared with controls (56). 
Interestingly, interferon (IFN)-γ, a major inducer of 
CXCL10 from a number of cells, is a known inhibitor of 
wound repair in part because of its angiostatic properties, 
and it has been shown to attenuate fi brosis in bleomycin-
induced pulmonary fi brosis.62 This suggests that CXCL10 
is a distal mediator of the effects of IFN-γ, and an imbal-
ance in the expression of angiostatic CXCL10 is found in 
idiopathic pulmonary fi brosis. Attenuation of the angio-
genic (CXCL8) or augmentation of the angiostatic 
(CXCL10) CXC chemokines may represent a viable 
therapeutic approach to the treatment of idiopathic pul-
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monary fi brosis. Indeed, IFN-γ treatment of patients with 
either systemic sclerosis or idiopathic pulmonary fi brosis 
has received increasing attention.63

In the murine model of bleomycin-induced pulmonary 
fi brosis, CXCL2 and CXCL10 were found to be directly 
and inversely correlated, respectively, with fi brosis.57,58 
Moreover, if either endogenous CXCL2 was depleted by 
passive immunization or exogenous CXCL10 was admin-
istered to the animals during bleomycin exposure, there 
resulted marked attenuation of pulmonary fi brosis that 
was entirely attributable to a reduction in angiogenesis 
in the lung.57,58 Furthermore, a phase II study of the 
administration of IFN-γ to patients with idiopathic pul-
monary fi brosis demonstrated a signifi cant upregulation 
of lung CXCL11 gene expression and bronchoalveolar 
lavage (BAL) and plasma protein levels of CXCL11.64 
The administration of CXCL11 to bleomycin-treated 
mice attenuated the development of pulmonary fi brosis 
via inhibition of vascular remodeling.65 These fi ndings 
support the idea that vascular remodeling is a critical 
biologic event that supports fi broplasia and deposition 
of extracellular matrix in the lung during pulmonary 
fi brosis.

Further support for a role of vascular remodeling in 
pulmonary fi brosis was found in the study by Hamada 
et al.66 They transfected the gene for the soluble VEGF 
receptor (sFlt-1) into the skeletal muscle of mice that 
received intratracheal bleomycin.66 This expression of the 
soluble receptor and the subsequent inhibition of VEGF 
activity were associated with a decrease in vascular 
remodeling as assessed by the expression of vonWille-
brand factor.66 Furthermore, there was an associated 
reduction in fi brosis.66

Chemokines and Angiogenesis 
in Lung Cancer

CXC chemokine-mediated angiogenesis has been shown 
to play an important role in tumor growth in a variety of 
tumors, including melanoma, lung cancer, pancreatic 
cancer, ovarian cancer, brain tumors, gastric carcinoma, 
breast cancer, and head and neck cancer.67–72

CXCL8 is markedly elevated and contributes to the 
overall angiogenic activity of non–small cell lung cancer 
(NSCLC).73 Extending these studies to an in vivo model 
system of human tumorigenesis (i.e., human NSCLC/
SCID mouse chimera),74 tumor-derived CXCL8 was 
found to be directly correlated with tumorigenesis.74 
Tumor-bearing animals depleted of IL-8/CXCL8 demon-
strated a >40% reduction in tumor growth and a reduc-
tion in spontaneous metastases, which correlated with 
reduced angiogenesis.74 These fi ndings have been further 
corroborated with several human NSCLC cell lines grown 
in immunoincompetent mice. Non–small cell lung cancer 

cell lines that constitutively express CXCL8 display 
greater tumorigenicity that is directly correlated with 
angiogenesis.75

Although CXCL8 was the fi rst angiogenic ELR+ CXC 
chemokine to be discovered in NSCLC, CXCL5 has now 
been determined to have a higher degree of correlation 
with NSCLC-derived angiogenesis.76 Surgical specimens 
of NSCLC tumors demonstrate a direct correlation 
between CXCL5 expression and tumor angiogenesis. 
These studies were extended to a SCID mouse model of 
human NSCLC tumorigenesis. CXCL5 expression was 
directly correlated with tumor growth.76 Moreover, when 
NSCLC-bearing animals were depleted of CXCL5, both 
tumor growth and spontaneous metastases were mark-
edly attenuated.76 The reduction of angiogenesis was also 
accompanied by an increase in tumor cell apoptosis, 
consistent with the previous observation that inhibition 
of tumor-derived angiogenesis is associated with increased 
tumor cell apoptosis.76 Although CXCL5 expression cor-
relates signifi cantly with tumor-derived angiogenesis, 
tumor growth, and metastases, CXCL5 depletion does 
not completely inhibit tumor growth.76 This refl ects the 
fact that the angiogenic activity of NSCLC tumors is 
related to many overlapping and potentially redundant 
factors acting in a parallel or serial manner. Furthermore, 
when all ELR+ CXC chemokines are evaluated in human 
NSCLC, it appears that they correlate with patient 
mortality.77,78

These studies have been further extended to a 
lung cancer syngeneic tumor model system in 
CXCR2−/− compared with CXCR2+/+ mice. Lung cancer 
in CXCR2−/− mice demonstrate reduced growth, in-
creased tumor-associated necrosis, and inhibited tumor-
associated angiogenesis and metastatic potential.79 These 
in vitro and in vivo studies establish that CXCR2 
is an important receptor that mediates ELR+ CXC 
chemokine-dependent angiogenic activity.

Non-ELR+ CXC Chemokines 
Attenuate Angiogenesis Associated 
with Tumorigenesis

Non-ELR+ CXC chemokines have been shown to inhibit 
angiogenesis in several model systems, for example, in 
Burkitt’s lymphoma cell lines in immunoincompetent 
mice.80 Angiogenesis is essential for tumorigenesis of 
these lymphomas, analogous to carcinomas. The expres-
sions of CXCL9 and CXCL10 were found to be higher 
in tumors that demonstrated spontaneous regression and 
were directly related to impaired angiogenesis.81 To deter-
mine whether this effect was attributable to CXCL9 or 
to CXCL10, more virulent Burkitt’s lymphoma cell lines 
were grown in immunodefi cient mice and subjected to 
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intratumor inoculation with either CXCL9 or CXCL10. 
Both conditions resulted in marked reduction in tumor-
associated angiogenesis. Although these CXCR3 ligands 
have been shown to bind to CXCR3 on mononuclear 
cells, the ability of these non-ELR+ CXC chemokines to 
inhibit angiogenesis and induce lymphoma regression in 
immunodefi cient mice supports the idea that these che-
mokines can mediate their effects in a T-cell–independent 
manner.

To examine the role of CXCL10 in the regulation of 
angiogenesis in lung carcinoma, the level of CXCL10 
from human surgical NSCLC tumor specimens was exam-
ined and found to be signifi cantly higher in the tumor 
specimens than in normal adjacent lung tissue.82 The 
increase in CXCL10 from human NSCLC tissue was 
entirely attributable to the higher levels of CXCL10 
present in squamous cell carcinomas compared with ade-
nocarcinomas.82 Moreover, depletion of CXCL10 from 
squamous cell carcinoma surgical specimens resulted in 
augmented angiogenic activity.82 The marked differences 
in the levels and bioactivities of CXCL10 in squamous 
cell carcinomas and adenocarcinomas are clinically and 
pathophysiologically relevant and represent a possible 
explanation for the biologic differences between these 
two types of NSCLC. Patient survival is lower, metastatic 
potential is higher, and evidence of angiogenesis is greater 
for adenocarcinomas than for squamous cell carcinomas 
of the lung.

These studies were extended to a SCID mouse system 
to examine the effect of CXCL10 on human NSCLC cell 
line tumor growth in a T- and B-cell–independent manner. 
The SCID mice were inoculated with either an adenocar-
cinoma or a squamous cell carcinoma cell line.82 The 
production of CXCL10 from adenocarcinoma and squa-
mous cell carcinoma tumors was inversely correlated 
with tumor growth.82 However, CXCL10 levels were signi-
fi cantly higher in squamous cell carcinomas than in 
adenocarcinomas.82 The appearance of spontaneous lung 
metastases in SCID mice bearing adenocarcinomas 
occurred after CXCL10 levels from either the primary 
tumor or plasma had reached a nadir.82 In subsequent 
experiments, SCID mice bearing squamous cell carcino-
mas were depleted of CXCL10, whereas animals bearing 
adenocarcinomas were treated with intratumor CXCL10.82 
Depletion of CXCL10 in squamous cell carcinoma tumors 
resulted in an increase in their size.82 In contrast, intratu-
mor supplementation with CXCL10 in adenocarcinomas 
reduced both tumor size and metastatic potential and was 
directly associated with a reduction in tumor-associated 
angiogenesis.82 Similar results have been found for 
CXCL10 in melanoma involving a gene therapeutic 
strategy.83

Similar to CXCL10, CXCL9 also plays a signifi cant 
role in regulating angiogenesis associated with NSCLC. 
Levels of CXCL9 in human specimens of NSCLC were 

not signifi cantly different from those found in normal 
lung tissue.84 However, these results suggested that the 
increased expression of ELR+ CXC chemokines and 
other angiogenic factors found in these tumors was not 
counterregulated by a concomitant increase in the expres-
sion of the angiostatic CXC chemokine CXCL9. Thus, 
this imbalance could promote a microenvironment that 
fosters angiogenesis. To alter this imbalance, studies were 
performed to overexpress CXCL9 by three different 
strategies, including gene transfer.84 These experiments 
resulted in the inhibition of NSCLC tumor growth and 
metastasis via a decrease in tumor-associated angiogene-
sis.84 These fi ndings support the importance of the 
IFN-inducible non-ELR+ CXC chemokines in inhibiting 
NSCLC tumor growth by attenuation of tumor-
associated angiogenesis. In addition, the above study 
demonstrates the potential effi cacy of gene therapy as an 
alternative means to deliver and overexpress a potent 
angiostatic CXC chemokine.

Molecular Mechanisms 
of Angiogenesis

The tumor vascular system must rapidly respond to 
increased metabolic demands with generation of increased 
tumor microvasculature. In contrast to the normally 
tightly controlled angiogenic process that is characteristic 
of the menstrual cycle or wound repair, tumor-associated 
angiogenesis shows evidence of multiple adaptive strate-
gies to perpetuate aberrant angiogenesis. The complexity 
and redundancy of these processes explain why thera-
peutic target of only one factor that promotes angiogen-
esis within a tumor may not lead to a dramatic outcome. 
To better understand aberrant angiogenesis within a 
tumor, it will be necessary to appreciate the temporal 
and spatial master switches that control specifi c gene 
products that promote and perpetuate aberrant tumor-
associated angiogenesis, even when the microenviron-
mental cues change over time or in response to therapeutic 
intervention.

Two major transcription factors that respond to micro-
environmental cues relevant to changes in metabolic 
needs and redox potential of tumor cells, and are acti-
vated in several tumors, are HIF-1α and the nuclear 
factor-κB (NF-κB). Hypoxia-induced factor-1α acts as a 
master transcription switch for regulation of oxygen 
homeostasis.85 Hypoxia-induced factor-1 consists of a het-
erodimer of HIF-1α and HIF-1β subunits.85 Normally, 
HIF-1α expression is under strict regulation. The von 
Hippel-Lindau tumor suppressor protein targets HIF-1α 
for rapid ubiquitination under nonhypoxic conditions,85,86 
whereas activation of PI3K/Akt and mitogen-activated 
protein kinase/extracellular signal-regulated kinase path-
ways are involved in activating HIF-1α under both nor-
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moxic and hypoxic conditions.85,87,88 In contrast, HIF-1β 
is constitutively expressed.85,86 The HIF-1 heterodimer 
recognizes and binds to specifi c cis-elements in the 
promoters of specifi c genes that are necessary for glycoly-
sis and angiogenesis (i.e., VEGF).85,86,89

Nuclear factor-κB is a member of a heterodimeric 
family of transcription factors. Classic NF-κB is a het-
erodimer protein that is formed by p50/p65 proteins.90,91 
Normally NF-κB is under strict regulation by its seques-
tration in the cytoplasm in association with a heterotri-
meric complex of NF-κB with the inhibitor of κB (IκB). 
Activation of NF-κB is related to phosphorylation of 
IκB by IκB kinases, followed by IκB ubiquitination and 
degradation by the proteasome and release of NF-κB 
for intranuclear localization and transactivation of a 
specifi c cis-element.90,91 Change in the redox potential of 
the cell due to generation of reactive oxygen species and 
to activation of the PI3K/Akt and mitogen-activated 
protein kinase/extracellular signal-regulated kinase 
pathways is involved in activation of NF-κB. Nuclear 
factor-κB activates a number of genes that are relevant 
to innate and adaptive immunity, cellular prolifera-
tion, cell survival, and angiogenesis (i.e., ELR+ CXC 
chemokines).2,91

To link these two master switches of angiogenesis to 
aberrant angiogenesis in colon cancer, Mizukami and col-
leagues92 used a strategy to target human colon cancer 
cells for stable knockdown of HIF-1α. They inoculated 
nude mice with wild-type and HIF-1α knockdown colon 
cancer cells and found that both cell types generated 
tumor growth in vivo. However, the HIF-1α knockdown 
colon cancer cells formed smaller tumors. When the his-
topathologies of the two types of tumors were examined, 
large differences were found in the areas of tumor necro-
sis, with larger areas of tumor necrosis in the wild-type 
colon cancer cells. In addition, the investigators found 
greater tumor cell proliferation, yet greater apoptotic 
rate, in the wild-type colon cancer cell tumors. These his-
topathologic changes were linked to changes in the 
expected levels of VEGF in these two tumor types. In 
vivo, VEGF mRNA and protein levels were reduced 51% 
and 52%, respectively, in HIF-1α knockdown colon 
cancer cell tumors. However, when the microdensity of 
vessels was assessed in the two tumor types, no difference 
was found in the magnitude of angiogenesis in the two 
tumor types to account for the difference in the sizes of 
areas of necrosis.92 With regard to VEGF, this was an 
unexpected result, and this fi nding supported the conclu-
sion that either high levels of VEGF were not required 
to stimulate angiogenesis or that other angiogenic factors 
may be expressed in a compensatory manner to maintain 
tumor-associated angiogenesis in the HIF-1α knockdown 
colon cancer cell tumors.

Interestingly, there was a twofold increase in the expres-
sion of the proangiogenic ELR+ CXC chemokine (i.e., 

IL-8; CXCL8) under hypoxic conditions in the HIF-1α 
knockdown colon cancer cells92 These fi ndings were con-
fi rmed by a 2.5-fold increase by quantitative polymerase 
chain reaction and measured levels of CXCL8 protein 
from cellular conditioned media. While CXCL8 protein 
levels were basally present in the wild-type colon cancer 
cells, there was no change in the magnitude of CXCL8 
expression under conditions of hypoxia. This observation 
was confi rmed in vivo in the tumor xenografts. These data 
support the idea that in the absence of HIF-1α within the 
tumor microenvironment there is a molecular switch that 
preserves tumor-associated angiogenesis in an HIF-1α–
independent manner. Because NF-κB is the major regu-
lator of proangiogenic ELR+ CXC chemokines,2,93 
including CXCL8, the investigators found that NF-κB 
was activated in the HIF-1α knockdown but not in the 
wild-type colon cancer cells. Pharmaceutical attenuation 
of NF-κB activation had a negative impact on CXCL8 
expression by the HIF-1α knockdown colon cancer cells. 
The investigators further determined that the mechanism 
for NF-κB activation under conditions of hypoxia and in 
the absence of HIF-1α was related to increased genera-
tion of reactive oxygen species and signaling of the mutant 
K-ras oncogene.

To determine whether these molecular changes were 
specifi c to CXCL8-mediated aberrant tumor-associated 
angiogenesis of HIF-1α knockdown colon cancer cells in 
vivo, Mizukami and colleagues passively immunized 
tumor-bearing animals with specifi c neutralizing CXCL8 
antibodies.92 Depletion of CXCL8 in these tumors 
resulted in marked attenuation of tumor growth, decrease 
in tumor cell proliferation, increase in apoptotic index of 
the tumors, and reduction in tumor-associated angio-
genesis. These studies confi rmed the importance of two 
master angiogenesis switches in the preservation of 
tumor-associated angiogenesis and tumor growth of colon 
cancer cells. These fi ndings may not be unique to colon 
cancer and imply that one should be cognizant of addi-
tional angiogenic factors within the tumor microen-
vironment prior to embarking on therapeutic strategies 
that treat only one angiogenic factor in cancer.

Although tremendous effort has been made to target 
VEGF in cancer, fi ndings from studies using a monoclo-
nal antibody against VEGF in patients with renal cell 
carcinoma or colon cancer have not produced over-
whelming results.94 Does this mean that tumor-associated 
angiogenesis is not important? Does this mean that 
VEGF is not as important as we have previously thought, 
or do these studies, together with the fi ndings of 
Mizukami and colleagues,92 highlight the importance of 
fi nding other angiogenic pathways? Nuclear factor-κB 
activation and induction of proangiogenic ELR+ CXC 
chemokines cannot be discounted for their important 
role in preserving aberrant angiogenesis in cancer. Future 
clinical studies designed to impair tumor-associated 
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angiogenesis will benefi t from the work of Mizukami and 
colleagues,92 which emphasizes the need to develop 
strategies that will target both master switches of 
angiogenesis.95

Further insights into the mechanisms of angiogenesis 
associated with tumors have been gained from studies of 
glioblastoma. A hallmark of glioblastomas is the marked 
presence of angiogenesis,96 which suggests that it may be 
necessary for malignant progression of this tumor. 
Garkavtsev and associates have recently identifi ed a can-
didate tumor suppressor gene, ING4, which is involved in 
regulating glioblastoma tumor growth and angiogenesis.96 
In this study, the expression of ING4 was found to be 
signifi cantly reduced in glioblastomas compared to 
normal human brain tissue, and the extent of reduction 
correlated with the progression from lower to higher 
tumor grade.96 Human glioblastomas that exhibited 
decreased expression of ING4 when engrafted into 
immunoincompetent mice grew markedly faster and dis-
played greater angiogenesis than control tumors.96 The 
mechanism for increased tumorigenicity in glioblastomas 
that expressed lower levels of ING4 was related to ING4’s 
physical ability to bind the p65 (RelA) subunit of NF-κB, 
impair its nuclear translocation, and subsequently inhibit 
transactivation of NF-κB–dependent genes.96 In fact, the 
mechanism for the angiogenic activity of glioblastomas 
that expressed low levels of ING4 was CXCL8 depen-
dent, as inhibition of CXCL8 in vivo markedly reduced 
tumor growth and tumor-associated angiogenesis.96 
These fi ndings link a tumor suppressor gene to function 
and control of the expression of angiogenic ELR+ CXC 
chemokines in human tumors and provide a unique 
opportunity to consider targeting ELR+ CXC chemo-
kine-mediated angiogenesis.

The Duffy Antigen Receptor for 
Chemokines and Tumor Angiogenesis

The Duffy antigen receptor for chemokines (DARC) is 
known to be a promiscuous chemokine receptor that 
binds chemokines in the absence of any detectable signal 
transduction events.97 Within the group of ELR+ CXC 
chemokines, DARC binds the angiogenic CXC chemo-
kines including CXCL1, CXCL5, and CXCL8, all of 
which have previously been shown to be important for 
promoting tumor growth in a variety of tumors, including 
NSCLCs.76,98,99 Addison and colleagues demonstrated 
that stable transfection and overexpression of DARC in 
an NSCLC tumor cell line resulted in the binding of the 
angiogenic ELR+ CXC chemokines by the tumor cells.97 
The binding of tumor cell–derived ELR+ CXC chemo-
kines to the tumor cells themselves interfered with the 
local tumor paracrine microenvironment of tumor cell 
interaction with host responding endothelial cells by 

preventing the stimulation of endothelial cells by these 
angiogenic factors.97 The NSCLC tumor cells that con-
stitutively expressed DARC in vitro were similar in their 
growth characteristics to control-transfected cells. 
However, tumors derived from DARC-expressing cells 
were signifi cantly larger than tumors derived from 
control-transfected cells. Interestingly, upon histologic 
examination, DARC-expressing tumors had signifi cantly 
more necrosis and decreased tumor cellularity than 
control tumors.

Expression of DARC by NSCLC cells was also associ-
ated with a marked decrease in tumor-associated vascu-
lature and a reduction in metastatic potential. Similarly, 
in a murine model of prostate cancer, DARC−/− mice had 
increased tumor growth, intratumoral levels of CXC che-
mokines, and increased intratumoral vessel density, indi-
cating an important role for DARC in inhibiting the 
biologic effects of CXC chemokines in tumor growth.100 
The fi ndings of this study suggested that competitive 
binding of ELR+ CXC chemokines by tumor cells express-
ing a decoy receptor could prevent paracrine activation 
of endothelial cells in the tumor microenvironment and 
reduce tumor-associated angiogenesis.

Possible Nonreceptor-Mediated 
Inhibition of Angiogenesis

Platelet factor 4 (PF4)/CXCL4 was the fi rst chemokine 
described to inhibit neovascularization.101 Although this 
angiostatic chemokine was the subject of extensive 
research as a candidate anticancer drug,102 its nonallelic 
gene variant PF4alt/PF4var1/SCYB4V1 has not been pre-
viously investigated.103,104 The product of the nonallelic 
variant gene of CXCL4, PF4var1/PF4alt, designated 
CXCL4L1, was recently isolated from thrombin-
stimulated human platelets and purifi ed to homogene-
ity.105 Although secreted CXCL4 and CXCL4L1 differ 
in only three amino acid residues, CXCL4L1 is more 
potent for inhibiting angiogenesis in response to angio-
genic factors in both in vitro and in vivo models of 
angiogenesis.105

The molecular mechanism for the angiostatic function 
of CXCL4 is still a matter of debate. Brandt et al. sug-
gested that CXCL4 is a unique chemokine that does not 
bind to a G protein–coupled receptor; rather, it acti-
vates cells (i.e., neutrophils) through binding to cell 
surface glycosaminoglycans.106 However, it is not clear 
whether CXCL4 binding to glycosaminoglycan sites 
alone is both necessary and suffi cient to trigger endothe-
lial cell signaling. For instance, CXCL4 is reported to 
prevent activation of the extracellular signal-regulated 
kinase by bFGF and to inhibit downregulation of 
the cyclin-dependent kinase inhibitor p21.108 Further-
more, CXCL4 function is not abrogated in heparan 
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sulfate–defi cient cells, and CXCL4 mutants or peptides 
lacking heparin affi nity are capable of inhibiting angio-
genesis.102,109 Recently, Lasagni et al. identifi ed a splice 
variant of CXCR3, designated CXCR3B, and found that 
this G protein–coupled receptor binds CXCL4 and medi-
ates its angiostatic activity.3 Finally, other studies have 
reported that the inhibitory effect of CXCL4 is mediated 
through complex formation with bFGF or CXCL8.109,110 
These fi ndings suggest that the mechanisms involved in 
CXCL4L1-mediated attenuation of angiogenesis are 
complex. Furthermore, the important discovery of a 
variant of CXCL4 that is more effi cacious for inhibiting 
angiogenesis than authentic CXCL4 has signifi cant impli-
cations for the use of this angiostatic factor as a thera-
peutic tool to inhibit aberrant angiogenesis in a variety 
of diseases.

Breast and kidney-expressed chemokine/CXCL14 is 
another non-ELR+ CXC chemokine that has been 
recently identifi ed to inhibit angiogenesis.111 CXCL14 
appears to be downregulated in tumor specimens as com-
pared with normal adjacent tissue.112 The biologic signifi -
cance of the absence of CXCL14 in these tumors remained 
to be elucidated until Shellenberger and associates dis-
covered that CXCL14 inhibited microvascular endothe-
lial cell chemotaxis in vitro in response to CXCL8, bFGF, 
and VEGF and inhibited neovascularization in vivo in 
response to the same angiogenic agonists.111 Schwarze 
and associates observed that CXCL14 is expressed in 
normal and neoplastic prostatic epithelium and focally in 
stromal cells adjacent to prostate cancer.113 Interestingly, 
CXCL14 was found to be signifi cantly upregulated in 
localized prostate cancer and positively correlated with 
Gleason score.113 In contrast, CXCL14 levels were 
unchanged in benign prostate hypertrophy specimens.113 
In a model of human prostate cancer in immunodefi cient 
mice, prostate cancer cells transfected with CXCL14 were 
found to have a 43% reduction in tumor growth com-
pared with controls.113 These studies support the idea that 
the loss or inadequate expression of CXCL14 is associ-
ated with the transformation of normal epithelial cells to 
cancer and may be due to the promotion of a proangio-
genic microenvironment suitable for tumor growth. The 
receptor that mediates the actions of CXCL14 remains 
to be determined.

Conclusion

Angiogenesis is a pivotal process in a number of patho-
logic processes in the lung, including lung cancer, pulmo-
nary hypertension, and pulmonary fi brosis. Studies 
performed on extrapulmonary neoplasms have also 
yielded results that contribute to our understanding of 
the mechanisms of angiogenesis in neoplasia. The mecha-
nisms that are responsible for angiogenesis are diverse 

and complex. Targeting a single distal mediator may not 
have signifi cant effects. In contrast, targeting a proximal 
mediator or a “master switch” such as NF-κB has the 
potential to have profound effects on angiogenesis and 
therefore impact several disease processes. Similarly, the 
different profi les of angiogenic mediators produced by 
different tumors may aid in targeting therapies toward 
specifi c tumors.

References

 1. Strieter RM, Polverini PJ, Kunkel SL, et al. The functional 
role of the ELR motif in CXC chemokine-mediated angio-
genesis. J Biol Chem 1995;270(45):27348–27357.

 2. Belperio JA, Keane MP, Arenberg DA, et al. CXC chemo-
kines in angiogenesis. J Leuk Biol 2000;68(1):1–8.

 3. Lasagni L, Francalanci M, Annunziato F, et al. An alterna-
tively spliced variant of CXCR3 mediates the inhibition of 
endothelial cell growth induced by IP-10, Mig, and I-TAC, 
and acts as functional receptor for platelet factor 4. J Exp 
Med 2003;197(11):1537–1549.

 4. Boulday G, Haskova Z, Reinders ME, Pal S, Briscoe DM. 
Vascular endothelial growth factor–induced signaling 
pathways in endothelial cells that mediate overexpression 
of the chemokine IFN-{gamma}-inducible protein of 
10 kDa in vitro and in vivo. J Immunol 2006;176(5):
3098–3107.

 5. Ranieri G, Patruno R, Ruggieri E, et al. Vascular endothe-
lial growth factor (VEGF) as a target of bevacizumab in 
cancer: from the biology to the clinic. Curr Med Chem 
2006;13(16):1845–1857.

 6. Jain RK, Duda DG, Clark JW, Loeffl er JS. Lessons from 
phase III clinical trials on anti-VEGF therapy for cancer. 
Nat Clin Pract Oncol 2006;3(1):24–40.

 7. Giatromanolaki A, Sivridis E, Koukourakis MI. Angiogen-
esis in colorectal cancer: prognostic and therapeutic impli-
cations. Am J Clin Oncol 2006;29(4):408–417.

 8. Strieter RM, Polverini PJ, Kunkel SL, et al. The functional 
role of the “ELR” motif in CXC chemokine-mediated 
angiogenesis. J Biol Chem 1995;270(45):27348–27357.

 9. Addison CL, Daniel TO, Burdick MD, et al. The CXC 
chemokine receptor 2, CXCR2, is the putative receptor for 
ELR(+) CXC chemokine-induced angiogenic activity. 
J Immunol 2000;165(9):5269–5277.

 10. Murdoch C, Monk PN, Finn A. CXC chemokine receptor 
expression on human endothelial cells. Cytokine 1999;
11(9):704–712.

 11. Salcedo R, Resau JH, Halverson D, et al. Differential 
expression and responsiveness of chemokine receptors 
(CXCR1–3) by human microvascular endothelial cells and 
umbilical vein endothelial cells. FASEB J 2000;14(13):
2055–2064.

 12. Heidemann J, Ogawa H, Dwinell MB, et al. Angiogenic 
effects of interleukin 8 (CXCL8) in human intestinal 
microvascular endothelial cells are mediated by CXCR2. 
J Biol Chem 2003;278(10):8508–8515.

 13. Richmond A, Fan GH, Dhawan P, Yang J. How do chemo-
kine/chemokine receptor activations affect tumorigenesis? 



210 M.P. Keane and R.M. Strieter

Novartis Found Symp 2004;256:74–89, 91, 106–111, 266–
269.

 14. Devalaraja RM, Nanney LB, Du J, et al. Delayed wound 
healing in CXCR2 knockout mice. J Invest Dermatol 
2000;115(2):234–244.

 15. Burger M, Burger JA, Hoch RC, et al. Point mutation 
causing constitutive signaling of CXCR2 leads to trans-
forming activity similar to Kaposi’s sarcoma herpesvirus–
G protein–coupled receptor. J Immunol 1999;163(4):
2017–2022.

 16. Gershengorn MC, Geras-Raaka E, Varma A, Clark-Lewis 
I. Chemokines activate Kaposi’s sarcoma–associated her-
pesvirus G protein–coupled receptor in mammalian cells 
in culture. J Clin Invest 1998;102(8):1469–1472.

 17. Sugden PH, Clerk A. Regulation of the ERK subgroup of 
MAP kinase cascades through G protein–coupled recep-
tors. Cell Signal 1997;9(5):337–351.

 18. Pawson T, Scott JD. Signaling through scaffold, anchor-
ing, and adaptor proteins. Science 1997;278(5346):2075–
2080.

 19. Shyamala V, Khoja H. Interleukin-8 receptors R1 and R2 
activate mitogen-activated protein kinases and induce c-
fos, independent of Ras and Raf-1 in Chinese hamster 
ovary cells. Biochemistry 1998;37(45):15918–15924.

 20. Couty JP, Gershengorn MC. Insights into the viral G 
protein–coupled receptor encoded by human herpesvirus 
type 8 (HHV-8). Biol Cell 2004;96(5):349–354.

 21. Arvanitakis L, Geras-Raaka E, Varma A, et al. Human 
herpesvirus KSHV encodes a constitutively active G-
protein–coupled receptor linked to cell proliferation. 
Nature 1997;385(6614):347–350.

 22. Bais C, Santomasso B, Coso O, et al. G-protein–coupled 
receptor of Kaposi’s sarcoma–associated herpesvirus is a 
viral oncogene and angiogenesis activator. Nature 1998;
391(6662):86–89.

 23. Geras-Raaka E, Arvanitakis L, Bais C, et al. Inhibition of 
constitutive signaling of Kaposi’s sarcoma–associated her-
pesvirus G protein–coupled receptor by protein kinases 
in mammalian cells in culture. J Exp Med 1998;187(5):
801–806.

 24. Yang TY, Chen SC, Leach MW, et al. Transgenic expression 
of the chemokine receptor encoded by human herpesvirus 
8 induces an angioproliferative disease resembling 
Kaposi’s sarcoma. J Exp Med 2000;191(3):445–454.

 25. Guo HG, Sadowska M, Reid W, et al. Kaposi’s sarcoma–
like tumors in a human herpesvirus 8 ORF74 transgenic 
mouse. J Virol 2003;77(4):2631–2639.

 26. Luan J, Shattuck-Brandt R, Haghnegahdar H, et al. Mech-
anism and biological signifi cance of constitutive expres-
sion of MGSA/GRO chemokines in malignant melanoma 
tumor progression. J Leuk Biol 1997;62(5):588–597.

 27. Maussang D, Verzijl D, van Walsum M, et al. Human 
cytomegalovirus-encoded chemokine receptor US28 pro-
motes tumorigenesis. Proc Natl Acad Sci USA 2006;103:
13068–13073.

 28. Luster AD, Cardiff RD, MacLean JA, et al. Delayed wound 
healing and disorganized neovascularization in transgenic 
mice expressing the IP-10 chemokine. Proc Assoc Am Phy-
sicians 1998;110(3):183–196.

 29. Rollins BJ. Chemokines. Blood 1997;90(3):909–928.

 30. Balkwill F. The molecular and cellular biology of the 
chemokines. J Viral Hepat 1998;5(1):1–14.

 31. Loetscher M, Loetscher P, Brass N, Meese E, Moser B. 
Lymphocyte-specifi c chemokine receptor CXCR3: regula-
tion, chemokine binding and gene localization. Eur J 
Immunol 1998;28(11):3696–705.

 32. Ehlert JE, Addison CA, Burdick MD, et al. Identifi cation 
and partial characterization of a variant of human CXCR3 
generated by posttranscriptional exon skipping. J Immunol 
2004;173(10):6234–6240.

 33. Soto H, Wang W, Strieter RM, et al. The CC chemokine 
6Ckine binds the CXC chemokine receptor CXCR3. Proc 
Natl Acad Sci U S A 1998;95(14):8205–8210.

 34. Romagnani P, Annunziato F, Lasagni L, et al. Cell cycle–
dependent expression of CXC chemokine receptor 3 by 
endothelial cells mediates angiostatic activity. J Clin Invest 
2001;107(1):53–63.

 35. Yang J, Richmond A. The angiostatic activity of 
interferon-inducible protein-10/CXCL10 in human mela-
noma depends on binding to CXCR3 but not to glycosami-
noglycan. Mol Ther 2004;9(6):846–855.

 36. Salani D, Di Castro V, Nicotra MR, et al. Role of endothe-
lin-1 in neovascularization of ovarian carcinoma. Am J 
Pathol 2000;157(5):1537–1547.

 37. Salani D, Taraboletti G, Rosano L, et al. Endothelin-1 
induces an angiogenic phenotype in cultured endothelial 
cells and stimulates neovascularization in vivo. Am J 
Pathol 2000;157(5):1703–1711.

 38. Pedram A, Razandi M, Hu RM, Levin ER. Vasoactive 
peptides modulate vascular endothelial cell growth factor 
production and endothelial cell proliferation and invasion. 
J Biol Chem 1997;272(27):17097–17103.

 39. Venuti A, Salani D, Manni V, et al. Expression of endothe-
lin 1 and endothelin A receptor in HPV-associated cervical 
carcinoma: new potential targets for anticancer therapy. 
FASEB J 2000;14(14):2277–2283.

 40. Cruz A, Parnot C, Ribatti D, et al. Endothelin-1, a regula-
tor of angiogenesis in the chick chorioallantoic membrane. 
J Vasc Res 2001;38(6):536–545.

 41. Bek EL, McMillen MA. Endothelins are angiogenic. 
J Cardiovasc Pharmacol 2000;36(5 Suppl 1):S135–
S139.

 42. Akimoto M, Hashimoto H, Maeda A, et al. Roles of angio-
genic factors and endothelin-1 in gastric ulcer healing. Clin 
Sci (Lond) 2002;103(Suppl 48):450S–454S.

 43. Tsui JC, Baker DM, Biecker E, et al. Potential role of 
endothelin 1 in ischaemia-induced angiogenesis in critical 
leg ischaemia. Br J Surg 2002;89(6):741–747.

 44. Favier J, Plouin P-F, Corvol P, Gasc J-M. Angiogenesis and 
vascular architecture in pheochromocytomas: distinctive 
traits in malignant tumors. Am J Pathol 2002;161(4):1235–
1246.

 45. Rosano L, Spinella F, Salani D, et al. Therapeutic targeting 
of the endothelin a receptor in human ovarian carcinoma. 
Cancer Res 2003;63(10):2447–2453.

 46. Fagan KA, McMurtry IF, Rodman DM. Role of endothe-
lin-1 in lung disease. Respir Res 2001;2(2):90–101.

 47. Hoeper MM, Galie N, Simonneau G, Rubin LJ. New treat-
ments for pulmonary arterial hypertension. Am J Respir 
Crit Care Med 2002;165(9):1209–1216.



19. Pulmonary Angiogenesis 211

 48. Lee SD, Shroyer KR, Markham NE, et al. Monoclonal 
endothelial cell proliferation is present in primary but 
not secondary pulmonary hypertension. J Clin Invest 1998;
101(5):927–934.

 49. Tuder RM, Voelkel NF. Angiogenesis and pulmonary 
hypertension: a unique process in a unique disease. Anti-
oxid Redox Signal 2002;4(5):833–843.

 50. Tuder RM, Chacon M, Alger L, et al. Expression of angio-
genesis-related molecules in plexiform lesions in severe 
pulmonary hypertension: evidence for a process of disor-
dered angiogenesis. J Pathol 2001;195(3):367–374.

 51. Taraseviciene-Stewart L, Kasahara Y, Alger L, et al. Inhibi-
tion of the VEGF receptor 2 combined with chronic 
hypoxia causes cell death–dependent pulmonary endothe-
lial cell proliferation and severe pulmonary hypertension. 
FASEB J 2001;15(2):427–438.

 52. Turner-Warwick M. Precapillary systemic–pulmonary 
anastomoses. Thorax 1963;18:225–237.

 53. Peao MND, Aguas AP, DeSa CM, Grande NR. Neoforma-
tion of blood vessels in association with rat lung fi brosis 
induced by bleomycin. Anat Rec 1994;238:57–67.

 54. Mitzner W, Lee W, Georgakopoulos D, Wagner E. Angio-
genesis in the mouse lung. Am J Pathol 2000;157(1):
93–101.

 55. Srisuma S, Biswal SS, Mitzner WA, et al. Identifi cation of 
genes promoting angiogenesis in mouse lung by transcrip-
tional profi ling. Am J Respir Cell Mol Biol 2003;29(2):
172–179.

 56. Keane MP, Arenberg DA, Lynch JPr, et al. The CXC 
chemokines, IL-8 and IP-10, regulate angiogenic activity 
in idiopathic pulmonary fi brosis. J Immunol 1997;159(3):
1437–1443.

 57. Keane MP, Belperio JA, Arenberg DA, et al. IFN-
gamma–inducible protein-10 attenuates bleomycin-
induced pulmonary fi brosis via inhibition of angiogenesis. 
J Immunol 1999;163(10):5686–5692.

 58. Keane MP, Belperio JA, Moore TA, et al. Neutralization 
of the CXC chemokine, macrophage infl ammatory 
protein-2, attenuates bleomycin-induced pulmonary fi bro-
sis [In Process Citation]. J Immunol 1999;162(9):5511–
5518.

 59. Keane MP, Belperio JA, Burdick M, et al. ENA-78 is an 
important angiogenic factor in idiopathic pulmonary fi bro-
sis. Am J Respir Crit Care Med 2001;164:2239–2242.

 60. Renzoni EA, Walsh DA, Salmon M, et al. Interstitial vas-
cularity in fi brosing alveolitis. Am J Respir Crit Care Med 
2003;167(3):438–443.

 61. Cosgrove GP, Brown KK, Schiemann WP, et al. Pigment 
epithelium-derived factor in idiopathic pulmonary fi brosis: 
a role in aberrant angiogenesis. Am J Respir Crit Care 
Med 2004;170:242–251.

 62. Hyde DM, Henderson TS, Giri SN, et al. Effect of murine 
gamma interferon on the cellular responses to bleomycin 
in mice. Exp Lung Res 1988;14:687–704.

 63. Raghu G, Brown KK, Bradford WZ, et al. A placebo-
controlled trial of interferon gamma-1b in patients with 
idiopathic pulmonary fi brosis. N Engl J Med 2004;350(2):
125–133.

 64. Strieter RM, Starko KM, Enelow RI, et al. Effects of 
interferon gamma-1b on biomarker expression in patients 

with idiopathic pulmonary fi brosis. Am J Respir Crit Care 
Med 2004;170:133–140.

 65. Burdick MD, Murray LA, Keane MP, et al. CXCL11 atten-
uates bleomycin-induced pulmonary fi brosis via inhibition 
of vascular remodeling. Am J Respir Crit Care Med 
2005;171(3):261–268.

 66. Hamada N, Kuwano K, Yamada M, et al. Anti-vascular endo-
thelial growth factor gene therapy attenuates lung injury and 
fi brosis in mice. J Immunol 2005;175(2):1224–1231.

 67. Miller LJ, Kurtzman SH, Wang Y, et al. Expression of inter-
leukin-8 receptors on tumor cells and vascular endothelial 
cells in human breast cancer tissue. Anticancer Res 
1998;18(1A):77–81.

 68. Richards BL, Eisma RJ, Spiro JD, et al. Coexpression of 
interleukin-8 receptors in head and neck squamous cell 
carcinoma. Am J Surg 1997;174(5):507–512.

 69. Kitadai Y, Haruma K, Sumii K, et al. Expression of inter-
leukin-8 correlates with vascularity in human gastric car-
cinomas. Am J Pathol 1998;152(1):93–100.

 70. Singh RK, Gutman M, Radinsky R, et al. Expression of 
interleukin 8 correlates with the metastatic potential 
of human melanoma cells in nude mice. Cancer Res 1994;
54(12):3242–3247.

 71. Cohen RF, Contrino J, Spiro JD, et al. Interleukin-8 expres-
sion by head and neck squamous cell carcinoma. Arch 
Otolaryngol Head Neck Surg 1995;121(2):202–209.

 72. Chen Z, Malhotra PS, Thomas GR, et al. Expression of 
proinfl ammatory and proangiogenic cytokines in patients 
with head and neck cancer. Clin Cancer Res 1999;5(6):
1369–1379.

 73. Smith DR, Polverini PJ, Kunkel SL, et al. IL-8 mediated 
angiogenesis in human bronchogenic carcinoma. J Exp 
Med 1994;179:1409–1415.

 74. Arenberg DA, Kunkel SL, Burdick MD, et al. Treatment 
with anti-IL-8 inhibits non–small cell lung cancer tumor 
growth [abstr]. J Invest Med 1995;43(Suppl 3):479A.

 75. Yatsunami J, Tsuruta N, Ogata K, et al. Interleukin-8 par-
ticipates in angiogenesis in non–small cell, but not small 
cell carcinoma of the lung. Cancer Lett 1997;120(1):
101–108.

 76. Arenberg DA, Keane MP, DiGiovine B, et al. Epithelial–
neutrophil activating peptide (ENA-78) is an important 
angiogenic factor in non–small cell lung cancer. J Clin 
Invest 1998;102(3):465–472.

 77. White ES, Flaherty KR, Carskadon S, et al. Macrophage 
migration inhibitory factor and CXC chemokine expres-
sion in non–small cell lung cancer: role in angiogenesis and 
prognosis. Clin Cancer Res 2003;9(2):853–860.

 78. Chen JJ, Yao PL, Yuan A, et al. Up-regulation of tumor 
interleukin-8 expression by infi ltrating macrophages: its 
correlation with tumor angiogenesis and patient survival 
in non–small cell lung cancer. Clin Cancer Res 2003;9(2):
729–737.

 79. Keane MP, Belperio JA, Xue YY, et al. Depletion of 
CXCR2 inhibits tumor growth and angiogenesis in a 
murine model of lung cancer. J Immunol 2004;172(5):
2853–2860.

 80. Gurtsevitch VE, O’Conor GT, Lenoir GM. Burkitt’s lym-
phoma cell lines reveal different degrees of tumorigenicity 
in nude mice. Int J Cancer 1988;41(1):87–95.



212 M.P. Keane and R.M. Strieter

 81. Sgadari C, Angiolillo AL, Cherney BW, et al. Interferon-
inducible protein-10 identifi ed as a mediator of tumor 
necrosis in vivo. Proc Natl Acad Sci USA 1996;93(24):
13791–13796.

 82. Arenberg DA, Kunkel SL, Polverini PJ, et al. Interferon-
g–inducible protein 10 (IP-10) is an angiostatic factor that 
inhibits human non–small cell lung cancer (NSCLC) 
tumorigenesis and spontaneous metastases. J Exp Med 
1996;184(3):981–992.

 83. Feldman AL, Friedl J, Lans TE, et al. Retroviral gene trans-
fer of interferon-inducible protein 10 inhibits growth of 
human melanoma xenografts. Int J Cancer 2002;99(1):
149–153.

 84. Addison CL, Arenberg DA, Morris SB, et al. The CXC 
chemokine, monokine induced by interferon-gamma, 
inhibits non–small cell lung carcinoma tumor growth and 
metastasis. Hum Gene Ther 2000;11(2):247–261.

 85. Semenza G. Signal transduction to hypoxia-inducible 
factor 1. Biochem Pharmacol 2002;64(5–6):993–998.

 86. Semenza GL. Hypoxia-inducible factor 1: oxygen homeo-
stasis and disease pathophysiology. Trends Mol Med 2001;
7(8):345–350.

 87. Phillips RJ, Mestas J, Gharaee-Kermani M, et al. Epider-
mal growth factor and hypoxia-induced expression of 
CXC chemokine receptor 4 on non–small cell lung cancer 
cells is regulated by the phosphatidylinositol 3-kinase/
PTEN/AKT/mammalian target of rapamycin signaling 
pathway and activation of hypoxia inducible factor-1alpha. 
J Biol Chem 2005;280(23):22473–22481.

 88. Minet E, Michel G, Mottet D, et al. Transduction pathways 
involved in hypoxia-inducible factor-1 phosphorylation 
and activation. Free Radic Biol Med 2001;31(7):847–855.

 89. Cramer T, Yamanishi Y, Clausen BE, et al. HIF-1alpha is 
essential for myeloid cell–mediated infl ammation. Cell 
2003;112(5):645–657.

 90. Bonizzi G, Karin M. The two NF-kappaB activation path-
ways and their role in innate and adaptive immunity. 
Trends Immunol 2004;25(6):280–288.

 91. Nakanishi C, Toi M. Nuclear factor-kappaB inhibitors as 
sensitizers to anticancer drugs. Nat Rev Cancer 2005;5(4):
297–309.

 92. Mizukami Y, Jo WS, Duerr EM, et al. Induction of inter-
leukin-8 preserves the angiogenic response in HIF-1alpha–
defi cient colon cancer cells. Nat Med 2005;11(9):992–927.

 93. Richmond A. Nf-kappa B, chemokine gene transcription 
and tumour growth. Nat Rev Immunol 2002;2(9):664–
674.

 94. Yang JC, Haworth L, Sherry RM, et al. A randomized trial 
of bevacizumab, an anti-vascular endothelial growth factor 
antibody, for metastatic renal cancer. N Engl J Med 2003;
349(5):427–434.

 95. Strieter RM. Masters of angiogenesis. Nat Med 2005;11(9):
925–927.

 96. Garkavtsev I, Kozin SV, Chernova O, et al. The candidate 
tumour suppressor protein ING4 regulates brain tumour 
growth and angiogenesis. Nature 2004;428(6980):328–
332.

 97. Addison CL, Belperio JA, Burdick MD, Strieter RM. 
Overexpression of the Duffy antigen receptor for chemo-
kines (DARC) by NSCLC tumor cells results in increased 
tumor necrosis. BMC Cancer 2004;4(1):28.

 98. Arenberg DA, Kunkel SL, Polverini PJ, et al. Inhibition of 
interleukin-8 reduces tumorigenesis of human non–small 
cell lung cancer in SCID mice. J Clin Invest 1996;97(12):
2792–2802.

 99. Moore BB, Arenberg DA, Stoy K, et al. Distinct CXC 
chemokines mediate tumorigenicity of prostate cancer 
cells. Am J Pathol 1999;154(5):1503–1512.

100. Shen H, Schuster R, Stringer KF, et al. The Duffy antigen/
receptor for chemokines (DARC) regulates prostate 
tumor growth. FASEB J 2006;20(1):59–64.

101. Maione TE, Gray GS, Petro J, et al. Inhibition of angio-
genesis by recombinant human platelet factor-4. Science 
1990;247:77–79.

102. Bikfalvi A, Gimenez-Gallego G. The control of angiogen-
esis and tumor invasion by platelet factor-4 and platelet 
factor-4–derived molecules. Semin Thromb Hemost 2004;
30(1):137–144.

103. Eisman R, Surrey S, Ramachandran B, et al. Structural and 
functional comparison of the genes for human platelet 
factor 4 and PF4alt. Blood 1990;76(2):336–344.

104. Green CJ, Charles RS, Edwards BF, Johnson PH. Identifi -
cation and characterization of PF4varl, a human gene 
variant of platelet factor 4. Mol Cell Biol 1989;9(4):
1445–1451.

105. Struyf S, Burdick MD, Proost P, et al. Platelets release 
CXCL4L1, a nonallelic variant of the chemokine platelet 
factor-4/CXCL4 and potent inhibitor of angiogenesis. Circ 
Res 2004;95(9):855–857.

106. Brandt E, Petersen F, Ludwig A, et al. The beta-thrombo-
globulins and platelet factor 4: blood platelet–derived 
CXC chemokines with divergent roles in early neutrophil 
regulation. J Leuk Biol 2000;67(4):471–478.

107. Gentilini G, Kirschbaum NE, Augustine JA, et al. Inhibi-
tion of human umbilical vein endothelial cell proliferation 
by the CXC chemokine, platelet factor 4 (PF4), is associ-
ated with impaired downregulation of p21(Cip1/WAF1). 
Blood 1999;93(1):25–33.

108. Sulpice E, Bryckaert M, Lacour J, et al. Platelet factor 4 
inhibits FGF2-induced endothelial cell proliferation via 
the extracellular signal-regulated kinase pathway but not 
by the phosphatidylinositol 3-kinase pathway. Blood 
2002;100(9):3087–3094.

109. Perollet C, Han ZC, Savona C, et al. Platelet factor 4 
modulates fi broblast growth factor 2 (FGF-2) activity and 
inhibits FGF-2 dimerization. Blood 1998;91(9):3289–
3299.

110. Dudek AZ, Nesmelova I, Mayo K, et al. Platelet factor 4 
promotes adhesion of hematopoietic progenitor cells and 
binds IL-8: novel mechanisms for modulation of hemato-
poiesis. Blood 2003;101(12):4687–4694.

111. Shellenberger TD, Wang M, Gujrati M, et al. BRAK/
CXCL14 is a potent inhibitor of angiogenesis and is a 
chemotactic factor for immature dendritic cells. Cancer 
Res 2004;64:8262–8270.

112. Frederick MJ, Henderson Y, Xu X, et al. In vivo expression 
of the novel CXC chemokine BRAK in normal and 
cancerous human tissue. Am J Pathol 2000;156(6):1937–
1950.

113. Schwarze SR, Luo J, Isaacs WB, Jarrard DF. Modulation of 
CXCL14 (BRAK) expression in prostate cancer. Prostate 
2005;13:13.



213

20
Lung Cancer Stem Cells

Timothy Craig Allen and Philip T. Cagle

microenvironment—the so-called stem cell niche.23,24 It is 
hypothesized that these adult somatic stem cells, with 
their limited ability compared with embryonic stem cells 
to maintain their telomeres and prevent senescence, have 
an increased risk for malignant transformation.1

Cancer Stem Cells

The somatic stem cells of the hematopoietic system have 
been extensively studied, and the concept of cancer arising 
from hypothetical rare cells, with the stem cell properties 
of self-renewal and differentiation into progenitors, that 
exclusively maintain neoplastic clones—so-called cancer 
stem cells—is generally acknowledged for hematologic 
malignancies.1,2,8,25–30 Bonnet et al. identifi ed a common 
immunophenotype of leukemic stem cells.1,25 Some leuke-
mias have been shown to be composed of several clonal 
populations with heterogeneous proliferation and differ-
entiation potential, and leukemia stem cells have been 
identifi ed and shown to be necessary and suffi cient for 
leukemia maintenance.1,27,28 Bonnet et al. showed that 
leukemia, like the normal hematopoietic system, is orga-
nized as a hierarchy with only rare populations of stem 
cells retaining a clonogenic capacity.8,25 Guan et al. found 
acute myeloid leukemia cells to be quiescent cells that 
were able to survive chemotherapeutic regimens directed 
toward dividing tumor cells.1,31 Leukemia stem cells have 
also been identifi ed with chronic myeloid leukemia.1,32 
Malignancies in solid tumors have been commonly 
thought to arise from differentiated organ- or tissue-
specifi c somatic cells; however, the hypothesis exists that 
solid tumors also arise from cancer stem cells.2,29,33 Specifi -
cally, it has been proposed that organ-specifi c cancers 
might originate from organ-specifi c stem cells.2 Leukemia 
stem cells have been shown to be responsible for main-
taining the tumor mass, and similar fi ndings have been 
observed in human solid cancers such as breast cancer 
and brain tumors.22,25,27,28,34–38

Stem Cells

Germinal, embryonic, and somatic stem cells arise nor-
mally in human beings.1 Adult germinal stem cells provide 
for the production of sperm and eggs.1 Embryonic stem 
cells are self-renewing totipotent cells, derived from blas-
tocysts, that can indefi nitely propagate as undifferenti-
ated cells and differentiate into most cell types under 
appropriate conditions in vitro and can differentiate into 
all cell lineages in vivo.1–11 Embryonic stem cells have 
been isolated from human beings, but for ethical and 
other reasons their future use for research and treatment 
is uncertain.1,3,5,12–14

Telomeres, attached to the inner nuclear wall, deter-
mine the domain and stability of individual chromo-
somes—serve as “guardian of the genome”—and are 
essential for consistent segregation and maintenance of 
chromosomes during cell division.2,15 Telomerase is an 
enzyme important for telomere maintenance.2 Adult 
somatic stem cells, without suffi cient telomerase activity 
to prevent telomere loss, do not have the capacity to 
replicate indefi nitely.1 Furthermore, unlike embryonic 
stem cells, which divide symmetrically, adult somatic stem 
cells are believed to maintain self-renewal and differen-
tiation by asymmetric cell division, with one daughter cell 
retaining the parental stem cell properties and acting as 
a replacement for the parent stem cell and one transit cell 
daughter that either is differentiated or divides to produce 
a variety of differentiated cell types that form tissue.1,8,16 
Pluripotent adult somatic stem cells, with their limited 
self-renewal capacity, have been identifi ed in mature 
hematopoietic, hepatic, mesenchymal, neural, epidermal, 
mammary, gastrointestinal, and pulmonary tissues and 
are responsible for tissue regeneration and repair.1,8,17–20 
Some authors believe that adult somatic stem cells are 
present in essentially every tissue in the body.21,22 The 
concept of widespread distribution of adult somatic stem 
cells in all adult organs is uncertain, however.8 The stem 
cells often localize in their respective tissues in a special 
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The proposition for cancer stem cells is based on the 
principle that, in the multistep process of undergoing 
malignant transformation, a cell must have the capacity 
to self-renew in order to accumulate enough mutations 
to transform into a malignant cell.3 These cells that are 
the origin of the cancer must either already have the 
capacity to self-renew or acquire that ability early in 
tumorogenesis.3 Although better-differentiated cancer 
cells do not have this self-renewal capacity, a subset of 
tumor cells, the cancer stem cells, exists that does have 
the capacity to self-renew.3,39 These cancer stem cells allow 
for the propagation of cancer cells that retain the primary 
tumor’s diverse marker profi le.3,36 It follows that cancer 
therapy regimens that target the tumor mass but fail to 
have an infl uence on the cancer stem cells will allow for 
tumor recurrence and ultimately be unsuccessful.3

As the transformation of a normal cell into a cancer 
cell is considered to be a multistep process, cancer stem 
cells are likely to originate by a similar multistep trans-
formation, with the cancer stem cell asymmetrically 
dividing to produce two cell populations—one retaining 
the cancer stem cell’s self-renewing capacity and one with 
the ability to differentiate but lacking the ability to inde-
pendently initiate tumor growth.1 Alterations in the 
control of asymmetric division may cause aberrant self-
renewal activity in the stem cells.8 This hypothesis has 
been supported by studies utilizing Drosophila.8,40 This 
hypothesis is supported by various fi ndings, including (1) 
that not all cells in a tumor can maintain tumor growth; 
(2) that large numbers of tumor cells are required to suc-
cessfully transplant a tumor into an immunologically 
competent animal; (3) that not all tumor cells are clonal 
despite their single-cell origin, consistent with a stem 
cell’s ability to form various lineages; (4) that some tumor 
cells are morphologically reminiscent of the tissue of 
origin and retain some degree of biologic function; and 
(5) that some tumors appear dedifferentiated.1,41 Cancer 
stem cells may be reactivated to duplicate the original 
tissue phenotype or may originate from genetically 
damaged somatic cells by redifferentiation to a progeni-
tor-like state, acquiring self-renewal capacity de novo.1 
These rare clonogenic tumor cells, responsible for tumor 
growth and metastases, are termed cancer stem cells and 
have, like normal stem cells, both the capacity for self-
renewal and the ability to produce heterogeneous differ-
entiated cell types.8,28 Cancer stem cells may arise from 
either stem cells or progenitor cells that have acquired 
self-renewal capacity; and multiple cancer stem cell popu-
lations might be formed during cancer progression or 
coexist in advanced malignancies.8

Cancer stem cells may be resistant to standard chemo-
therapeutic regimens and may therefore be a reservoir of 
tumor cells that can produce and expand populations of 
chemoresistant tumor cells.22 Because cancer stem cells 
are highly resistant to chemotherapy, even small numbers 

of the immortal cells are suffi cient to allow for 
recurrence.1,42 It has been hypothesized that tumors 
derived from an early stem cell or its progenitor cell 
metastasize early and are phenotypically heterogeneous, 
whereas tumors derived from a later stem cell are less 
likely to metastasize and are more phenotypically 
homogeneous.1,43

Cancer Stem Cell Regulation

Alterations in self-renewal pathways are important in the 
formation of cancer stem cells.8 A wide variety of cellular 
factors involved in the complex biology of normal adult 
stem cells, including self-renewal and differentiation, 
have been implicated in the development of cancer stem 
cells, including the Wingless (Wnt) signaling pathway, the 
Hh pathway, Oct-4, Bmi-1, the ecotropic viral integration 
site 1 (Evi1), Notch signaling pathways, Sonic hedgehog 
pathways, HOX genes, tumor suppressor genes, and onco-
genes.1,8,22,34,44–58 The Wnt signaling pathway is a critical 
regulatory component of both embryonic and adult stem 
cells.22 The main cytoplasmic mediator of the Wnt signal-
ing system is β-catenin.22,47 The Wnt β-catenin pathway 
has been shown to play a role in the maintenance of stem 
cell self-renewal.1,59,60 The Wnt signaling pathway is criti-
cal in the regulation of stem cell and progenitor cell 
biology, and Wnt signaling pathway activation has been 
identifi ed in intestinal, epidermal, and hematopoietic 
cancers.22,47 The Hh pathway is a critical regulator of 
hematopoietic and neuronal stem cell maintenance and 
has been found to be active in a variety of tumors.22,50 The 
Pit-Oct-1/2-Unc86 domain transcription factor Octo4, 
identifi ed in embryonic and adult stem cells, is not found 
in differentiated cells and is considered a marker of plu-
ripotent stem cells.22,51,61,62 Expression of Oct-4 has been 
observed in solid cancers, including colon, kidney, breast, 
gonadal, and brain cancers.22,51,63 The protooncogene Bmi-
1, a member of the Polycomb group (PcG) gene family, 
is involved with adult hematopoietic stem cell and neural 
stem cell self-renewal.22,64–66 Glinsky et al. found that a 
conserved Bmi-1-driven gene expression pathway was 
engaged in normal adult stem cells and in 11 types of 
human cancers, including prostate, breast, ovarian, 
bladder, lung, glioma, medulloblastoma, mesothelioma, 
acute myeloid leukemia, mantle cell lymphoma, and 
lymphoma.22,53 The ecotropic viral integration site 1 is 
an oncogenic transcription factor found in human and 
murine myeloid leukemia and has been identifi ed in 
several mouse model embryonic tissues, suggesting that 
it plays an active role in normal mouse development.22,34,67 
It has also been found to be important in hematopoietic 
stem cell regulation.22,34,68–70 Bmi-1 and SU(Z)12 are 
downstream targets of Sonic hedgehog and Wnt signal-
ing, respectively, and provide a connection between epi-
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genetic change regulators and developmental signaling 
pathways.30

Of the self-renewal regulators, the Polycomb family 
transcriptional repressor Bmi-1 and the Wnt/β-catenin 
signaling pathway have been examined most closely with 
regard to cancer stem cell self-renewal regulation.8,71,72 
Bmi-1 is necessary for self-renewal in adult hematopoi-
etic stem cells and neural stem cells and is important in 
self-renewal of cancer stem cells.8,65,66,73 Wnt/β-catenin 
signaling regulates HOXB4 and Notch1, two important 
regulators of hematopoietic stem cell self-renewal.8,74 
Both the Bmi-1 and the Wnt systems have been impli-
cated in the regulation of metastases.8 Brabletz et al. 
proposed that low-level β-catenin activation may confer 
self-renewal capacity, but higher level activation is 
required to trigger the epithelial-to-mesenchymal transi-
tion, or the dissemination process of primary tumors, 
essential for metastasis to occur.8,75,76

Future studies are needed to assess potential therapies 
using inhibitors acting on cancer stem cell populations, 
such as cyclopamine, a hedgehog signaling inhibitor; 6-
bromoindirubin-3-oxime, which acts on GSK3; eisulind, 
an inhibitor of β-catenin signaling; and stI571/Gleevac/
imatinib, a tyrosine kinase inhibitor.30

Clinical Implications of Cancer 
Stem Cells

A variety of clinical implications would arise from the 
continued support and advancement of the principle of 
cancer stem cells. Potentially, a signifi cant reclassifi cation 
of human cancers, no longer entirely based on pathologic 
characterization of the entire tumor, would be required, 
focusing instead on a method of identifying molecular 
signatures for altered self-renewal pathways such as Bmi-
1 and β-catenin in the cancer stem cells.8 Another signifi -
cant requirement would be the development of new 
therapeutic regimens targeting, and potentially eradicat-
ing, cancer stem cells, to supplement or potentially com-
pletely replace current treatments that target the tumor 
mass and most likely not destroying the entire cancer 
stem cell burden.8 The recognition of rare cancer stem 
cells within the tumor mass would be a confounding 
factor in producing effective therapeutic regimens, as 
would the development of treatments that could, because 
the origins of cancer stem cells vary among cancers, target 
different cancer stem cell populations.8

Lung Cancer Stem Cells

Kondo et al. have identifi ed cancer stem cells from several 
tumor cell lines, including C6 glioma, MCF-7 breast 
cancer, HeLa, and B104 neuroblastoma cell lines.3,77 

Cancer stem cells have been identifi ed in solid tumors 
such as breast cancer and pediatric brain tumors, and 
bronchioalveolar stem cells have been identifi ed in 
normal human lung and lung tumors.1,38,78–84 Pitt et al. 
observed that distal airway epithelial cells retain self-
renewal capacity after pollution-derived injury, implying 
the presence of stem cells in the pool of neuroepithelial 
cells along the bronchial lining.23,85

Kim et al. identifi ed bronchioalveolar stem cells that 
are precursors to Clara cells and type I and type II alveo-
lar cells.3,82 These cells show the capacity for self-renewal 
and in vitro differentiation. Oncogenic protein K-ras 
expression by these bronchioalveolar cells increases their 
proliferation.3 These cells’ capacity for self-renewal makes 
them likely to be capable of accumulating a variety of 
mutations and makes them candidates for non–small cell 
lung cancer precursor cells.3

Although cancer stem cells are generally considered to 
arise from mutated stem cells or progenitor cells of cor-
responding tissues, some originate from cells recruited 
from other tissues.8 Bone marrow–derived mesenchymal 
stem cells have been suggested to give rise to gastric 
cancer stem cells in in vitro culture studies.8,37 Haura 
hypothesized that bone marrow stem cells, recruited into 
the lung to respond to tobacco-induced epithelial injury, 
are the cancer stem cells responsible for lung cancer.86 
While this hypothesis is intriguing, the discovery of adult 
somatic stem cells within the lung negates the require-
ment that adult stem cells need to travel from the bone 
marrow in order for stem cell–driven repair to occur.

It has been hypothesized that the increase in lung 
adenocarcinomas relative to squamous cell carcinomas 
in about the past three decades is caused by changes in 
smoking behavior and cigarette design, specifi cally, the 
reduction of nicotine levels in cigarettes and the inven-
tion of effi cient cigarette fi lters beginning about four 
decades ago.87–90 Reduced nicotine in cigarettes causes 
smokers to increase puff frequency, volume, and/or dura-
tion.89,91,92 The widespread use of effective cigarette fi lters 
has altered the composition of inhaled carcinogens so 
that particle-bound benzo(a)pyrene types have been gen-
erally replaced by gaseous nitrosamine and polyaromatic 
hydrocarbon types.88,93 As a result, peripheral lung cancers 
have become more frequent.92,94 As noted earlier, normal 
adult somatic stem cells may be found in stem cell niches, 
special microenvironments within which the stem cells 
reside. 23,24 Although the process of carcinogenesis is not 
fully understood, it seems that stem cells in this location 
already have undergone a cylindrical cell differentiation, 
thus provoking the development of atypical adenoma-
tous hyperplasia, bronchiolar columnar cell dysplasia, 
and adenocarcinoma.95–100 Further studies into stem cell 
dynamics in the lung, and their role, if any, in the develop-
ment of lung cancer might lead to the development of 
new stem cell–targeted therapies that could improve the 
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currently poor prognosis of lung cancer patients and 
potentially lead to a cure for lung cancers and even treat-
ments to prevent lung cancer development.
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cycle arrest, thus limiting the cell proliferation. Two inter-
connected pathways, the retinoblastoma (Rb) pathway 
and the p53 pathway, which are both, in turn, regulated 
at the protein level by oncogenes and other tumor sup-
pressor genes, contribute to the regulation of cell prolif-
eration. The Rb protein regulates maintenance of, and 
release from, the G1 phase. The p53 protein monitors 
cellular stress and DNA damage, either causing growth 
arrest to facilitate DNA repair or inducing apoptosis if 
DNA damage is extensive.2 When a cell is stressed by 
oncogene activation, hypoxia, or DNA damage, an intact 
p53 pathway may determine whether the cell will receive 
a signal to halt at the G1 stage of the cell cycle, whether 
DNA repair will be attempted, or whether the cell will 
self-destruct via apoptosis.

The p53 gene is central in the processes of apoptosis, 
DNA repair following various cell stresses, and regula-
tion of the cell cycle. Apoptosis plays a key role in numer-
ous normal cellular mechanisms, from embryogenesis to 
DNA damage control due to random mutations, ionizing 
radiation, and DNA damaging chemicals, and has more 
recently been implicated as a major mechanism of cell 
death due to DNA-damaging cancer therapies such as 
chemotherapy and radiation. The observation that expres-
sion of a wild-type p53 gene in a cancer cell triggers 
apoptosis was the seminal observation that lead to p53 
gene therapy approaches.3 Prior to this it was thought 
that gene therapy could not replace all the damaged 
genes in a cancer cell and thus would not have an effect. 
The requirement for restoring only one of the defective 
genes to trigger apoptosis suggests that the DNA damage 
present in the cancer cell may prime it for an apoptotic 
event that can be activated through a single pathway.

The major functional role for the p53 gene product is 
that of a transcription factor.4 A group of genes whose 
expression is in part regulated by p53 are the apoptosis 
genes. The balance between two proapoptotic versus pro-
survival (antiapoptotic) signals, often compared to a 
rheostat, determines whether or not apoptosis will be 

Introduction

Lung cancers exhibit multiple genetic lesions that can be 
detected even in histologically normal bronchial mucosa 
from individuals with a smoking history. These genetic 
abnormalities provide an array of targets for therapy. 
Tobacco smoke has over 100 carcinogenic agents, and the 
specifi c interactions of specifi c carcinogens with genes 
that suppress tumors and repair DNA have been identi-
fi ed.1 Dysfunctional tumor suppressor genes are the most 
common genetic lesions identifi ed to date in human lung 
cancers. Functional copies of tumor suppressor genes can 
be introduced into cancer cells by gene transfer.

The p53 tumor suppressor gene appears to play a 
central role in lung cancer development and was the 
initial focus of gene therapy approaches to lung cancer. 
This approach has been extensively studied in the clinic 
with intratumoral injection of a replication-defective 
adenovirus that expresses p53 (Adp53). Overexpression 
of p53 in cancer cells induces growth arrest and apoptosis. 
Injections of Adp53 have an excellent safety profi le and 
have mediated tumor regression and growth arrest as 
monotherapy or have overcome resistance or increased 
the effectiveness of radiation therapy and chemotherapy. 
Expression of the p53 transgene has occurred at high 
levels and is associated with activation of other genes 
in the p53 pathway. These studies indicate proof-of-
principle for tumor suppressor gene therapy and repre-
sent a new paradigm in targeted therapy.

Mechanism of p53 Tumor Suppression 
and Rationale for p53 Gene Therapy

Expression of some gene products, including growth 
factors, oncogenes, cyclins, and cyclin-dependent kinases 
(Cdks) stimulate cell proliferation. Expression of tumor 
suppressor genes and other inhibitors of Cdks induce cell 
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induced. While these signals determine p53’s actions, 
expression of many of the genes that generate these criti-
cal signals is, in turn, regulated by the activation status of 
p53, forming a complex feedback loop. p53 carries out its 
housekeeping duties by downregulating the “prosurvival” 
(or antiapoptotic) genes, including the antiapoptotic 
genes Bcl-2 and Bcl-xL and upregulating the proapop-
totic genes Bax, Bad, Bid, Puma, and Noxa.5 Available 
transcripts of each of the pro- and antiapoptotic genes 
with Bcl-2 homology-3 domains interact with one another 
to form heterodimers, and the relative ratio of proapop-
totic to prosurvival proteins in these heterodimers 
determines activity of the resulting molecule, thereby 
determining whether the cell lives or dies. p53 also targets 
the death-receptor signaling pathway, including DR5, and 
Fas/CD/95, the apoptosis machinery including caspase-6, 
Apaf-1, and PIDD, and may directly mediate cytochrome 
c release. Thus apoptosis is an important mechanism by 
which p53 mediates its tumor suppressor function.

The p53 pathway is regulated at the protein level by 
other tumor suppressor genes and by several oncogenes.2 
For example, MDM2 normally binds to the N-terminal 
transactivating domain of p53, prohibiting p53 activation 
and leading to its rapid degradation. Under normal con-
ditions the half-life of p53 is only 20 min. In the event of 
genotoxic stress, resulting DNA damage causes phos-
phorylation of serines on p53, weakening binding to 
MDM2 and destabilizing the p53/MDM2 interaction and 
prolonging p53 half-life. The resulting increase in p53 
DNA binding activity leads to an array of downstream 
signals that switch other genes on or off. In the normal 
cell, MDM2 is inhibited by expression of p14ARF, a tumor 
suppressor gene encoded by the same gene locus as 
p16INK4a but read in an alternate reading frame.6 Deletion 
or mutation of the tumor suppressor gene p14ARF, which 
has been noted in some cancers, results in increased levels 
of MDM2 and subsequent inactivation of p53, resulting 
in inappropriate progression through the cell cycle. The 
expression of p14ARF is induced by hyperproliferative 
signals from oncogenes such as ras and Myc, thus indicat-
ing an important role for p53 in protecting the cell from 
oncogene activation. Importantly, p53 also plays a central 
role in mediating cell cycle arrest. This function is signifi -
cant as prolonged tumor stability has often been observed 
in clinical trials of p53 gene replacement, suggesting that 
this effect is predominate in some tumors over apoptosis. 
p53 is involved in regulating cell cycle checkpoints, and 
p53 expression can promote cell senescence through its 
control of cell cycle effectors such as p21Cip1/WAF1.

Loss of function in the p53 pathway is the most common 
alteration identifi ed in human cancer to date. About 50% 
of common epithelial cancers have p53 mutations.7–9 In 
some cancers, loss of p53 also appears to be linked to 
resistance to conventional DNA damaging therapies that 

require functional cellular apoptosis to accomplish cell 
death.

Preclinical Studies of p53 
Gene Replacement

The studies described suggest that expressing a wild-type 
p53 gene in cancer cells defective in p53 function could 
mediate either apoptosis or cell growth arrest. Both 
results could be a therapeutic benefi t in a cancer patient. 
Our initial studies showed that restoration of functional 
p53 suppressed the growth of some, but not all, human 
lung cancer cell lines.10 Because of limitations inherent in 
the use of retroviruses, subsequent studies of p53 gene 
replacement in lung cancer made use of an adenoviral 
vector (Adp53).11 The fi rst published study of p53 gene 
therapy showed suppression of tumor growth in an ortho-
topic human lung cancer model using a retroviral expres-
sion vector.12

Adp53 also induced apoptosis in cancer cells with 
defective p53 function without signifi cantly affecting 
normal cells.13 Adp53 mediated inhibition of tumor 
growth in a mouse model of human orthotopic lung 
cancer14 and induced apoptosis and suppression of prolif-
eration in various other cancer cell lines.15–18

Although it was fi rst thought that the inability to 
transduce every cell in a tumor might limit the effective-
ness of gene therapy for cancer, studies3,19 of three-
dimensional cancer cell matrices and subcutaneous 
xenografts proved that therapeutic genes could penetrate 
beyond the injection site to nontransduced tumor cells 
and cause cell death via a “bystander effect.” Bystander 
killing, now known to be an important phenomenon in 
the success of gene therapy, appears to involve regulation 
of angiogenesis,20.21 immune upregulation,22–24 and secre-
tion of soluble proapoptotic proteins.25

Clinical Trials of p53 
Gene Replacement

The fi rst clinical trial protocol for p53 gene replacement 
was carried out with a retroviral vector expressing wild-
type p53 under control of a β-actin promoter.26 The ret-
roviral vector was injected into tumors of nine patients 
with unresectable non–small cell lung cancer (NSCLC) 
that had progressed on chemotherapy. Three of the nine 
patients demonstrated evidence of antitumor activity 
with no vector-related toxicity, demonstrating for the fi rst 
time the feasibility and safety of p53 gene therapy.27,28

In a phase I trial of 28 NSCLC patients whose cancers 
had progressed with conventional treatments, successful 
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gene transfer using Adp53 was shown in 80% of evalu-
able patients.29 Gene expression was detected in 46%, 
apoptosis was demonstrated in all but one of the patients 
expressing the gene, and no signifi cant toxicity was 
observed. Greater than 50% reduction in tumor size was 
observed in two patients, with one patient remaining free 
of tumor more than a year after concluding therapy and 
another having a nearly complete regression of a chemo-
therapy and radiotherapy resistant upper lobe endobron-
chial tumor.

Gene Replacement in 
Combination with Conventional 
DNA-Damaging Agents in Non–Small 
Cell Lung Cancer

Many tumors are resistant to chemotherapy and radia-
tion therapy and, therefore, progress after initial treat-
ment. p53, often missing or nonfunctional in radiation- and 
chemotherapy-resistant tumors, is known to play a key 
role in detecting damage to DNA and either directing 
repair or inducing apoptosis. Once apoptosis was impli-
cated as a mechanism of cell killing in response to these 
DNA-damaging agents, it followed that a defect in the 
normal apoptotic pathway might confer resistance to 
some tumor cells. Because of Adp53’s low toxicity (less 
than a 5% incidence of serious adverse events) in initial 
trials, therapeutic strategies combining Adp53 gene 
replacement and conventional DNA-damaging therapies 
were logical extensions of earlier studies.30

Preclinical Studies

The fact that overexpression of p53 in wild-type p53 
transfected cell lines could induce apoptosis in cancer 
cells was shown in several studies in vitro.31–33 Subsequent 
studies that examined apoptosis in tumor cells treated 
with radiation or chemotherapeutic agents supported a 
link between apoptosis induction and functional p53 
expression.34–39 Preclinical studies of p53 gene therapy 
combined with cisplatin in cultured NSCLC cells and in 
human xenografts in nude mice showed that sequential 
administration of cisplatin and p53 gene therapy resulted 
in enhanced expression of the p53 gene product,37,40 
and similar studies of Adp53 gene transfer combined 
with radiotherapy indicated that delivery of Adp53 
increased the sensitivity of p53-defi cient tumor cells to 
radiation.15

Numerous additional studies have generated addi-
tional supporting evidence for a critical link between 
radiation sensitivity and the ability of a cell to induce 

apoptosis.41–45 However, the radiosensitivity of some 
tumor types, for example, epithelioid tumors, does not 
appear to be correlated with p53 status.46–48

Clinical Trials of Tumor Suppressor 
Gene Replacement Combined 
with Chemotherapy

Twenty-four NSCLC patients with tumors previously 
unresponsive to conventional treatment were enrolled in 
a phase I trial of p53 combined with cisplatin.49 Seventy-
fi ve percent of the patients had previously experienced 
tumor progression on cisplatin- or carboplatin-containing 
regimens. Up to six monthly courses of intravenous cis-
platin, each followed 3 days later with intratumoral injec-
tion of Adp53, resulted in 17 patients remaining stable 
for at least 2 months, two patients achieving partial 
responses, four patients continuing to exhibit progressive 
disease, and one patient unevaluable because of progres-
sive disease. Seventy-nine percent of tumor biopsy speci-
mens showed an increase in number of apoptotic cells, 
7% demonstrated a decrease in apoptosis, and 14% indi-
cated no change.

A phase II clinical trial evaluated two comparable 
metastatic lesions in each NSCLC patient enrolled in the 
study.50 All patients received chemotherapy, either three 
cycles of carboplatin plus paclitaxel or three cycles of 
cisplatin plus vinorelbine, and then Adp53 was injected 
directly into one lesion. Adp53 treatment resulted in 
minimal vector-related toxicity and no overall increase in 
chemotherapy-related adverse events. Detailed statistical 
analysis of the data indicated that patients receiving 
carboplatin plus paclitaxel, the combination of drugs 
providing the greatest benefi t on its own, did not realize 
additional benefi t from Adp53 gene transfer; however, 
patients treated with the less successful cisplatin and 
vinorelbine regimen experienced signifi cantly greater 
mean local tumor regression, as measured by size, in 
the Adp53-injected lesion compared with the control 
lesion.

Clinical Trials of p53 Gene 
Replacement Combined with 
Radiation Therapy

Preclinical studies suggesting that p53 gene replacement 
may increase radiation sensitivity to some tumors15,41,43–45 
led to a phase II clinical trial of p53 gene transfer com-
bined with radiation therapy.51 Nineteen patients with 
localized NSCLC were treated, with a complete response 
in 1 patient (5%), partial response in 11 patients (58%), 
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stable disease in 3 patients (16%), and progressive disease 
in 2 patients (11%), while two patients (11%) were une-
valuable because of tumor progression or early death. 
Three months following completion of therapy, biopsy 
specimens revealed no viable tumor in 12 patients (63%) 
and viable tumor in 3 (16%). Tumors of four patients 
(21%) were not biopsied because of tumor progression, 
early death, or weakness. The 1-year progression-free sur-
vival rate was 45.5%. Among 13 evaluable patients after 
1 year, 5 (39%) had a complete response and 3 (23%) 
had a partial response or disease stabilization. Most treat-
ment failures were caused by metastatic disease, not by 
local progression.

In this study, pre- and posttreatment biopsies of the 
tumor were performed for studies of gene expression. 
Adp53 vector-specifi c DNA was detected in biopsy 
specimens from 9 of 12 patients with paired biopsies 
(day 18 and day 19). The ratio of copies of Adp53 vector 
DNA to copies of actin DNA was 0.15 or higher in 8 
of 9 patients (range, 0.05–3.85), with 4 patients having 
a ratio >0.5. For 11 patients with adequate samples for 
both vector DNA and mRNA analysis, 8 showed a 
postinjection increase in mRNA expression associated 
with detectable vector DNA. Postinjection increases in 
p53 mRNA were detected in 11 of 12 paired biopsies 
obtained 24 hr after Adp53 injection, with 10 of 11 
increasing threefold or greater. Preinjection biopsies 
that were negative for p53 protein expression by immu-
nohistochemistry were stained for p53 protein expres-
sion after Adp53 injection. Staining results confi rmed 
that the p53 protein was expressed in the posttreatment 
samples in the nuclei of cancer cells. Previous in vitro 
experiments in human NSCLC cell lines identifi ed four 
genes (p21 [CDKN1A], MDM2, Fas, and Bak) that 
showed the greatest increase in mRNA expression after 
induction of p53 overexpression with Adp53. Therefore, 
in the current study, changes in mRNA levels for these 
four markers were determined at various time points 
before and during treatment using reverse transcriptase 
real-time polymerase chain reaction. The study was con-
trolled by obtaining a pretreatment biopsy sample under 
the same conditions as the posttreatment biopsy sample. 
The inclusion of a time point during the radiation treat-
ment allowed for a biopsy to be performed immediately 
before and 24 hr after Adp53 injection, thus allowing 
determination of the effects of the Adp53 on mRNA 
expression during treatment. For p21 (CDKN1A) 
mRNA, increases of statistical signifi cance were noted 
24 hr after Adp53 injection and during treatment com-
pared with the pretreatment biopsy. In the case of 
MDM2 mRNA, increases were noted during treatment 
compared with the pretreatment biopsy. Levels of Fas 
mRNA did not show statistically signifi cant changes 
during treatment. Bak mRNA expression increased sig-
nifi cantly 24 hr after injection of Adp53, and thus Bak 

appeared to be the protein most acutely upregulated by 
Adp53 injection.

Recently the fi rst randomized clinical trial of p53 gene 
therapy was reported. Ninety patients with squamous cell 
carcinoma of the head and neck were randomly allocated 
to receive intratumoral injection of Adp53 (1012 VP/dose/
week for a total of 8 weeks) in combination with radia-
tion therapy (70 GY/8 weeks) or radiation therapy alone. 
Complete remission was seen in 64.7% of patients receiv-
ing Adp53 combined with radiation therapy compared 
with 20% of patients receiving radiation therapy alone, 
which was highly signifi cant statistically.52

Systemic Gene Therapy

Local control of cancers is important, but most patients 
with lung cancer die from systemic metastases. Thus gene 
delivery to distant sites of cancer is essential if cancer 
gene therapy is going to have an impact on survival. 
Recently, nanoscale synthetic particles that can encapsu-
late plasmid DNA and deliver it to cells after intrave-
nous injections have been developed. This has been 
studied in mouse xenograft models of disseminated 
human lung cancer with delivery of p53 and other tumor 
suppressor genes. Multiple 3p21.3 genes show different 
degrees of tumor suppressor function in various human 
cancers in vitro and in preclinical animal models. One of 
the tumor suppressor genes at this locus is FUS1 which 
is not expressed in most lung cancers. When wild-type 
FUS1 is expressed in a lung cancer cell, apoptosis occurs. 
To translate these fi ndings to clinical applications for 
molecular cancer therapy, we recently developed a 
systemic treatment strategy by using a novel FUS1-
expressing plasmid vector complexed with DOTAP:
cholesterol (DOTAP:Chol) liposome, termed FUS1 
nanoparticle, for treating lung cancer and lung metasta-
ses.53,54 In a preclinical trial, we showed that intratumoral 
injection of FUS1 nanoparticles into subcutaneous 
NSCLC H1299 and A549 lung tumor xenografts resulted 
in signifi cant inhibition of tumor growth. Intravenous 
injections of FUS1 nanoparticles into mice bearing 
experimental A549 lung metastasis caused a decrease in 
the number of metastatic tumor nodules. Treating lung 
tumor–bearing animals with DOTAP:Chol–FUS1 com-
plexes resulted in prolonged survival (median survival 
time, 80 days) compared with control animals. These 
results demonstrate that the FUS1 gene is a promising 
therapeutic agent for treatment of primary and dissemi-
nated human lung cancer.53,54 Based on these studies, a 
phase I clinical trial with FUS1-mediated molecular 
therapy by systemic administration of FUS1 nanoparti-
cles is now underway in stage IV lung cancer patients at 
the University of Texas M. D. Anderson Cancer Center 
in Houston, Texas.
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Conclusion

Current cancer treatment, including radiation and chemo-
therapy, controls less than 50% of lung cancers, with an 
overall 5-year survival rate of approximately 15%. Com-
bining existing treatments has reached a plateau of effi -
cacy, and the addition of conventional cytoxic agents is 
limited because of toxicity. The clinical trials summarized 
in this chapter clearly demonstrate that, contrary to initial 
predictions that single gene therapy would not be effec-
tive for cancer because of multiple genetic lesions, gene 
replacement therapy targeted to a tumor suppressor gene 
can cause cancer regression by activation of multiple 
apoptotic and growth inhibitory pathways with minimal 
toxicity.

Gene expression has been documented and occurs 
even in the presence of an antiadenovirus immune 
response, clinical trials have demonstrated that direct 
intratumor injection can cause tumor regression or pro-
longed stabilization of local disease, and the low toxicity 
associated with gene transfer indicates that tumor sup-
pressor gene replacement can be readily combined with 
existing and future treatments. Studies combining 
transfer of tumor suppressor genes in combination with 
conventional DNA-damaging treatments indicate that 
correction of a defect in apoptosis induction can restore 
sensitivity to radiation and chemotherapy in some resis-
tant tumors, and indications that sensitivity to killing 
might be enhanced in already sensitive tumors may even-
tually lead to reduced toxicity from chemotherapy and 
radiation therapy from reduced doses. The most recent 
data from the laboratory showing damage to tumor sup-
pressor genes in normal tissue and premalignant lesions 
even suggests that this treatment strategy may someday 
be useful in early intervention and even prevention of 
cancer. Preclinical studies have shown that systemic 
delivery can treat disseminated metastases. The ready 
availability of gene libraries, the ability to administer the 
genes without the extensive reformulation required of 
small molecules, and their specifi city makes this an attrac-
tive therapeutic approach. Despite the obvious promise 
evident in the results of these studies though, it is critical 
to recognize that there are still gaps in knowledge and 
technology to address. The major issues for the future 
development of gene therapy include the following:

1. Developing more effi cient and less toxic gene delivery 
vectors for systemic gene delivery

2. Identifying the optimal genes for various tumor types
3. Optimizing combination therapy
4. Monitoring gene uptake and expression by cancer cells
5. Overcoming resistance pathways

However, given the rapid progress in the fi eld, it is 
likely that many of these technological problems will be 
solved in the near future.
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member of the ATM (mutated in ataxia telangiectasia) 
pathway for DNA damage repair during the cell cycle, 
has been shown to correlate with increased chemother-
apy benefi t for NSCLC patients with locally advanced 
disease receiving neoadjuvant gemcitabine/cisplatin 
chemotherapy.10

Thioredoxin-1 (TRX-1) overexpression activates 
hypoxia-inducible factor-1 (HIF-1), which in turn acti-
vates cyclooxygenase-2 (COX-2), causing increased vas-
cular endothelial growth factor (VEGF).11 Increased 
TRX-1 protects cells from apoptosis by inhibiting apop-
tosis signal-regulating kinase 1 and by activating nuclear 
factor-κB, causing resistance by chemotherapeutic agents 
such as cisplatin.11

The ERCC1 gene, a part of the nucleotide excision 
repair pathway, is necessary for the repair of cisplatin 
DNA adducts in NSCLC treatment, and ERCC1 is a 
predictor of cisplatin sensitivity.12 Low levels of ERCC1 
have been associated with improved cisplatin response, 
thought to be due to decreased repair of platinum DNA 
adducts, and may be associated with improved survival in 
NSCLC patients.12–15

The 14-3-3 proteins bind many functionally diverse 
signaling proteins and help control the cell cycle and 
regulate apoptosis.16 One 14-3-3 protein, 14-3-3σ, is asso-
ciated with G2 cell cycle checkpoint control in response 
to DNA damage, and its methylation has been found to 
be an independent prognostic marker in NSCLC patients 
undergoing platinum-based chemotherapy.16–18 De Las 
Penas et al. noted that, in NSCLC patients treated with 
cisplatin/gemcitabine, impaired DNA repair may corre-
late with better prognosis.19 The authors studied the 
association of genetic polymorphisms in x-ray repair 
cross-complementing group 1 and group 3 (XRCC3) with 
survival and found XRCC3 241 MetMet to correlate 
favorably with survival in NSCLC patients given a cispla-
tin/gemcitabine regimen.19

Traditional Therapy

Currently, the standard chemotherapy regimen for non–
small cell lung cancer (NSCLC) involves platinum-based 
anticancer drugs such as cisplatin, which functions by the 
formation of bulky platinum DNA adducts, along with a 
third-generation agent such as paclitaxel, gemcitabine, 
vinorelbine, or irinotecan.1–4 Nonplatinum agents such as 
docetaxel, a taxane that functions by disrupting microtu-
bule dynamics via β-tubulin binding, are also frequently 
used to treat NSCLC patients.4,5 Vinorelbine, a vinca 
alkaloid, have also been used with some success in treat-
ing NSCLC patients.1 The benefi ts of these standard sys-
temic chemotherapeutic agents is limited for patients 
with advanced NSCLC, with half of those patients exhib-
iting an 8- to 11-month median survival despite cisplatin-
based therapy.2,6 Along with troubling cisplatin toxicity, 
the development of cisplatin resistance has become a 
serious concern.1,3

Future progress in NSCLC treatment may occur with 
the introduction of biologic agents that target highly spe-
cifi c intracellular pathways.7 Specifi c genetic aberrations 
arising in NSCLC that are associated with chemotherapy 
response may be useful in the development of targeted 
therapy (“tailored therapy;” “customized therapy”) for 
individual NSCLC patients.2,7,8

Predictors of Response to 
Traditional Therapy

Messenger RNA transcripts found in DNA repair path-
ways, including breast cancer protein 1 (BRCA1) and 
excision repair cross-complementing group 1 (ERCC1), 
bestow selective resistance to chemotherapeutic agents 
such as cisplatin and taxanes.9 Low levels of BRCA1, a 
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Targeted Therapies

The generally late stage presentation and overall poor 
prognosis of NSCLC, along with the limited value of 
standard chemotherapeutic regimens, has prompted 
increased examination of molecular targeted therapies 
for NSCLC.20 With its wide molecular heterogeneity, 
NSCLC has received extensive examination.21 Agents 
that block epidermal growth factor receptor (EGFR) and 
inhibit angiogenesis are being studied intensely.20 Some 
of these agents have shown improved treatment out-
comes and improved response rates for patients with 
NSCLC, and their use, either alone or with standard che-
motherapy regimens, may provide improved quality of 
life and increased survival for NSCLC patients.20,21

Epidermal Growth Factor 
Receptor-Targeted Therapies

Epidermal growth factor receptor is a receptor tyrosine 
kinase involved with cell proliferation, differentiation, 
migration, and cell survival.22 It is upstream of several 
important targets, including COX-2, cyclin D1, phospha-
tidylinositol-3 kinase, and signal transducers and activa-
tors of transcription 3.23 Its expression is associated with 
a poor prognosis in a variety of cancers.7 Epidermal 
growth factor receptor is expressed in 80%–90% of 
NSCLC and is overexpressed in 45%–70%.7,24,25 From 
57% to 92% of squamous cell NSCLCs overexpress 
EGFR.7,24,25 Molecular pathways involving EGFR that 
may be targeted for prognostic benefi t have been intensely 
investigated in a large number of cancers, including 
NSCLC.21 Epidermal growth factor receptor mutations in 
NSCLC patients have been shown to be associated with 
female sex, adenocarcinoma bronchoalveolar histology, 
and never-smokers.26–29 Several anti-EGFR therapies 
have been studied, but currently two types predomi-
nate—tyrosine kinase inhibitors and monoclonal anti-
bodies.30 Several EGFR-targeted monoclonal antibodies 
and tyrosine kinase inhibitors have undergone clinical 
trials in NSCLC with advanced disease.31

Monoclonal Antibodies

The monoclonal antibody cetuximab (IMC-225; Erbitux), 
a chimeric human–mouse monoclonal immunoglobin 
(Ig)G1 antibody, blocks ligand binding, downstream sig-
naling, and functional activation of the EGFR.32–35 Cetux-
imab binds competitively to the extracellular domain of 
EGFR and prevents tyrosine kinase activation, leading to 
inhibited cell growth and, in some cases, apoptosis.30,36 Its 
targeting of the extracellular domain allows it to block 
EGFR pathways in a highly specifi c manner.37 It inhibits 
cell growth and, in some cases, induces apoptosis.30 It is 

generally well tolerated and is being studied in combina-
tion with chemotherapeutic agents in NSCLC patients.30,38,39 
Early studies show response rates with cetuximab of 
29%–53% in untreated NSCLC patients with metastatic 
disease and a response rate of 28% in refractory or 
recurrent NSCLC patients given a combination of cetux-
imab and docetaxel.40 Thienelt et al. studied 31 stage IV 
NSCLC patients treated with cetuximab along with 
paclitaxel and carboplatin in a phase I/II study and noted 
that response rate, time of progression, and median 
survival were slightly better than for historical controls 
of patients treated only with the paclitaxel/carboplatin 
regimen.41 Robert et al. examined 35 chemotherapy-
naive NSCLC patients with advanced disease treated 
with cetuximab along with gemcitabine and carboplatin 
in a phase I/IIa study and found 28.6% exhibited a 
partial response to therapy.42 The authors noted that 
the combination was well tolerated.42 Cetuximab/
chemotherapy activity in patients who had previously 
progressed on the same therapeutic regimen suggests 
that some patients may have the ability to overcome 
resistance.43

Tyrosine Kinase Inhibitors

Tyrosine kinase inhibitors target the intracellular domain 
of EGFR in order to block signal transduction and inhibit 
the downstream effects of EGFR ligand binding.7 These 
agents cause tumor regression by increasing apoptosis 
and inhibiting cell proliferation and angiogenesis.30 Gefi -
tinib and erlotinib are two selective tyrosine kinase inhib-
itors approved for treatment of advanced NSCLC.44,45 
These orally administered agents specifi cally act by com-
peting with adenosine triphosphate (ATP) for the EGFR 
ATP binding site.44 The characteristics associated with 
the presence of EGFR mutations in NSCLC—female 
sex, adenocarcinoma and bronchoalveolar histology, and 
never-smoking—are signifi cantly related to tyrosine 
kinase receptor response in NSCLC.26,46–49 About 10% of 
Caucasian and 25%–30% of Japanese NSCLC patients 
treated with them have shown objective responses.44 
Patients with NSCLC have shown responses to them 
even after proving to be refractory to conventional che-
motherapy.49 Another benefi t of these drugs is that patient 
response is not substantially affected by the number of 
previous chemotherapy regimens, in contrast to tradi-
tional chemotherapy in which response rates decrease 
with each chemotherapy regimen used.49

Gefi tinib (ZD1839), a specifi c inhibitor of EGFR tyro-
sine kinase, downregulates EGFR autophosphorylation 
and prevents its activation.50 It was the fi rst EGFR inhibi-
tor to receive FDA approval.21 In two large phase II trials 
(IDEAL 1 and 2), gefi tinib was well tolerated and showed 
a modest overall response rate of 10%–20% with 
improved disease symptoms in about 40%; however, in 
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two large Phase III trials (INTACT 1 and 2), gefi tinib and 
platinum-based chemotherapy did not show a prognostic 
benefi t compared with chemotherapy alone.47,48,51–53 In the 
INTACT 1 study, Giaccone et al. examined 1,093 chemo-
therapy-naive NSCLC patients receiving a cisplatin/gem-
citabine regimen alone or in association with gefi tinib.52 
The authors found no signifi cant difference in median 
survival times between the groups.52 Herbst et al., in the 
INTACT 2 study, investigated 1,037 NSCLC patients 
receiving a paclitaxel/carboplatin regimen with or without 
gefi tinib and found that gefi tinib provided no additional 
benefi t regarding survival, time to progression, or response 
rate.53 Thatcher et al. studied 1,692 NSCLC patients and 
noted increased survival in never-smokers compared with 
smokers and in Asian patients compared with non-Asian 
patients.51,54 Gefi tinib benefi t may therefore be limited in 
NSCLC patients, although studies using higher doses may 
be useful.55

Erlotinib, another EGFR inhibitor, inhibits EGFR 
phosphorylation and also interferes with signaling via the 
variant receptor EGFRvIII.30 It induces cell cycle arrest 
in G1 and apoptosis.30 It inhibits EGFR phosphorylation 
with a more than 1,000 times greater selectivity than 
other tyrosine kinase inhibitors.30 Shepherd et al., in a 
phase III trial of NSCLC patients who had been treated 
with one or two previous chemotherapy regimens, found 
signifi cantly improved overall survival and progression-
free survival in patients treated with erlotinib compared 
with patients treated with placebo.4,56 Symptomatic 
improvement and quality-of-life improvement were also 
associated with erlotinib treatment in the trial.4,56

Genes in the ErbB family encode receptor tyrosine 
kinases that mediate growth signal responses, and muta-
tions in the tyrosine kinase domains of two ErbB genes, 
EGFR and HER2, occur in some lung adenocarcinomas. 
Lung adenocarcinomas may also contain mutations in 
downstream GTPases encoded by ras genes, with 15%–
30% containing K-ras mutations.57 EGFR and K-ras 
mutations are usually not identifi ed in the same tumors, 
and, in contrast to fact that EGFR mutations are typically 
found in never-smokers, K-ras mutations generally are 
found in NSCLC patients with signifi cant smoking histo-
ries.57 Pao et al. examined 60 lung adenocarcinomas to 
determine whether K-ras mutations correlate with EGFR 
inhibitor (gefi tinib or erlotinib) response and found that 
K-ras mutations correlated with lack of tumor cell sensi-
tivity to either agent.57 EGFR mutations are identifi ed in 
71%–100% of tumors responsive to tyrosine kinase 
inhibitors, and negative tumor testing for EGFR muta-
tions does not preclude tyrosine kinase inhibitor treat-
ment.57 Identifi cation of K-ras mutations might therefore 
be used to predict individual patient response to gefi tinib 
or erlotinib—lung adenocarcinoma patients with K-ras 
mutations might not respond favorably to either tyrosine 
kinase inhibitor.57

The EGFR family includes HER2/neu (ErbB2), HER3 
(ErbB3), and HER4 (ErbB4).26 These receptors’ roles 
in tumor proliferation make them potentially strong 
therapeutic targets.26 The NSCLC response to tyrosine 
kinase inhibitors is associated with increased EGFR copy 
number, high EGFR protein expression, and/or specifi c 
EGFR mutations.26 Cappuzzo et al., examining 102 
NSCLC patients treated with gefi tinib, found that EGFR-
positive (as determined by fl uorescence in situ hybri-
dization) NSCLC patients who exhibit increased copy 
numbers of the HER2 gene had a better response rate, 
better disease control rate, longer time to progression, 
and improved survival.26 The use of HER2 agents along 
with tyrosine kinase inhibitors should be investigated in 
future trials in order to evaluate any potential comple-
mentary therapeutic benefi t from their use in NSCLC 
patients.

Antiangiogenesis Therapy

Neovascularization from preexisting blood vessels, 
termed angiogenesis, is generally required for NSCLC 
progression, and angiogenesis blockade is expected to 
prevent tumor cell growth and improve prognosis.58 
Angiogenesis regulation is complex and is controlled by 
a variety of angiogenesis-related molecules, including 
VEGF, a potent molecule that promotes tumor progres-
sion.58 Bevacizumab (Avastin), an anti-VEGF antibody, 
has been shown to provide a signifi cant prognostic 
benefi t with tolerable toxicity when used in combination 
with standard fi rst-line chemotherapeutic agents.58 Beva-
cizumab is a recombinant humanized monoclonal anti-
body that blocks binding to the VEGF receptor 
(VEGFR)59,60 and blocks the effects of VEGF.60 Phase I 
trials showed it to be fairly well tolerated and without 
dose-limiting toxicity61,62; however, later trials showed 
serious bleeding risks with its use.63 A Phase II trial with 
99 patients with advanced NSCLC by Johnson et al. 
showed a modest survival benefi t and suggested an 
increased time to progression in patients receiving beva-
cizumab and chemotherapy compared with patients 
receiving chemotherapy alone.60,61 In that trial, there was 
a higher incidence of severe tumor-related bleeding in 
NSCLC patients with squamous histology and central 
tumors.58 A phase III trial of 878 NSCC patients showed 
a signifi cant prognostic benefi t in patients receiving 
bevacizumab along with standard chemotherapy (12.5 
months) compared with patients receiving standard che-
motherapy alone (10.2 months).58,63 The NSCLC patients 
receiving bevacizumab also had a signifi cantly greater 
response rate (27%) compared with patients receiving 
only standard chemotherapy (10%) and had a signifi -
cantly longer progression-free survival time (6.4 months 
vs. 4.5 months).58,63,64 The trial patients had generally tol-
erable toxicity; however, a higher incidence of bleeding, 
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including fatal bleeding, was identifi ed in patients receiv-
ing bevacizumab.58,63

Other agents show potential use as antiangiogenesis 
agents in NSCLC patients. Early trials with the anti-
EGFR drug erlotinib showed well-tolerated therapy with 
NSCLC activity, and preclinical studies with the anti-
EGFR drug gefi tinib showed it to induce apoptosis in 
EGFR-overexpressing tumor cells and to inhibit epithe-
lial growth factor–induced angiogenesis.58,65 Further 
randomized trials are needed to confi rm and clarify the 
antiangiogenic effect of these EGFR inhibitors.58 Other 
potential antiangiogenic agents, including the small-
molecule receptor tyrosine kinase inhibitors sorafenib, 
AG-013736, sunitinib, and ZD6474, have been examined, 
some in phase I and phase II trials.58,64,66–69 Their mode of 
action is via inhibition of VEGF receptor tyrosine kinase 
activity.58,64

Other Potential Targeted Therapies

Trastuzumab

Trastuzumab (Herceptin), a monoclonal antibody against 
HER2, is used to treat breast cancer.70 Its effective-
ness depends on immunohistochemically demonstrable 
high HER2 expression, which occurs uncommonly in 
NSCLC.70,71 Lara et al., in a Phase II trial including 69 
NSCLC patients, found disappointing results and closed 
the study to further accrual.72 Other trials have found 
similar disappointing results.73–75

Pertuzumab

Pertuzumab is a humanized monoclonal antibody against 
the dimerization domain of HER2 and is the fi rst in a 
new class of targeted therapeutic agents known as HER 
dimerization inhibitors.76,77 Preclinical studies have shown 
it to inhibit breast, prostate, and NSCLC cell lines whether 
or not the cell lines overexpress HER2.78 Friess et al. 
showed markedly inhibited serum tumor markers, corre-
lating with decreased tumor volume, for NSCLC and 
breast cancer in human xenograft models with treatment 
with both pertuzumab and erlotinib.76 Phase I and II clini-
cal trials are in progress.78

Farnesyltransferase Inhibitor Sch66336

The nonpeptide farnesyltransferase inhibitor SCH66336, 
with other receptor tyrosine kinase inhibitors, inhibits 
NSCLC cell growth.79 It possibly acts by decreasing 
hypoxia- or IGF-stimulated HIF-1α expression, thereby 
inhibiting angiogenic activity in NSCLC cells, and by 
inhibiting HIF-1α and heat shock protein 90 interaction, 
causing proteasomal degradation of HIF-1α.79 Further 
investigation of SCH66336 regulation of HIF-1α is 
merited.

Retinoids and Rexinoids

Retinoids are natural and synthetic derivatives of vitamin 
A that act through nuclear retinoid receptors to activate 
target genes that signal biologic effects.23,80 Retinoid 
effects are mediated through nuclear retinoid acid 
receptors and retinoid X receptors, each with three sub-
types—α, β, and γ—that are downregulated in lung 
tumorigenesis.23,81 Retinoids assist in regulating cell divi-
sion, growth, differentiation, and proliferation and, while 
potentially useful for targeted therapy, have been associ-
ated with relatively harsh side effects, including skin 
reactions, severe headache, and hypertriglyceridemia.82 
Rexinoids are synthetic drugs that bind specifi cally to 
retinoid X receptors.82 One of the rexinoids, bexarontene 
(Targretin), has been evaluated in phase I and II trials in 
NSCLC patients and found to be well tolerated alone and 
in combination with chemotherapy.80,82,83 Hypertriglyceri-
demia and hypothyroidism occur but are generally man-
ageable.82 Studies have shown a survival benefi t and 
phase III trials are ongoing.82

Antimethylation

Promoter hypermethylation of tumor suppressor genes 
occur frequently in cancers, and in NSCLC hypermethyl-
ation is an early event associated with tobacco carcinogen 
exposure.84 Hypermethylation and deactivation occur 
frequently with p16, E-cadherin, and retinoic acid recep-
tor-β, among other genes.84 Two azanucleosides, decitabine 
and its ribonucleoside analog 5-azacytidine, inhibit meth-
ylation and have been shown in vitro to reactivate tumor 
suppressor genes and retard NSCLC in mouse models.84 
Its effect is amplifi ed when it is combined with pharma-
cologic inactivation of histone acetylation by histone 
deacetylase inhibitors.84 Future studies to evaluate appro-
priate dosage are required.84

Small Cell Lung Carcinoma

Small cell lung carcinoma (SCLC) is characterized by 
autocrine growth mechanisms, including stem cell factor 
and its receptor, c-Kit.85,86 Imatinib mesylate (ST1571) is 
a tyrosine kinase inhibitor that selectively inhibits the 
ABL family, platelet-derived growth factor receptor, and 
Kit kinases.86 In vitro treatment of small cell lung carci-
noma with imatinib inhibits Kit activation, and imatinib 
induces growth inhibition in SCLC cell lines.86 In a phase 
II study, Dy et al. studied 29 SCLC patients treated with 
imatinib and found that it did not show any clinical activ-
ity.87 This was so even though patients were selected for 
c-Kit expression by their SCLCs.87 Clinical trials of ima-
tinib alone in SCLC patients have not shown any signifi -
cant prognostic benefi t.88 Yokoyama et al. found inhibition 
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of cell growth in SCLC cell lines that were treated with 
imatinib along with vitamin K2.88 Maulik et al. noted that 
imatinib does not directly inhibit topoisomerase I and 
remarks that the combination of imatinib and topoisom-
erase I inhibition might provide therapeutic benefi t for 
SCLC patients.89 Further studies are needed to identify 
any prognostic benefi ts of combining imatinib with other 
therapies for patients with SCLC.

Conclusion

Conventional chemotherapy is currently of limited value 
in improving long-term survival of lung cancer patients. 
Expressions of DNA repair proteins may serve as predic-
tors of individual response to conventional chemother-
apy. Targeted molecular therapies, including kinase 
inhibitors and receptor antibodies, hold promise as 
cancer-specifi c therapies, alone or in combination with 
conventional therapies, but are limited to subpopulations 
of patients whose cancers possess the appropriate targets 
for these therapies.
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Environmental Agents in Lung and 
Pleural Neoplasms

Steven R. Blumen and Brooke T. Mossman

Mechanisms of Action of 
Environmental Carcinogens
Carcinogenesis is a multistep process that traditionally 
has been delineated into three phases: initiation, promo-
tion, and progression. These phases in relationship to the 
sequential stages of epithelial alterations occurring during 
the development of lung carcinomas are illustrated in 
Figure 23.1.

Initiation is broadly defi ned as a heritable DNA altera-
tion occurring from a genetic change caused by a carcino-
gen, and it is clear that a number of occupational and 
environmental agents cause mutations in genes that 
control DNA synthesis and repair, cell cycle regulation, 
and cell death. Some lung carcinogens, such as polycyclic 
aromatic hydrocarbons, must be metabolically activated 
by epithelial cells to form covalent adducts with DNA, 
whereas other agents such as metals and asbestos fi bers 
may act primarily through epigenetic mechanisms 
whereby they do not directly alter DNA but modify the 
expression of genes that infl uence cell proliferation and 
cell death.

Epigenetic agents have been classically referred to as 
tumor promoters, which increase proliferation of initiated, 
that is, preneoplastic, cells by a broad range of mecha-
nisms, including changes in DNA methylation, stimula-
tion of cell signaling pathways, elicitation of oxidative 
stress, and alteration of cell communication.8 A rapidly 
dividing cell is more prone to subsequent genetic insults 
via ineffective DNA repair, and many genetic alterations 
occur in cells before they progress to invasive tumor cells, 
phenomena occurring over the long latency period of 
tumor development.8

Progression is broadly defi ned as the last phase of 
tumor development when cells acquire many genetic 
alterations, including activation of additional protoonco-
genes and/or inactivation of tumor suppressor genes. 
Critical protooncogenes and tumor suppressor genes 

Introduction

A number of chemical and other environmental pollut-
ants, including noxious gases and metals, infectious agents, 
insoluble agents such as asbestos and wood dusts, and 
dietary factors, induce or promote lung cancers. Many of 
these agents are classifi ed as “known” or “reasonably 
anticipated” carcinogens, including polycyclic aromatic 
hydrocarbons, metals such as cadmium, hexavalent chro-
mium, and nickel compounds, and mineral fi bers such as 
asbestos and erionite.1 Others are “suspect” carcinogens 
based on inconclusive data from epidemiologic, animal, 
and mechanistic studies. The use of mechanistic studies 
to predict carcinogenicity of environmental and occupa-
tional agents in humans has been advocated recently as 
a critical component of risk analysis.2 With the evolution 
and vast potential of new technologies such as microarray 
analysis and proteomics, our knowledge of the mecha-
nisms of lung carcinogenesis has increased.

Because of the complexity of air pollution and ciga-
rette smoke, as well as the long latency period necessary 
for development of lung neoplasms, it is naive to exclu-
sively link the causation and development of lung cancers 
to a single compound. However, asbestos, a family of 
durable naturally occurring fi bers, is clearly associated in 
epidemiologic studies with the development of lung 
cancers and malignant mesotheliomas, devastating tumors 
arising from serosal or mesothelial cells of the pleura, 
peritoneum, or pericardium.3–5 Asbestos also can act 
additively or synergistically with components of cigarette 
smoke to cause increases in lung cancers3,4 and may inter-
act cooperatively with Simian virus 40 (SV40) in the cau-
sation of malignant mesothelioma.5–7 In this chapter, we 
fi rst review principles and mechanisms of action of 
environmental and occupational carcinogens in lung. We 
then focus on properties and mechanisms of action of 
asbestos fi bers in the pathogenesis of lung cancers and 
mesotheliomas.
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have been elucidated in experimental models of lung 
cancers9 and malignant mesothelioma.10 However, their 
importance in the development of human tumors remains 
an open question, because not all tumors express consis-
tent mutations in widely studied tumor suppressor genes 
(e.g., p53).

Asbestos: A Unique Carcinogen

Properties of Asbestos

Asbestos refers to a family of naturally occurring fi brous 
minerals, of which there are six distinct types: chrysotile 
(Mg3Si2O5[OH]4), the only member of the serpentine 
group, a curly and pliable fi ber, and amosite, ([Fe+2]2[Fe+2

,Mg]5Si8O22[OH]2), crocidolite ([Fe+2]2[Fe+2,Mg]5Si8O22

[OH]2), anthophyllite (Mg7Si8O22[OH]2), tremolite 
(Ca2Mg5Si8O22[OH]2), and actinolite (Ca2[Mg,Fe+2]Si8O22

[OH]2), all members of the amphibole family, which are 
more durable needle-like fi bers (Figure 23.2). The 
increased durability of amphibole types of asbestos11 and 
reactive properties of these fi bers, including generation 
of reactive oxygen species (ROS),12 have been linked to 

Figure 23.1. The stages of carcinogenesis in relation to the 
development of lung carcinomas. Genetic damage causes initia-
tion of epithelial cells that subsequently undergo hyperplasia 
and become progressively more atypical during the process of 
tumor promotion. Lung fi brosis may be a promoting factor, 
causing a favorable environment for tumor development. 
During the progression phase of tumor development, additional 
mutations develop that may be critical to invasion, migration, 
and, eventually, tumor metastases.

Figure 23.2. Scanning electron micrographs indicating the dif-
ferent morphologies and cell responses to chrysotile and amphi-
bole types of asbestos. (A) Clumps of chrysotile fi brils (upper 
arrow) on the surface of a lung epithelial cell in culture. The 

lower arrow shows a fi ber detected intracellularly. (B) Develop-
ment of squamous metaplasia on the surface of a tracheal organ 
culture exposed for 4 weeks to amosite asbestos. Note the extra-
cellular amosite fi ber (arrow) protruding from the lesion.

A B
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the increased pathogenicity of crocidolite and amosite 
asbestos, compared with chrysotile, in lung cancers and 
malignant mesotheliomas.3–5,13,14 The facts that amphibole 
asbestos fi bers are insoluble, do not need to be metabo-
lized to exert their effects, and can act during several 
stages of the carcinogenic process, as diagrammed in 
Figure 23.1, render them unique and durable carcinogens 
that can persist in lung epithelial and mesothelial cells, 
(i.e., target cells of lung carcinomas and mesotheliomas) 
during the long latency period of tumor development.

Asbestos-Associated Lung Cancers

Asbestos rarely causes tumors in nonsmoking asbestos 
workers, and it is considered less of a risk in the develop-
ment of lung cancer than smoking.3,4,13,15,16 However, the 
incidence of lung cancers increases additively or syner-
gistically in asbestos workers who smoke. Several 
investigators report that adenocarcinomas and tumors 
developing in the lower, peripheral lung lobes are most 
commonly seen in asbestos-exposed lung cancer 
patients.17,18 One hypothesis is that that pulmonary fi bro-
sis (asbestosis) arises in the peripheral lung at sites of 
deposition of asbestos fi ber and then creates a favorable 
and promoting environment for the development of lung 
cancers. Proliferating lung fi broblasts in these lesions may 
promote proliferation or metaplasia of lung epithelial 
cells through elaboration of growth factors or cell–cell 
communication.19 Some studies suggest that there is an 
increased risk for lung cancer only in individuals who 
have clinical asbestosis, whereas critics argue that asbes-
tosis and asbestos-induced lung cancer are independent 
processes.20–22 As for lung cancer, cigarette smoke may 
also be a risk factor for asbestosis and may exacerbate 
the pathogenesis of asbestosis.19,23 However, this is a 
subject of debate in the fi eld.

Asbestos-Associated Mesothelioma

Malignant mesothelioma is a devastating cancer that 
typically originates from mesothelial cells of the pleura 
and, less commonly, the peritoneum or pericardium. 
Exposure to asbestos is believed to be the major risk 
factor for its development, as approximately 80% of 
mesothelioma patients have known exposure to asbes-
tos.3–5 Genetic predisposition, SV40, and other risk factors 
such as metals, rubber, pleural scarring, dietary factors, 
lung infections, and ionizing radiation have been impli-
cated in the development of mesothelioma.24–26 It has 
been suggested that differences between asbestos and 
nonasbestos-related malignant mesothelioma exist, with 
nonasbestos malignant mesothelioma occurring typically 
at younger ages.6,7,27

A large body of epidemiologic data shows that the 
amphiboles amosite and crocidolite are more carcino-

genic than chrysotile in the development of malignant 
mesothelioma.3–7,28,29 Furthermore, many asbestos workers 
are exposed to different types of asbestos, and analyses 
have shown that many individuals who have developed 
malignant mesothelioma following inhalation of suppos-
edly “pure” chrysotile asbestos were also exposed to 
tremolite, a contaminant of certain Canadian chrysotile 
mines that is more persistent in lungs.14

Mechanisms of Asbestos-Induced 
Carcinogenesis

The fact that amphibole asbestos fi bers persist in lung and 
pleura for many years compared with chrysotile asbestos, 
which dissolves or breaks down into shorter fi bers over 
time due to leaching of magnesium,30 suggests that they 
serve as a chronic stimulus for development of lung 
cancers or malignant mesotheliomas. Many studies show 
that long, thin fi bers (>8 μm in length and <0.25 μm in 
diameter, as defi ned by Stanton and colleagues) are more 
tumorigenic after injection into the pleura or by inhala-
tion when compared with shorter fi bers (defi ned as a >3 : 1 
length to diameter ratio) or nonfi brous particles.3–5,29

Mechanistic studies also suggest that the most patho-
genic asbestos types, crocidolite and amosite, act at several 
stages in the carcinogenic process via elaboration of 
ROS.12 These fi bers have a high iron content that can drive 
Fenton-like reactions generating the hydroxyl radical 
(OH.), which is associated with mutagenicity and DNA 
damage. In contrast to long fi bers of chrysotile that cause 
cell lysis and death, processes attributed to the positively 
charged magnesium on the fi ber,11 long rod-like amphi-
bole fi bers (>8 μm in length) are incompletely phagocy-
tized by cells (see Figure 23.2B), causing elaboration of 
ROS by a prolonged oxidative burst. It is widely acknowl-
edged that ROS are mutagenic and mitogenic.12 In vitro 
studies have also demonstrated that long, thin asbestos 
fi bers penetrate the nuclear membrane and physically 
interact with the mitotic spindle during cell division, an 
event linked to aneuploidy and other chromosomal 
changes.31 Moreover, amphibole fi bers cause oxidative 
DNA damage12,32 and DNA breakage33 in lung epithelial 
and mesothelial cells in vitro. Whether DNA damage by 
asbestos occurs in humans, especially people with com-
promised DNA repair pathways, remains to be proven.

Mechanisms of Asbestos-Induced Cell 
Signaling In Mitogenesis, Tumor 
Promotion, and Progression

A more plausible scenario for tumor promotion and pro-
gression by asbestos fi bers during the long latency period 
of development of lung tumors and malignant mesothe-
liomas is the elicitation of multiple cell signaling path-
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ways either by direct interaction of asbestos fi bers with 
the cell surface or by generation of ROS from fi bers 
(Figure 23.3). These signaling pathways lead to activation 
of genes governing mitogenesis,34 activation of growth 
factor receptors,35 and cascades leading to autonomous 
dysregulation of tumor cell growth, escape from the 
normal cell cycle, and increased cell survival.36 For 
example, antiapoptotic proteins are elevated in malig-
nant mesothelioma cells, allowing cells to survive pro-
apoptotic insults that normally would be lethal.37

Another feature of malignant mesotheliomas is 
increased production of vascular endothelial growth 
factor, which promotes angiogenesis and is regulated 
through a heparin growth factor/c-Met receptor-induced 
signaling pathway.38 Our laboratory fi rst showed that 
asbestos fi bers cause activation of the mitogen-activated 
protein kinase (MAPK)39,40 and the nuclear factor-κB 
(NF-κB)36,41 survival pathways in mesothelial and lung 
epithelial cells. Most recently, we have also shown that 
the phosphatidylinositol-3-kinase(PI3K)/Akt pathway is 
activated by asbestos and is an important survival pathway 
in malignant mesothelioma.42

General Concepts of Mitogen-Activated 
Protein Kinase Signaling

Mitogen-activated protein kinases are families of serine-
threonine kinases that phosphorylate specifi c proteins in 

a cascade-like fashion and are checked by a series of 
phosphatases. Mitogen-activated protein kinase path-
ways are typically activated by extracellular stimuli and 
lead ultimately to the activation of nuclear transcription 
factors. There are at least three major families of MAPKs: 
the extracellular signal-regulated kinases 1, 2, and 5 
(ERK1/2 and ERK5); the c-Jun N-terminal kinases 
(JNK1, JNK2, and JNK3), and the p38 kinases.43 In 
general, activation of ERK cascades leads to increased 
cell division and survival, the JNKs (or stress-associated 
protein kinases) are thought to function in cell death and 
transcriptional regulation, and the p38 MAPKs are acti-
vated by certain cytokines and osmotic stress.

Mitogen-Activated Protein Kinase 
Signaling, Fos/Jun Proteins, and 
Activator Protein-1 Activation

An outcome of MAPK activation is transmission of a 
signal from the cell membrane to the nucleus, which pro-
motes gene transcription. One of the transcription factors 
targeted for activation by the MAPKs is the activator 
protein-1 transcription factor, a dimeric protein complex 
composed of protein products of the fos and jun proto-
oncogenes that are induced in a dose-dependent fashion 
by lower concentrations of crocidolite than chrysotile 
asbestos in mesothelial and tracheal epithelial cells.34 The 

Figure 23.3. Multiple cell signaling and survival pathways are 
stimulated in epithelial and mesothelial cells after addition of 
fi bers in vitro or inhalation of asbestos fi bers. These pathways 
are stimulated by direct physical interaction of amphibole fi bers 
with surface receptors such as the epidermal growth factor 
receptor (EGFR) and/or elaboration of reactive oxygen species 
(ROS) by fi bers. These interactions then cause a cascade of 
phosphorylation events (P) that stimulate the Ras/ERK1/2, 
PI3K/Akt, NF-κB, and Ras/ERK5 pathways, leading to translo-

cation of respective complexes into the nucleus and their inter-
action with promoter regions of genes leading to proliferation, 
transformation, and tumor development. ERK, extracellular 
signal-regulated kinase; NF-κB, nuclear factor-κB; MEK, 
mitogen-activated protein/extracellular signal-regulated kinase; 
MEKK, MEK kinase;; PDK1 = 3-phosphoinositide-dependent 
protein kinase 1; PI3K, phosphatidylinositol-3 kinase; UB, 
ubiquitination.
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Jun family of proteins includes c-Jun, JunB, and JunD, 
and these proteins can bind together in homodimeric 
fashion or with proteins of the Fos family (c-Fos, FosB, 
Fra-1, and Fra-2) to form heterodimers. The DNA 
binding specifi city of different activator protein-1 
complexes is highly conserved, and different Fos–Jun 
dimers have different DNA binding specifi cities 
that regulate transcription of discrete sets of genes gov-
erning cell proliferation, differentiation, and oncogenic 
transformation.

Asbestos and Mitogen-Activated 
Protein Kinase Signaling

As shown in Figure 23.3, crocidolite asbestos fi bers 
directly cross-link and autophosphorylate the epidermal 
growth factor receptor (EGFR) in mesothelial cells which 
in turn leads to ERK1/2 activation.39,40,44 Additionally, the 
initiation of the ERK1/2 response by asbestos involves 
the generation of ROS during phagocytosis of asbestos 
fi bers or by redox reactions occurring on the surface of 
asbestos fi bers. Addition of asbestos or hydrogen perox-
ide leads to ERK1/2 activation and apoptosis, which are 
prevented with the addition of the antioxidant N-acetyl-
L-cysteine.45 Apoptosis and cell proliferation are ongoing 
dynamic processes in mesothelial cells exposed to cro-
cidolite asbestos and may be coupled in that apoptotic 
cell death leads to cell proliferation.

We have more recently shown that exposure of lung 
epithelial cells to asbestos leads to a protracted oxidant-
induced activation of ERK5, which is Src kinase depen-
dent but not EGFR dependent.46 This study also shows 
that ERK1/2 activation by asbestos is EGFR dependent 
in these cells, providing strong evidence that cell signal-
ing in response to asbestos is multifaceted and involves 
different MAPK cascades.

Nuclear Factor-κB Signaling by Asbestos

The NF-κB signaling pathway can be activated by a 
number of external and internal cell signals, including 
crocidolite asbestos and oxidants.36,41 Normally NF-κB, a 
dimeric complex, is composed of subunits of Rel family 
proteins, commonly p50/p65 (RelA) dimers.47 In resting 
cells, these dimeric complexes are bound to inhibitory κB 
(IκB) proteins, which maintain them in the cytoplasm 
(see Figure 23.3). Upon activation, the IκB complex 
becomes phosphorylated, allowing its dissociation from 
p50/p65 and ubiquitination and translocation of the freed 
NF-κB complex into the nucleus where it binds to specifi c 
κB sites on DNA, causing transcription of target genes. 
Nuclear factor-κB–dependent gene transcription leads to 
production of many proinfl ammatory cytokines and 
upregulation of cell adhesion molecules, growth factors, 
and immunoreceptors. In addition, NF-κB promotes cell 

survival through the induction of genes that cause inhibi-
tion of normal apoptotic mechanisms. Activation of 
NF-κB in malignant mesothelioma or lung tumors may 
govern resistance to anticancer drugs and therapeutic 
radiation. Because of the potential roles of NF-κB in 
infl ammation, tumorigenesis, and tumor cell survival, 
chronic activation of NF-κB by amphibole asbestos fi bers 
may be critical in both the development and maintenance 
of these tumors.

Phosphatidylinositol-3 Kinase/Akt 
Signaling by Asbestos

Akt (also known as protein kinase B [PKB]) is a cyto-
plasmic protein kinase that can be activated by PI3K via 
cell surface or growth factor receptors in response to 
various extracellular signals, including asbestos or SV40 
T antigen.27,38,48 The interactions between this pathway 
and the Ras signaling cascade are intensely studied 
because of their critical roles in cell survival and growth, 
malignant transformation, angiogenesis, and tumor inva-
sion.49,50 As shown in Figure 23.3, PI3K is phosphorylated 
or activated by both growth factor receptor tyrosine 
kinases and Ras, which leads to sequential phosphoryla-
tion of 3-phosphoinositide–dependent protein kinase 1 
and Akt. Activation of Akt can lead to activation of the 
proapoptotic factors Bad and caspase-9, as well as stimu-
lation of the prosurvival NF-κB signaling pathway via 
activation of IκB kinase α, positively affecting cell cycle 
progression.51 Recent evidence has linked crocidolite 
asbestos and SV40 T antigen to activation of PI3K and 
Akt in human mesothelial cells, causing resistance to cell 
death by these agents.38,48,52 Additionally, many human 
malignant mesotheliomas exhibit elevated constitutive 
levels of Akt, and it has been suggested that elevated Akt 
levels may be indicative of their resistance to anticancer 
drugs.52 Pharmacologic inhibition of the Akt pathway 
inhibits malignant mesothelioma cell growth and increases 
their sensitivity to the chemotherapeutic agents cispla-
tin42 and Onconase.53 These data provide compelling evi-
dence that the prosurvival protein Akt is involved in 
asbestos-mediated signaling in tumorigenesis; thus its 
pharmacologic targeting may be important in treating 
asbestos-mediated malignant mesothelioma and lung 
cancers.

Conclusion

Inhalation of asbestos fi bers is associated with the devel-
opment of lung tumors, primarily in asbestos workers 
who are smokers, and malignant mesotheliomas, which 
show no correlation with smoking history. The ability of 
asbestos fi bers, particularly amphiboles, to act at multiple 
stages of the carcinogenic process and their persistence 
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render them unique carcinogens in the lung and pleura. 
In malignant mesotheliomas, amphibole asbestos fi bers 
appear to be complete carcinogens, whereas they are 
cocarcinogens as well as tumor promoters in the develop-
ment of lung carcinomas.54,55

Although multiple mechanisms of interaction between 
components of cigarette smoke and asbestos have been 
reported, including impaired mucociliary clearance and 
increased cell transport and metabolism of polycyclic 
aromatic hydrocarbons by asbestos fi bers, a recent review 
emphasizes the cooperativity of oxidants generated from 
cigarette smoke and asbestos fi bers in the stimulation of 
MAPK signaling cascades, mucin hypersecretion, and 
epithelial cell transformation.56 These events may account 
for the additive and synergistic effects on lung cancer 
development in asbestos workers who smoke. Targeting 
of the multiple signaling cascades initiated by asbestos 
fi bers in lung epithelial and mesothelial cells may be criti-
cal in prevention and therapy of lung cancers and malig-
nant mesotheliomas.
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immunosuppression, favors the development of B-cell 
lymphomas, Hodgkin’s disease, Kaposi’s sarcoma, and 
skin cancers.5 Because HIV-DNA is not found in these 
cancer cells, the virus indirectly contributes to the emer-
gence of these cancers by inducing profound immunosup-
pression and reducing host immune mechanisms. Other 
viral infections, including herpes simplex virus and cyto-
megalovirus, aid persisting tumor viruses (papillomavi-
ruses and polyomaviruses) by amplifying the genomes of 
the latter in infected cells.6,7 This mechanism emerges as a 
second indirect mode of interaction by which specifi c 
viruses may increase tumor formation. Chronic infl amma-
tion, due to infectious agents or other chronic stimuli of the 
immune system, may also increase the risk of malignancy.8 
It is estimated that chronic infl ammation caused by infec-
tions account for approximately 21% of new cancer cases 
in developing countries and 9% in developed countries.8

In recent years, additional viruses associated with 
certain human tumors have been discovered. They include 
hepatitis C virus in a subset of hepatic cancers, human 
herpesvirus type 8 (HHV-8) in Kaposi’s sarcoma, and 
approximately 50 novel papillomavirus genotypes in 
squamous and basal cell carcinomas of the skin.

Viruses account for several of the most common malig-
nancies, up to 20% of all cancers. Several of these cancers 
are endemic, with a high incidence in certain geographic 
areas, whereas others have sporadic incidence. The speci-
fi city of a given association of a virus and an associated 
malignancy, depending on the virus, cancer, and geo-
graphic location, ranges from essentially 100% to as low 
as 15%. The mere presence within these tumors does not 
prove an etiologic relationship. Nevertheless, it provides 
a starting point for further investigation.

The agents considered here are EBV, HHV-8, human 
papillomavirus (HPV), hepatitis B and C viruses, human 
T-cell leukemia virus, human polyomavirus SV40, and 
jaagsiekte sheep retrovirus (Tables 24.1 and 24.2). 
Although viral oncogenesis is established in some human 
malignancies, viral oncogenesis in human lung cancer is 

Introduction

For more than 100 years, researchers have suspected 
some tumors have an infectious etiology. In recent years, 
revelations regarding the origin of human cancers have 
come at an increasing pace. Infectious agents, mainly 
viruses, are among the few known causes of cancer and 
contribute to a variety of malignancies worldwide. In 
1911, Peyton Rous successfully transmitted a malignancy 
from one chicken to another by injecting cell-free extracts 
from the tumor.1 His work signaled a new era in cancer 
research, and ultimately the cancer was shown to be 
caused by an RNA virus, the Rous sarcoma virus. 
Although scientists sporadically demonstrated the trans-
missibility of other tumors, the majority of attempts were 
unsuccessful. A renaissance of the viral hypothesis 
occurred in 1950 when Ludwik Gross discovered the 
transmissibility of murine leukemias by infecting newborn 
mice with tumor extracts.2 His work ushered in many 
additional studies, eventually leading to the discovery of 
several other viruses as causative factors of malignancy. 
In 1964, Epstein and colleagues observed herpesvirus-
like particles in cells of Burkitt’s lymphoma cell cultures.3 
Although virus particles were observed using electron 
microscopy, it was 1958 when Dennis Burkitt fi rst specu-
lated that this childhood tumor might have a viral origin.4 
His ideas were based on the observation that the tumor 
was endemic in certain geographic regions of equatorial 
Africa and coincided with regions affected by malaria. 
Although the particles were found in cultured Burkitt’s 
lymphoma cells, designated as Epstein-Barr virus (EBV), 
it took almost 30 years before it was fi rmly identifi ed as 
a human tumor virus.

As another viral infection emerged in the 1980s, it 
became evident that direct infection is not the sole mode 
by which viruses contribute to the development of human 
cancers. The acquired immunodefi ciency syndrome 
(AIDS) epidemic, resulting from human immunodefi -
ciency virus (HIV) infections and leading to severe 
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speculative and unproven at present; SV40 is under inves-
tigation as a possible factor in human mesothelioma.

Mechanisms of Tumorigenesis

The cellular mechanisms by which viral infections give 
rise to tumors may be considered in the context of the 
multistage theory of carcinogenesis. Tumor induction by 
viruses may be viewed as occurring by one of three 
general mechanisms. First, the genes of a virus may 
directly specify all the functional changes needed to 
convert a normal cell into a malignant one. Such viruses 
would induce tumorigenesis in a single step, and there-
fore malignancy would develop after a short latency 
period. The virus would supply all the abnormal functions 

for the cell, and its continued presence would be required 
for malignant growth. Most DNA tumor viruses contain 
more than one viral oncogene, and each contributes to 
the oncogenic properties of the virus. In vitro studies 
show that some oncogenes, whether from DNA viruses 
or retroviruses, serve principally to prolong the lifespan 
of the cell, whereas others directly stimulate cell growth 
and division.9 In the absence of a cooperating immortal-
izing gene, expression of an oncogene that stimulates 
abnormal cell growth usually induces the cell to undergo 
senescence or apoptosis. These are potent mechanisms to 
protect the organism from cancer. Immortalizing genes 
blunt apoptosis and thus account for the strong onco-
genic activity when immortalizing and directly transform-
ing genes are expressed together.

A second mechanism may be that viruses specify some, 
but not all, of the functional changes required for tumor 
development. The virus would contribute to the cell 
becoming a tumor cell, but certain additional cellular 
changes would be required for the cell to give rise to a 
tumor. Most frequently, the changes are alterations that 
complement the viral functions, and the continued pres-
ence of viral genetic material would be required. Alter-
natively, in some experimental tumors, changes are made 
in the tumor cell so that the persistence of the virus is no 
longer necessary.10 Tumors that require cellular changes 
in addition to viral infection take longer to develop when 
compared with tumors in which the virus supplies all the 
abnormal functions required for tumorigenesis. This 
latency period may be a refl ection of the requirement for 
accumulation of the additional genetic changes mediating 
malignant progression in a virally infected cell.

The third mechanism of viral oncogenesis is that viruses 
may induce tumors by an indirect process. Infection with 
the virus may simply increase the likelihood that the 
cellular changes required for tumorigenesis will occur. 
Tumor viruses that function by this mechanism typically 
induce malignancy after a long latency period.

Table 24.1. Accepted and candidate human tumor viruses.

Virus Human diseases Human tumors

EBV IM, oral hairy 
leukoplakia

BCL, BL, NPC, HD, TCL

HBV and HCV Hepatitis, cirrhosis Hepatocellular carcinoma
HPV Skin warts, CA, 

intraepithelial 
neoplasias, LP

Cervical, skin, oropharynx, 
SCC, EV, and 
adenocarcinomas

HTLV-1 HAM/TSP ATL
HHV-8 Unknown KS, PEL, CD
SV40 Respiratory tract, 

cystitis
Mesothelioma, brain tumors, 

osteosarcomas, and 
non-HD

Note: ATL, acute T-cell leukemia; BCL, B-cell lymphomas; BL, Burkitt’s 
lymphoma; CA, condyloma acuminata; CD, Castleman’s disease; EBV, 
Epstein-Barr virus; EV, epidermodysplasia verruciformis; HAM, HTLV-
1-associated myelopathy; HBV and HCV, hepatitis B and C viruses; HD, 
Hodgkin’s disease; HHV-8, human herpesvirus type 8; HPV, human 
papillomavirus; HTLV-1, human T-cell leukemia virus; IM, infectious 
mononucleosis; KS, Kaposi’s sarcoma; LP, laryngeal papillomas; NPC, 
nasopharyngeal carcinoma; PEL, primary effusion lymphoma; SCC, 
squamous cell carcinoma; SV40, Simian virus 40; TCL, T-cell lympho-
mas; TSP, tropical spastic paraparesis.

Table 24.2. Properties of accepted and potential human tumor viruses.

Characteristic HBV HCV EBV HPV HHV-8 SV40

Genome
Nucleic acid dsDNA ssRNA dsDNA dsDNA dsDNA dsDNA
Size (kb/kbp) 3.2 9.4 172 8 165 5.2
No. genes 4 9 ≈90 8–10 ≈90 6
Cell tropism HC, WBC HC OP, B cells, EC SEC VEC, LC Kidney
Prevalence Common (Asia, and Africa) Common (Japan, and Caribbean) Common Common Not ubiquitous
Transmission Vertical, parenteral, 

horizontal, venereal
Parenteral and horizontal Saliva Venereal, skin Horizontal and 

venereal
Urine?

Transforming 
genes

HBx? NS3? LMP-1 E6, E7 Tag, tag

Note: EBV, Epstein-Barr virus; EC, epithelial cells; HBV and HCV, hepatitis B and C viruses; HC, hepatocytes; HHV-8, human herpesvirus type 
8; HPV, human papillomavirus; LC, lymphocytes; OP, oropharynx; SEC, squamous epithelial cells; SV40, Simian virus 40; VEC, vascular endothelial 
cells; WBC, white blood cells.
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Cell Proliferation and Carcinogenesis

In 1914, Boveri postulated that cancer was caused by 
mutations in cells arising from either germlines or the 
genetic material of somatic cells.11 The discovery in 1953 
of the structure of DNA and its transmission of genetic 
information to daughter cells implied that alterations 
related to carcinogenesis ultimately involved changes in 
DNA. During the past few decades, considerable evi-
dence has accumulated supporting the hypothesis that 
cancer is caused by alterations in specifi c genes. These 
genes have been identifi ed and belong to two different 
classes: those that act in a dominant manner, called onco-
genes, and those that require damage of both alleles of a 
given gene, consistent with a recessive mode of action, 
called tumor suppressor genes.12,13

It has also become apparent not only that damage to 
DNA is the basis for carcinogenesis but also that more 
than one genetic mistake is required. A two-hit genetic 
model for carcinogenesis was originally postulated by 
Knudson based on his examination of sporadic and 
hereditary retinoblastomas in children.14 Knudson dem-
onstrated that, based on spontaneous mutations occur-
ring during normal retinoblast DNA replication, DNA 
alterations could occur in suffi cient numbers to explain 
the rate of retinoblastoma occurrence under sporadic and 
hereditary means.

Based on the strongly supported assumptions that 
cancer is caused by multiple alterations in DNA and that 
DNA replication does not have 100% fi delity, there are 
two ways in which any agent (chemical, radiation, or 
infectious organism) can increase the chance of a cell 
becoming malignant.15,16 The agent can either damage 
DNA directly (DNA-reactive chemicals and radiation) or 
increase the number of DNA replications (hormones and 
infectious agents).

A signifi cant feature of tumor viruses is that they can 
induce morphologic transformation of some cells in 
culture.17 The ability of these viruses to transform cells in 
vitro typically corresponds with their ability to induce 
tumors in animals. In vitro studies have shown that the 
capacity of tumor viruses to directly transform cells is due 
to the expression of viral oncogenes. Although not closely 
related to cellular genes, the oncogenes of retroviruses 
are actually derived from a class of cellular genes that are 
highly conserved in evolution.18 Most of the oncogenic 
activities of their encoded proteins fall into one of three 
categories. Some proteins, such as the epidermal growth 
factor homologs of poxviruses, mimic activities of pro-
teins encoded by cellular protooncogenes.19 Others, such 
as the middle T antigen of polyomavirus, activates pro-
teins encoded by protooncogenes.20 The E6 and E7 pro-
teins of some HPV, the large T antigen of SV40 virus, and 
the E1A and E1B proteins of adenoviruses bind to and 
functionally inactivate cellular proteins encoded by tumor 

suppressor genes.21,22 Most genes of this class inhibit 
growth of the target cell so that the loss of this inhibitory 
activity contributes to transformation by these viral onco-
proteins. Functional inactivation of tumor suppressor 
genes, usually by genetic alteration, has been identifi ed in 
many nonviral tumors in animals and humans.23

Viruses in Human Tumors

In humans, members of several different virus families 
are associated with the development of malignancy (see 
Tables 24.1 and 24.2). As previously mentioned, EBV was 
originally isolated from biopsy tissue samples of the 
childhood malignancy African Burkitt’s lymphoma. An 
association with EBV was subsequently discovered in 
nasopharyngeal carcinoma, which develops with high 
incidence among Cantonese Chinese, Alaskan Inuits, and 
in Mediterranean Africa.24 Epstein-Barr virus is also 
accepted as a cause of posttransplantation lymphomas.25 
In addition, it is also implicated to cause a subset of 
Hodgkin’s lymphoma, gastric carcinomas, T-cell lympho-
mas, and rare smooth muscle sarcomas in children with 
AIDS.26–28

The association of EBV with these malignancies is 
quite persuasive. The fi rst link to EBV was demonstrated 
as patients with these malignancies had signifi cantly ele-
vated antibody titers to viral antigens, including viral 
capsid antigen and early antigen.29 Similarly, early sero-
epidemiologic studies revealed that patients with naso-
pharyngeal carcinoma had elevated immunoglobulin A 
antibody titers to the same antigens.30 Appearance of 
immunoglobulin A antibodies to EBV preceded the 
development of nasopharyngeal carcinoma by several 
years and correlates with tumor burden and recurrence. 
In EBV-associated tumors, the viral antigen Epstein-Barr 
nuclear antigen 1 is detected in all the tumor cells. More-
over, the EBV genome is located in the malignant epi-
thelial cells and not the infi ltrating lymphocytes in the 
nasopharyngeal tissue.29

An additional compelling factor is that all the malignan-
cies associated with EBV contain homogenous episomal 
genomes detected with use of the EBV terminal assay.31 
A key biologic property of EBV that underlies its clear 
association with malignancy is its ability to alter B-cell 
growth regulation and induce permanent growth trans-
formation. This ability of EBV to cause neoplastic growth 
is most clearly demonstrated by the development of B-cell 
lymphoproliferation in immunocompromised patients.32,33 
Lymphoproliferative diseases associated with EBV may 
develop in patients with congenital immune impairment, 
including the X-linked lymphoproliferative syndrome, 
severe combined immunodefi ciency, adenosine deami-
nase defi ciency, patients with Wiscott-Aldrich syndrome, 
organ transplant recipients, and those with AIDS.
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Human herpesvirus 8 is a double-stranded DNA virus 
belonging to the γ-subfamily of herpesviruses. Similar to 
other γ-Herpesvirinae, HHV-8 establishes a life-long 
latent infection in the B lymphocytes of its host. Human 
herpesvirus 8 encodes a diverse array of genes involved 
in transformation, signaling, prevention of apoptosis, and 
immune evasion. Human herpesvirus 8 has been linked 
to several malignancies in humans, including Kaposi’s 
sarcoma, primary effusion lymphomas, and multicentric 
Castleman’s disease. The evidence linking HHV-8 to 
Kaposi’s sarcoma, primary effusion lymphomas, and multi-
centric Castleman’s disease is substantial and has been 
confi rmed in multiple studies. Human herpesvirus 8 has 
also been linked to multiple myeloma, angiosarcomas, 
and malignant skin tumors in posttransplantation patients, 
such as Bowen’s disease, squamous cell carcinoma, actinic 
keratosis, and extramammary Paget’s disease. However, 
these disease associations are controversial and not well 
established.34

Because of evidence of high levels of cytokines and 
growth factors in lesions of Kaposi’s sarcoma and multi-
centric Castleman’s disease, it is believed that HHV-8 
transforms cells through a paracrine mechanism. Human 
herpesvirus 8 has been shown to immortalize primary 
bone marrow–derived endothelial cells, and the virus 
induces proliferation, anchorage independence, and sur-
vival of these cells.35 Furthermore, several of the HHV-8 
gene products, including viral G protein–coupled recep-
tor and K1, are transforming in vitro and in transgenic 
mice.36,37 The K1 protein can transform rodent fi broblasts 
in vitro, and, when injected into nude mice, these cells 
induce multiple and disseminated tumors. Transgenic 
animals expressing K1 also develop sarcomas and lym-
phomas. Viral G protein–coupled receptor immortalizes 
primary endothelial cells, and transgenic mice expres-
sing it develop angioproliferative Kaposi’s sarcoma-like 
lesions. Viral G protein–coupled receptor also activates 
phospholipase C and phosphatidylinositol 3-kinase path-
ways, it and upregulates several cytokines and paracrine 
factors. Thus, this protein may contribute to malignancy 
by inducing and sustaining cell proliferation.38,39

Human herpesvirus 8 also encodes several viral homo-
logs of cellular chemokines and cytokines, including viral 
interleukin-6, the antiapoptotic viral Bcl-2, viral Fas-
associated death domain-like interleukin-1 converting 
enzyme inhibitory protein (vFLIP/Orf71), and viral 
inhibitor of apoptosis (vIANP/K7). Human herpesvirus 
8 contains several immune evasion genes, including K3 
and K5 proteins, that downregulate major histocompati-
bility complex I expression. In summary, the functions of 
the HHV-8 proteins ensure life-long viral persistence in 
the host, contributing to HHV-8–associated malignancy.

Human papillomavirus has been consistently associ-
ated with cancer of the cervix. Virtually 100% of cervical 
cancers contain HPV; however, only some types of HPV 

have this association. Of the approximately 130 HPV 
types distinguished thus far, 30 are labeled anogenital 
types, and only a subset of these are considered high-risk 
(HPV-16 and HPV-18). Human papillomaviruses 31 and 
45 are also found in these cancers and, when combined 
with HPV-16 and HPV-18, account for 80% of cervical 
and anal cancers. Some vulvar, vaginal, and penile cancers 
are associated with HPV, as well as several grades of 
cervical dysplasia.

Recently, multivalent prophylactic HPV vaccines, cur-
rently in the late stages of clinical testing, were found to 
be safe, immunogenic, and effi cacious.40 Phase III tests of 
a quadrivalent vaccine have shown 100% effectiveness at 
preventing HPV-16–associated and HPV-18–associated 
cervical intraepithelial neoplasia grades 2 and 3, 
adenocarcinoma in situ, and cervical cancer through 2 
years of postvaccination follow-up. Prophylactic HPV 
vaccines have the potential to block the acquisition of 
HPV and hence subsequent development of anogenital 
neoplasia.

Other low-risk types of HPV are associated with con-
dyloma acuminata. Finally, numerous HPV types, includ-
ing HPV-5 and HPV-8, may cause the rare genodermatosis 
epidermodysplasia verruciformis. An autosomal reces-
sive inheritance pattern has been suggested; however, 
X-linked and autosomal dominant inheritance patterns 
have also been reported. Epidermodysplasia verrucifor-
mis may be caused by mutations of the genes EVER1 and 
EVER2, which are located on the EV1 locus, 17q25.41,42 
These lesions may undergo malignant transformation in 
30%–70% of cases, usually involving the sun-exposed 
areas.43 Therefore, sun protection and sun avoidance are 
key to preventing further skin cancers. The central mech-
anism of HPV oncogenesis is the disruption of tumor 
suppressor genes, resulting in dysregulation of cell growth 
and inhibition of apoptosis. The HPV genes E6 and E7 
are overexpressed as a consequence of the deletion of the 
E2 region in integrated HPV genomes. E7 causes protea-
somal degradation of retinoblastoma protein and related 
proteins so that cellular growth is dysregulated. E6 causes 
degradation of p53 so that the abnormally growing cells 
are spared from apoptosis. In general, E6 and E7 of high-
risk strains of HPV are more effi cient at inactivating 
tumor suppressor proteins. Cofactors in anogenital HPV 
oncogenesis include smoking, oral contraceptive use, the 
presence of other sexually transmitted diseases (e.g., 
chlamydia, herpes simplex virus), chronic infl ammation, 
immunosuppressive conditions including HIV infection, 
parity, dietary factors, and polymorphisms in the human 
leukocyte antigen system.44

Hepatocellular carcinoma is among the most common 
cancers in the world. Most cases of hepatocellular carci-
noma are due to hepatitis B virus (HBV), but the inci-
dence of hepatitis C virus (HCV)–associated hepatocellular 
carcinoma is increasing. This association of HBV as a 
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major etiologic agent of hepatocellular carcinoma has 
been fi rmly established, with an estimated 10- to 15-fold 
increase risk for chronic HBV carriers.45–47 The epidemio-
logic evidence for HCV as a cause of hepatocellular car-
cinoma is less established, but estimates of the lifetime 
risk of hepatocellular carcinoma in patients chronically 
infected with HCV are between 5% and 20%.47 There is 
an exponential relationship between hepatocellular car-
cinoma and age, indicating that, as in other human cancers, 
multiple steps are required. The long latency between 
HBV or HCV infection and hepatocellular carcinoma 
may signify indirect action of these viruses, perhaps 
through long-term toxic effects of the immune response 
against hepatocytes. This may trigger ensuing chronic 
infl ammation, continuous cell death, and consequent cell 
proliferation.48 Cofactors, such as afl atoxins and alcohol, 
may also potentiate the action of viruses.

A role for viral proteins in hepatocellular carcinoma 
oncogenesis might be sensitization of liver cells to muta-
gens. In transgenic mice models, unregulated expression 
of the HBV X and S proteins is associated with hepato-
carcinogenesis.49,50 The HBx protein behaves as a trans-
activator of cellular genes such as oncogenes, growth 
factors, and cytokines and binds and inactivates p53. It 
also interacts with the DNA protein DDB1, which may 
affect repair functions and allow the accumulation of 
genetic changes. Rearrangement of integrated HCV 
sequences in hepatocellular carcinoma may lead to abnor-
mal expression of the S gene protein. Specifi c activation 
of c-Raf-1/ERK2 signaling by the truncated pre-S2S 
protein leads to increased proliferation of hepatocytes.

Human T-cell lymphoma/leukemia virus (HTLV) is the 
fi rst human retrovirus discovered in the context of malig-
nancy, namely, certain acute T-cell leukemias (ATLs), 
endemic to southern Japan. Type 1 HTLV (HTLV-1) 
causes ATL in 3%–5% of infected persons over their 
lifetime.51 Unlike other retroviruses that cause cancers in 
animals and humans, HTLV-1 does not contain a classic 
oncogene. However, the virus induces expression of cel-
lular protooncogenes. In nonendemic areas, including the 
United States, England, some parts of the Caribbean 
islands, South America, and Africa, the virus is also asso-
ciated with ATL, some forms of T-cell lymphomas, and 
mycosis fungoides. Human T-cell lymphoma/leukemia 
virus can also cause a progressive myelopathy in 1%–5% 
of infected people. Certain human leukocyte antigen 
alleles increase the risk of ATL. Route of exposure may 
also determine outcome. Mucosal exposure may lead to 
an impaired immune response that may affect pathogen-
esis of the disease and further leukemogenesis.

A second retrovirus, HTLV-2, was isolated from a case 
of hairy cell leukemia; however, it has yet to be fi rmly 
established as a causative factor. The virus is T-cell trophic, 
and in found in transformed CD4+ T cells and CD8+ 
T cells.

Type 1 HTLV infects B and T lymphocytes, dendritic 
cells, fi broblasts, and rodent cells. Human T-cell lym-
phoma/leukemia virus 1 proviral DNA integrates in a 
common chromosomal site in all ATL cells in a given 
patient, producing a state of clonality.51 However, the 
integration site is not unique but differs in different cases 
of ATL, and it does not produce insertional mutagenesis. 
Unlike many other known retroviruses, HTLV1 encodes 
the trans-acting factor Tax that causes cellular transfor-
mation and induces and interacts with specifi c cellular 
genes.52

There are three primate polyomaviruses with a role in 
malignancy for each: JC virus, BK virus, and SV40. This 
discussion focuses on SV40, a DNA virus discovered as 1 
of 40 or more viruses infecting Macacus rhesus and 
Macacus cynomolgus monkey kidney cells. Between 1955 
and 1963, SV40 was introduced to the human population 
by contaminated inactivated and early live attenuated 
polio vaccines, produced in SV40-infected monkey cells.53 
Conservative estimates suggest more than 98 million chil-
dren and adults in the United States were inadvertently 
exposed to the contaminated vaccines. These vaccines 
were also distributed to many other countries. In addi-
tion, different adenovirus vaccines used on a limited scale 
for U.S. military personnel from 1961 to 1965 also con-
tained live SV40. There is also evidence that SV40 may 
be contagiously transmitted in humans by horizontal 
infection, independent of early administration of the con-
taminated vaccines. Simian virus 40 in its natural host, the 
rhesus monkey, replicates without producing lesions. 
However, it is a potent agent for cell cultures from species 
that are nonpermissive for viral replication, including 
hamster, mouse, rat, bovine, and guinea pig.54 Simian virus 
40 replicates in human diploid fi broblasts and transforms 
them.

An association of primary polyomavirus infection with 
mild respiratory tract disease, mild pyrexia, and transient 
cystitis has been reported. The fi rst report of SV40 in 
human cancer was in 1974 when the virus and T antigen 
were detected in metastases from a malignant melanoma. 
However, there have been no further reports of this 
association. Simian virus 40 has been closely linked to 
malignant mesothelioma, a rare but aggressive cancer of 
mesothelial cells. Exposure to asbestos is the major factor 
identifi ed in the development of mesothelioma; however, 
evidence suggests that SV40 may be a nonessential cofac-
tor in its development.55 In cell culture, human mesothe-
lial cells are nonpermissive for SV40 replication, and 
asbestos could serve as a synergistic element for trans-
formation. Simian virus40 is also associated with some 
brain tumors, osteosarcomas, non-Hodgkin’s lymphoma, 
and thyroid, pituitary, and parotid gland tumors.56

The site of latent infection in humans is not known, but 
the presence of SV40 in urine suggests the kidneys as a 
site of possible latency, as it occurs in its natural monkey 
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host.56 The mechanism of SV40 tumorigenesis in humans 
is related to the properties of two oncoproteins, the large 
T antigen (Tag) and the small t antigen (tag). The large 
T antigen acts mainly by blocking the functions of p53 
and retinoblastoma tumor suppressor proteins. Simian 
virus 40 also induces chromosomal aberrations in host 
cells, generating genetic instability in the tumor cell. 
Large T antigen fi xes these chromosomal damages in the 
infected cell, which may explain how low viral loads of 
SV40 may cause human tumors. The small t antigen has 
a mitogenic role by binding protein phosphatase 2A, 
leading to constitutive activation of the Wingless pathway 
resulting in continuous cell proliferation.

The possibility that SV40 is implicated in mesotheli-
oma and other human cancers has stimulated interest in 
the development of a recombinant vaccine against SV40.57 
A recombinant vaccine vector containing a modifi ed 
SV40 large T antigen sequence was constructed, which 
excluded the p53 and retinoblastoma binding sites.58 The 
vaccine also excluded the aminoterminal oncogenic CRI 
and J domains.59 This vector can effi ciently prime the 
immune response to provide antigen-specifi c prophylac-
tic and therapeutic protection against SV40 tumors. Such 
vaccines may represent useful immunoprophylactic and 
immunotherapeutic intervention against human tumors 
associated with SV40.

Jaagsiekte sheep retrovirus (JSRV) causes sheep pul-
monary adenomatosis, a contagious ovine pulmonary 
adenocarcinoma. The host range of JSRV is in part limited 
by species-specifi c differences in the virus entry receptor 
hyaluronidase 2, which is not functional as a receptor in 
mice but is functional in humans.60 One of the unique 
features of this virus is that in infected animals the only 
tissues that show expression of the virus are the tumor 
cells in the lung.61 Sheep are immunotolerant of JSRV 
because of the expression of closely related endogenous 
retroviruses, which are not present in humans and most 
other species, and this may facilitate oncogenesis. Bron-
choalveolar adenocarcinoma in humans morphologically 
resembles sheep pulmonary adenomatosis. Previously, 
positivity for JSRV by immunostaining, reverse transcrip-
tion polymerase chain reaction, and Western blot was 
reported in most nonmucinous bronchoalveolar adeno-
carcinomas. Although the possibility of a JSRV with 
bronchoalveolar adenocarcinoma cannot be excluded, 
several published reports have shown that the association 
with JSRV is probably very weak, if present at all.62,63

As mentioned previously, HIV indirectly contributes to 
the emergence of some cancers by inducing profound 
immunosuppression and reducing host immune mecha-
nisms. Several studies have shown that lung cancer risk 
was substantially elevated in HIV-infected individuals.64,65 
However, the incidence was unrelated to HIV-induced 
immunosuppression, and incidence remains high after 
adjustment for smoking, suggesting the involvement of 

additional factors. The prognosis of lung cancer is poorer 
in HIV-infected patients than in the general population, 
and data on the effi cacy and toxicity of chemotherapy in 
these patients is scant. Surgery is the preferred treatment 
for localized disease in patients with adequate functional 
status and general health, regardless of their immune 
status. Prospective clinical trials are needed to defi ne the 
optimal lung cancer treatment strategies in HIV-infected 
patients.

Several studies have searched for the role of EBV and 
HPV in human lung cancer. However, no evidence for an 
etiologic role for these two viruses in the development of 
pulmonary adenocarcinoma or pleural mesothelioma 
have been found.66–68 Although data suggest that the 
conventional human oncogenic viruses (HPV, EBV) are 
unlikely to play a role in the development of lung 
carcinomas, studies should be conducted to establish any 
causative viruses and develop treatment options 
(vaccines).

Conclusion

After more than 100 years of intense research, the role 
of infectious agents in a substantial subset of human 
tumors has been clearly established. At present, an etio-
logic relationship of virus infections to tumor develop-
ment can be linked to approximately 20% of cancer 
burden. Viruses should be regarded as the second most 
important risk factor for cancer development in humans, 
exceeded only by tobacco consumption.69 Although often 
necessary, some infections are not suffi cient for the induc-
tion of their respective cancers. It is now widely accepted 
that human carcinogenesis is a multistep process, and 
phenotypic changes during cancer progression refl ect the 
sequential accumulation of genetic alterations in cells.70,71 
Additional modifi cations need to occur within the genome 
of the infected host cell, or secondary events must take 
place to dampen the host’s immune system. The identifi -
cation of viral infections as a major risk factor for cancer 
development should pave the way for new strategies in 
cancer prevention, particularly the development of new 
vaccines. Although viral oncogenesis is established in 
some human malignancies, viral oncogenesis in human 
lung cancer is, at present, speculative. Simian virus 40 is 
under investigation as a possible factor in human meso-
thelioma, and JSRV is unproven as a causative agent for 
lung cancer in humans. Further studies and examination 
are needed to determine the roles of viruses in lung 
malignancies.
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content, especially of “light” cigarettes by inhaling the 
smoke more deeply and by smoking more intensely. 
Under these conditions, the peripheral lung is exposed 
to increased amounts of carcinogens in the tobacco 
smoke, which then is suspected to lead to lung 
adenocarcinoma.

Importantly, because of the effi cacy of the fi lters, par-
ticulate matter with bound carcinogens are withheld in 
the fi lters, but vaporized toxins and carcinogens are 
enriched in the tobacco smoke and delivered to the alve-
olar periphery. Among the signifi cant changes in the com-
position of the tobacco blend is a signifi cant increase in 
nitrate content (from 0.5% to 1.2%–1.5%), which raises 
the yields of nitrogen oxides and N-nitrosamines in the 
smoke. Furthermore, the more intense smoking by the 
consumers of low-yield cigarettes increases N-nitrosa-
mines in the smoke two- to threefold. Among the N-
nitrosamines is 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK), a powerful lung carcinogen in animals 
that is exclusively formed from nicotine. This organ- and 
tobacco-specifi c nitrosamine is capable of inducing ade-
nocarcinoma in the lung.1 Given the long latency of 
approximately 20–25 years for clinical manifestations of 
lung cancer, it is understandable why we started seeing 
more adenocarcinoma in the 1990s, 25 years after fi ltered 
cigarettes were introduced. The effect of using fi lters has 
been evaluated in animal experiments. Mice were exposed 
to either full tobacco smoke or to fi ltered tobacco smoke 
devoid of particulate matter. Analysis of the fi ltered 
smoke showed reduced concentrations of polycyclic aro-
matic hydrocarbons and tobacco smoke–specifi c nitrosa-
mines below 18%. Aldehydes and other volatile organic 
compounds such as 1,3-butadiene, benzene, and acrolein 
were not as much reduced (about 50% to 90%). Some 
potentially carcinogenic metals reached levels in fi ltered 
smoke ranging from 77% to less than 1%. However, mice 
exposed to the fi ltered tobacco smoke atmosphere had 
practically identical lung tumor yield and incidence as 

Why Is Adenocarcinoma Now the Most 
Common Lung Carcinoma?

In the 1940s and 1950s, squamous cell carcinomas and 
small cell carcinomas (SCLCs) were regarded as the ciga-
rette smoke–associated carcinomas, whereas adenocarci-
nomas were not. Even in the mid-1980s squamous cell 
carcinomas and SCLCs were the leading carcinomas in 
Europe, the United States, and southeast Asia. In an 
autopsy survey performed at the Medical University of 
Graz from 1980 to 1986, there were 35% lung cancer 
deaths from squamous cell carcinoma, 25% from SCLC, 
and only 12% adenocarcinomas (in Austria all patients 
dying in hospitals can be autopsied, the decision being 
made by the pathologist). In a second survey from the 
same institution from 1990 to 1996 adenocarcinoma was 
the most common at 37% of all lung cancer deaths (per-
sonal observation). In a combined survey of lung cancer 
biopsy tissue and resected lung cancer, adenocarcinoma 
further increased to 42% in 2001 and now is the leading 
lung cancer in most industrialized countries.

In 1950, the fi rst large-scale epidemiologic studies 
demonstrated that lung cancer is causatively associated 
with cigarette smoking. Although cigarette consumption 
has gradually decreased in most industrialized countries, 
death from lung cancer has reached a high among males 
and females. In the younger cohorts, the lung cancer 
death rate is decreasing in both men and women in par-
allel with the relative increase of lung adenocarcinoma. 
Contributors to this change in the histologic types of 
lung cancer are a decrease in average nicotine and tar 
content of cigarettes from about 2.7 and 38 mg in 1955 
to 1.0 and 13.5 mg in 1993, respectively, and the use of 
“light” cigarettes. Other major factors relate to changes 
in the composition of the cigarette tobacco blend and 
to a general acceptance of cigarettes with fi lter tips. 
However, smokers compensate for the lowered nicotine 



252 H.H. Popper

had the animals being exposed to unfi ltered smoke. 
Witschi therefore concluded that 1,3-butadiene might be 
an important contributor to lung tumorigenesis in this 
mouse model of tobacco smoke carcinogenesis.2

Cigarette Smoke, Filtered 
Versus Unfi ltered Cigarettes, 
and Their Carcinogens

Some of the toxic effects of tobacco substances discussed 
here are also covered in Chapter 49, with redundancy 
avoided as much as possible. The protective system of the 
respiratory tract is discussed only in Chapter 49.

Tobacco smoking results in inhalation of various 
amounts of toxins that can induce a wide variety of effects 
on different cell systems in the respiratory tract. The 
toxins are acidic as well as basic; heat is also harmful to 
the respiratory tract. The most toxic substances are within 
the vapor phase of tobacco sidestream smoke and cause 
respiratory epithelial damage.3 Many tobacco smoke con-
stituents are potent inducers of oxygen radicals and thus 
cause DNA strand breaks, DNA adducts, oxidative DNA 
damage, chromosome aberrations, and micronucleus 
formation.4 In addition, they also can affect the mitotic 
spindle apparatus and infl uence the methylation of pro-
moter regions of tumor suppressor genes.5–8 In addition, 
many metal oxides, such as chromium, cadmium, and 
arsenic oxides, are generated during tobacco burning. 
Many of these can either generate oxygen radicals or act 
as catalyzing agents in concert with nitroso compounds 
in generating these radicals. A comprehensive list of 
tobacco constituents can be found in articles published 
by Zaridze et al.9 and Stabbert et al.10 as well as in publi-
cations by the International Agency for Cancer Research 
(http://www.iarc.fr/IARCPress/index.php).

For some of these components the mechanisms of 
their toxic and carcinogenic action has been elucidated. 
The nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone is formed by nitrosation of nicotine. It simulta-
neously stimulates Bcl-2 and c-Myc phosphorylation 
through activation of both extracellular signal-regulated 
kinases (ERK) 1 and 2 and protein kinase C (PKC)-α, 
which is required for NNK-induced survival and prolif-
eration. Phosphorylation of Bcl-2 promotes a direct inter-
action between Bcl-2 and c-Myc in the nucleus and on 
the outer mitochondrial membrane that signifi cantly 
enhances the half-life of the c-Myc protein. Thus, NNK 
induces a functional cooperation of Bcl-2 and c-Myc in 
promoting cell survival and proliferation.11

Nicotine and NNK also activate the Akt pathway and 
increase cell proliferation and survival. Nicotinic activa-
tion of Akt increases phosphorylation of multiple down-
stream substrates of Akt in a time-dependent manner, 
including glycogen synthase kinase-3, forkhead in rhab-

domyosarcoma, tuberin, the molecular target of rapamy-
cin, and p70S6K1. In addition, nicotine decreased apoptosis. 
Tsurutani and colleagues thus demonstrated tobacco com-
ponent–induced, Akt-dependent proliferation, and nuclear 
factor (NF)-κB–dependent survival of cancer cells.12

Herzog and coworkers showed that NNK-induced cer-
vical intraepithelial neoplasia in mice and found that a 
genotoxic metabolite of this carcinogen causes numerous 
karyotypic changes in lung epithelial cells and modulates 
the evolutionary pathway of mouse adenocarcinomas. 
Each of these chromosomes contains sites of orthology 
with those altered in human lung adenocarcinomas, 
suggesting similar roles in human lung cancer.13 From 
the studies on mutations of the TP53 gene in normal-
appearing epithelial cells, which usually precede the 
development of dysplasia, it has become clear that many 
of the different tobacco carcinogens leave their specifi c 
“fi ngerprint” by interacting specifi cally with some genes 
within the cell cycle.14

The Architecture of Bronchi, 
Bronchioles, and Alveoli and 
Their Cellular Constituents

The architecture of the human bronchial system and the 
composition of the epithelial lining system highlight 
another aspect of the modifi cation of inhaled substances, 
especially tobacco smoke. In humans as in primates, the 
branching of the bronchial tree is asymmetric. A bron-
chus divides into a main branch with a diameter of two 
thirds and a smaller one with one third of the diameter. 
This gives rise to air fl ow turbulences at the bifurcations, 
causing a deposition of particulates according to their 
respective sizes: the larger particles will be deposited at 
larger bronchial bifurcations, and the smaller (<2.5 μm) 
will reach the alveolar periphery.

The particle phase in tobacco smoke is composed of 
ash but also contains incompletely combusted particles 
from tobacco plants, such as nitrosamines and polycyclic 
aromatic hydrocarbons, and metal oxides. Coal and 
incompletely combusted plant particles have the ten-
dency to bind polycyclic aromatic hydrocarbons and 
nitrosylated hydrocarbons either chemically or physically 
and thus prolong the time of contact of the harmful 
chemicals with the respiratory epithelium. This results in 
a toxin- and carcinogen-rich particle fraction acting at 
larger bifurcations during the era of the fi lterless 
cigarettes.

Regeneration and Its Implications

After an acute infl ammatory reaction, normally the epi-
thelium is restored to its full function. However, when the 
inhalation of toxic substances persists, adaptive changes 
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will take place. This is dependent on the location of the 
lesion. Whereas columnar cell hyperplasia followed by 
goblet cell hyperplasia, and fi nally transitional and squa-
mous cell metaplasia are the main steps of repair and 
protection in the large bronchi,15 proliferation of Clara 
cells, secretory and goblet cell hyperplasia as well as 
pneumocyte type II proliferation, resulting in the so-
called cuboidal transformation of the epithelium, can be 
found in the bronchioles and the bronchoalveolar region. 
This results in different types of dysplasia, such as bron-
chiolar columnar cell dysplasia in bronchioles16 and atypi-
cal adenomatous hyperplasia in alveoli.17 Rarely squamous 
cell metaplasia can be encountered in the peripheral lung, 
most often associated with the effects of cytotoxic 
drugs.

The effects of tobacco smoke on the DNA repair 
system have been investigated in recent years.18–20 Another 
important mechanism especially investigated in lung 
cancer is gene silencing by methylation. Promoter meth-
ylation of several tumor suppressor genes is an early 
event in tobacco smoke–induced carcinogenesis and 
occurs long before dysplastic changes of the epithelium 
take place and thus might also infl uence the remodeling 
of the architecture.6,8,21–24

Atypical Adenomatous Hyperplasia, 
Bronchiolar Columnar Cell Dysplasia, 
Atypical Goblet Cell Hyperplasia, and 
Other Lesions?

Given the wide spectrum of differentiation of adenocar-
cinomas, not much is known about the precursor lesions. 
Atypical adenomatous hyperplasia (AAH) is regarded as 
the precursor of bronchoalveolar adenocarcinoma.17,25,26 
It usually consists of an atypical proliferation of pneumo-
cyte and Clara cell-like elements, covering the alveolar 
septa in a lepidic fashion. However, given the variants of 
bronchoalveolar carcinoma, AAH just represents the 
classic variant, whereas the precursors for mucinous, tall 
columnar, and sclerosing bronchoalveolar carcinoma are 
unknown. Expanding these thoughts further, what are the 
precursor lesions for mixed, papillary, colloid, and solid 
adenocarcinomas?

Recently, bronchiolar columnar cell dysplasia (BCCD) 
was described as a precursor for adenocarcinomas arising 
from bronchioles16 and bronchial epithelial dysplasia for 
adenocarcinomas arising from larger bronchi.15 In BCCD 
an increase in chromosomal aberrations was demon-
strated from 2.6 in BCCD to 14.7 in concomitant adeno-
carcinomas. Among the aberrations were losses of 3p, 9, 
13, and 14 and gains of 1q, 17, 19q, and 20q.16 In congenital 
cystic adenomatous malformations in children, a prolif-
eration of atypical goblet cells and development of tumors 
have been described.27,28 Stacher et al. presented data 

confi rming the preneoplastic nature of these goblet cell 
proliferations, which might give rise to mucinous 
adenocarcinomas.29 In both atypical goblet cell hyper-
plasia and the concomitant adenocarcinomas gains of 
chromosomes 2 and 4 were found. This fi ts well with the 
predominance of gains reported in adenocarcinomas of 
nonsmokers. In addition, Stacher et al. found nuclear 
expression of interleukin (IL)-13, IL-4Rα, and MUC2. 
This likely refl ects an association with goblet cell differ-
entiation, but it also drives proliferation in atypical goblet 
cell hyperplasia.29

The Role of Cancer Stem Cells

The most common theory for cancer development is 
mutations caused by carcinogens acting on the genomic 
integrity of local stem cells within the lung. An alternate 
theory has been proposed, that lung cancer is a bone 
marrow stem cell–derived disease. Chronic cigarette 
smoking results in lung infl ammation and epithelial 
damage that activates a chronic wound repair program. 
Recent studies have demonstrated that bone marrow–
derived stem cells can respond to epithelial wounding 
and contribute to epithelial repair. The identifi cation of 
cancer stem cells that are distinct from the bulk tumor 
cells through their ability to self-renew may suggest that 
such cells are important in the development of lung 
cancer. Confi rmation of the hypothesis would suggest 
that the transition time from a normal cell to overt cancer 
cell may be much shorter than that based on the multi-
step cancer progression model. This theory also implies 
that bone marrow–derived lung cancer stem cells would 
require stem cell poisons for cure.30

Injury models have suggested that the lung contains 
anatomically and functionally distinct epithelial stem 
cell populations. Identifi ed at the bronchoalveolar duct 
junction, bronchoalveolar stem cells were resistant to 
bronchiolar and alveolar damage and proliferated 
during epithelial cell renewal. Bronchoalveolar stem cells 
expanded in response to oncogenic K-ras in culture 
and in precursors of lung tumors in vivo. These data 
support the hypothesis that bronchoalveolar stem cells 
are a stem cell population that maintains the bronchiolar 
Clara cells and alveolar cells of the distal lung and that 
their transformed counterparts give rise to adenocarci-
noma.31 In the central portion of the lung other stem cells 
might reside that are supposed to give rise to small cell 
carcinoma.

The stem cell theory and all its implications with respect 
to organ stem cell–based lung carcinogenesis are now 
widely accepted. However, the theory that bone marrow–
derived stem cells might also be capable of giving rise to 
lung cancer needs more research and support before 
being accepted as an alternative cell pool for cancer cells. 
In addition, the origin of tumor–associated stroma cells 
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is still an enigma. While most investigators believe that 
these cells represent a host reaction toward the invading 
cancer cells, there is accumulation of data that indicate in 
some cases this might be true, but in others the stroma 
cells are also genetically modifi ed by the carcinogens and 
thus may be part of the tumor.

The Bronchoalveolar Carcinoma Story: 
Is There Room for a Noninvasive 
Adenocarcinoma?

In the 1999 and 2004 WHO classifi cations, bronchoalveo-
lar carcinoma was defi ned as a noninvasive adenocar-
cinoma arising from the bronchoalveolar region and 
growing along alveolar septa with no or minimal infl am-
mation.32 This has decreased the numbers of bronchoal-
veolar carcinomas dramatically. Arguments for this new 
defi nition were the much better prognosis and the obser-
vation that in the invasive portion there is no longer a 
bronchoalveolar pattern.

This new defi nition has increased the problem of sam-
pling error or the workload, because ideally bronchoal-
veolar carcinoma cases now should be sampled completely 
to avoid missing the invasive portion. In addition, this 
defi nition suffers from two problems: In all other organ 
systems carcinomas are defi ned by their ability to invade 
the stroma. A mucinous adenocarcinoma anywhere in the 
body does not change its name. It starts as in situ carci-
noma and invades. Not surprisingly, if a bronchoalveolar 
carcinoma invades, it has to change its shape, because 
within the stroma there are no alveoli to be covered. A 
round shape is the most effi cient structure to nurture all 
cells equally; the distance to the nearest blood vessel is 
optimal for all cells. Therefore, most bronchoalveolar car-
cinomas acquire a tubular architecture when invading the 
lung stroma. In the present classifi cation a bronchoalveo-
lar carcinoma that invades the lung is reclassifi ed into 
mixed adenocarcinoma, because it usually presents itself 
with tubular structures in its invasive portion. In this 
respect in lung pathology there is a special adenocarci-
noma for a peripheral in situ adenocarcinoma. The other 
problem is distinction from AAH. In the present classifi -
cation bronchoalveolar carcinoma is separated from 
AAH by a higher grade of atypia and a size ≥5 mm in 
diameter. Grade of atypia is a subjective criterion gener-
ally with low interobserver agreement. At present no cri-
teria exist for atypia grading. Size, on the other hand, is 
an unreliable factor. Highly aggressive adenocarcinomas 
may invade even when they are 3 mm, whereas slowly 
proliferating adenocarcinomas may reach considerable 
size before invading the stroma.

However, there are unique features that make bron-
choalveolar carcinoma an unusual variant of adenocarci-

noma. In contrast to all the other adenocarcinomas, 
bronchoalveolar carcinoma does not induce a desmoplas-
tic stroma reaction, and there is no angioneogenesis as 
seen in any other pulmonary carcinoma. This highlights 
a unique way of nutrition in bronchoalveolar carcinoma. 
Bronchoalveolar carcinoma most probably uses the avail-
able vascular network extensively. This aspect has not 
been looked at scientifi cally and may contain many inter-
esting aspects of the biology of this unique variant of 
adenocarcinoma.

Genomic Aberrations 
in Adenocarcinoma

Aberrations of the tumor DNA in adenocarcinomas have 
been described in several studies. Generally adenocarci-
nomas have less balanced chromosomal aberrations then 
other non–small cell carcinomas (NSCLCs). With array 
comparative genomic hybridization, several types of 
chromosomal aberrations can be seen, from simple to 
more complex types (Figure 25.1). This may be relevant 
prognosis, metastasis, or survival and needs further 
investigation.

In loss of heterozygosity (LOH) studies, losses have 
been found at 9p in the earliest stage of lung cancer 
development.33 Within the chromosomal loss described 
on 9q, the well-known tumor suppressor gene TSC1 
(tuberous sclerosis gene 1) is found, whereas TSC2 is 
located on the short arm of chromosome 16. Loss of het-
erozygosity on 9q34 (the TSC1 position) is frequently 
found in adenocarcinomas. A partial LOH at TSC1 and/
or TSC2 was observed more frequently in cases of well-
differentiated adenocarcinoma and associated AAH. 
TSC1 and TSC2 thus might be involved in the develop-
ment of lung adenocarcinoma.34

In another study, Kitaguchi et al. confi rmed these fi nd-
ings and added losses on 3p and 17p.35 They also analyzed 
AAH and concomitant adenocarcinomas. Loss of hetero-
zygosity was found in a few AAH lesions, usually those 
with pronounced atypia, while marked LOH was seen in 
the corresponding carcinomas. These results indicated for 
the fi rst time that AAH could be the preneoplastic stage 
of lung adenocarcinoma.35

Similarly, Takamochi et al. found LOH on 9q with 
increasing frequency in AAH and adenocarcinomas. Less 
frequently LOH was seen on 16p. This again points to a 
causal relationship of the TSC1 and TSC2 genes or 
another neighboring tumor suppressor gene on 9q for 
early stages of lung adenocarcinoma.36

In a comparative study of squamous cell carcinoma 
and adenocarcinomas, Petersen et al. have found chro-
mosomal losses in both on chromosomes 1p, 3p, 4q, 5q, 
6q, 8p, 9p, 13q, 18q, and 21q and gains for chromo-
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somes 5p, 8q, 11q13, 16p, 17q, and 19q.37 However, they 
also found differences. Adenocarcinomas more fre-
quently showed gains of chromosome 1q and losses 
on chromosomes 3q, 9q, 10p, and 19, whereas squamous 
cell carcinomas were characterized by gains of chromo-
some 3q and 12p as well as deletions of 2q. In particular, 
the overrepresentation of the chromosomal band 1q23 
and the deletion at 9q22 were signifi cantly associated 
with adenocarcinoma differentiation.37 FHIT, a well 
known gene (on 3p) deleted in almost all small cell car-
cinomas, was less frequently deleted in adenocarcinomas 
and occurred at a relatively late developmental stage.38 
Similarly, Wong et al. reported gains in decreasing order 
from 16p followed by gain of 20q, with overlapping 
regions at 16p13.1–p13.2 and 20q13.2, respectively39. 
Other overrepresented loci were observed at 5p, 7p, 8q, 
12q 17q, and 19q; DNA underrepresentation was observed 
less commonly and included 8p, 9p, 13q, and 18q39 The 
investigative group headed by Sy focused on differences 
between adenocarcinomas and squamous cell carcinomas 
and found common gains of 1q21–q24, 5p15–p14, and 
8q22–q24.1 and losses of 17p13–p12 in both carcinomas, 
whereas gains of 2p13–p11.2, 3q25–q29, 9q13–q34, 12p, 
12q12–q15, and 17q21 and loss of 8p were preferentially 
associated with squamous cell carcinoma. As determined 
with spectral karyotyping analysis, rearrangements 
involved t(1;13), t(1;15), t(7;8), t(8;15), t(8;9), t(2;17) and 
t(15;20) translocations. The t(8;12) translocation was 
exclusively found in adenocarcinomas.40

The chromosomal region 17p was studied in detail by 
Tsuchiya and colleagues.41 They found allelic losses on 
D17S379 to be associated with advanced lesions of 
adenocarcinomas, while D17S513 was more frequently 
deleted in poorly differentiated tumors. Therefore, a new 
tumor suppressor gene was proposed on chromosome 
17p13.3 distal to the p53 gene, with a probable role in 
progression and differentiation of adenocarcinomas.41

Aoyagi et al. have published a very useful study that 
covers the progression from AAH to invasive bronchio-
loalveolar adenocarcinomas.42 Their stepwise progression 
model starts with AAH and progresses to noninvasive 
bronchoalveolar carcinoma with atelectasis (type B) and 
fi nally to invasive bronchoalveolar carcinoma (type C). It 
was shown that from type A to type C a signifi cant rise 
in allelic losses of 3p, 17p, 18q, and 22q occurred.42

This view was also confi rmed by data from the study 
of Ullmann et al., who showed an increasing number of 
chromosomal aberrations from low-grade AAH, via high-
grade AAH, to invasive adenocarcinoma and noninva-
sive bronchoalveolar adenocarcinoma.26 A high degree of 
overlap among genetic changes was found in high-grade 
AAH, bronchoalveolar carcinoma, and adenocarcinoma 
within individual patients.

In another investigation, genetic aberrations were 
compared between smokers and never-smokers. Losses 

or gains at chromosomal arms 3p, 6q, 9p, 16p, 17p, 
and 19p were present more often in adenocarcinomas 
from smokers than from nonsmokers. Allelic imbalances 
in adenocarcinomas from nonsmokers were rare but 
occurred more often at 19q, 12p, and 9p. In general, aber-
rations in chromosomes 1–5 were rare in adenocarcino-
mas from never-smokers but common in smokers (Figure 
25.2). These observations support the idea that lung 
cancers in nonsmokers arise through genetic alterations 
distinct from the common events observed in tumors 
from smokers.43

Specifi c Gene Loci in Adenocarcinomas

Different genes and gene loci were investigated in several 
studies. Mucin genes such as MUC5AC and MUC5B are 
related to mucus formation in adenocarcinomas. Muci-
nous bronchoalveolar carcinoma has a particular pattern 
of mucin gene expression, indicating that it has sustained 
a well-differentiated phenotype similar to the goblet cell. 
MUC4 is the earlier mucin gene expressed in the foregut, 
before epithelial differentiation, and is expressed inde-
pendently of mucous secretion in both normal adult 
airways and carcinomas. In addition to their function in 
differentiation, these genes are also associated with 
proliferation.44,45

p16 is located on chromosome 9p21, a region with fre-
quent LOH in lung cancer. However, more frequent than 
loss is aberrant methylation of the p16 promoter region 
resulting in negative p16 protein expression. Alterations 
of the p16 gene were associated with poor prognosis, and 
in particular the prognosis of patients with aberrant p16 
methylation was signifi cantly worse than that of patients 
without aberrant methylation. These alterations were 
associated with bronchoalveolar carcinoma and non–
bronchoalveolar carcinoma.46

Yokota et al. confi rmed the frequent inactivation of the 
p16INK4A/Rb and p53 genes in adenocarcinomas.47 In addi-
tion, the authors identifi ed MYO18B on chromosome 
22q12.1 as a novel myosin family gene. This gene is inac-
tivated in approximately 50% of lung cancers by dele-
tions, mutations, and methylation. The restoration of 
MYO18B suppressed anchorage-independent growth of 
lung cancer cells, making the MYO18B gene a strong 
candidate for a metastasis suppressor gene of human lung 
cancer.47

The gene most frequently studied in squamous and 
adenocarcinomas is epidermal growth factor receptor 
(EGFR). Epidermal growth factor receptor protein over-
expression was observed more frequently in squamous 
cell carcinomas but also in 80% of the bronchoalveolar 
carcinomas. The prevalent fl uorescence in situ hybridiza-
tion patterns were balanced disomy and trisomy for the 
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Figure 25.1. Complex and simple aberrations in adenocarcinomas. Array comparative genomic hybridization of two cases. (Pre-
sented at the United States and Canadian Academy of Pathology meeting, San Antonio, March 2005.)
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Figure 25.1. Continued

Figure 25.2. Chromosomal aberrations in adenocarcinomas of smokers and never-smokers based on personal investigations and 
literature data.
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EGFR gene, whereas balanced polysomy and gene ampli-
fi cation were less frequently seen in the patients. Gene 
copy number correlated with protein expression. Over-
expression of EGFR and high gene copy numbers had no 
signifi cant infl uence on prognosis.48 This gene and its sig-
naling cascade are discussed in more detail later.

The K-ras oncogene has long been associated with 
adenocarcinoma histology. K-ras mutations were detected 
at codon 12 in approximately 40% of adenocarcinomas 
and large cell carcinomas. Interestingly, all of the lung 
adenocarcinomas and large cell carcinomas containing a 
K-ras mutation exhibited allelic loss of the wild-type 
K-ras allele when a correlation between LOH of the 
region on chromosome 12p and K-ras mutation was 
made. These results provide strong evidence that the 
wild-type K-ras is a tumor suppressor.49

The fi nding of an association between K-ras mutation 
and loss of wild-type allele was not confi rmed in another 
study. Uchiyama et al.50 showed more mutated K-ras than 
wild-type mRNA expression in cell lines. By immunohis-
tochemical analysis, positive staining for K-ras was found 
in the vast majority of NSCLCs, indicating a wild-type 
K-ras expression. These fi ndings indicate that the wild-
type K-ras allele is occasionally lost in human lung cancer 
and that the oncogenic activation of mutant K-ras is 
more frequently associated with an overexpression of the 
mutant allele than with a loss of the wild-type allele in 
human NSCLC development.50

Yanagitani et al. identifi ed a new gene locus at chromo-
some 19q13.3.51 The results of this study suggest that the 
chromosome 19q13.3 region contains a gene or genes 
associated with lung adenocarcinoma risk. The specifi c 
gene or genes have not been identifi ed thus far.

RNA Expression in Adenocarcinoma

In general, cDNA expression arrays have not fulfi lled 
what has been expected from this fascinating technology. 
Moreover, many of these initial reports have not been 
expanded into functional analyses of the identifi ed RNAs. 
However, in these reports there is still a wealth of infor-
mation hidden, waiting to be explored.

Mutations of EGFR, HER2/neu, and K-ras are fre-
quently found in pulmonary adenocarcinomas. Methyla-
tion percentages of the genes ranged from 13% to 54%. 
Mutations of the three genes were never found to be 
present simultaneously, whereas methylation tended to 
be present synchronously. CRBP1 and CDH13 methyla-
tion were good indicators of CpG methylation phenotype 
in NSCLC and were correlated with a poorer prognosis 
in adenocarcinomas. An EGFR mutation had an inverse 
correlation with methylation of SPARC (secreted protein 
acidic and rich in cysteine), an extracellular Ca2+-binding 

matricellular glycoprotein associated with the regulation 
of cell adhesion and growth, and the p16INK4A gene.52 K-
ras mutations occurred in adenocarcinoma and were 
associated with smokers, men, and poorly differentiated 
adenocarcinoma. Regression analysis showed smoking 
history was the signifi cant determinant for EGFR and 
K-ras mutations, whereas gender was a confounding 
factor. EGFR mutations are prevalent in lung adenocar-
cinoma and plays a prominent oncogenic role in never-
smokers,53 whereas K-ras mutations are associated 
with cigarette smoking status.54 The high-risk predicting 
role of p185c-erbB2 expression and a K-ras mutation in 
lung adenocarcinoma was confi rmed by the study of Kern 
et al.55

K-ras codon 12 mutations were detected in 39% of the 
AAHs and 42% of the adenocarcinomas. In patients with 
both an AAH and a synchronous lung adenocarcinoma, 
one third had a K-ras mutation in the adenocarcinoma 
but not in the AAH, another one third had mutations in 
the AAH but not in the adenocarcinoma, and the rest did 
not harbor mutations in either the AAH or the adeno-
carcinoma or had mutations in both. In just one patient 
the same K-ras mutation was present in the AAHs and 
adenocarcinoma of the patient. The detection of indepen-
dent activating point mutations in a cancer-causing gene 
points to the neoplastic nature of AAH and suggests that 
glandular neoplasm of the lung arises from a background 
of fi eld cancerization.56

Several array studies tried to identify novel genes and 
also compared different subtypes of NSCLC. An investi-
gation using a large cDNA microarray recapitulated mor-
phologic classifi cation of squamous, large cell, small cell, 
and adenocarcinoma based on gene expression patterns. 
Not surprisingly, genes associated with bronchiolar and 
alveolar cell proteins such as Clara cell proteins and sur-
factant apoproteins were found to be upregulated in 
adenocarcinomas. A subclassifi cation of adenocarcino-
mas correlating with the degree of tumor differentiation 
as well as patient survival was proposed.57 In another 
array study. Singhal and colleagues identifi ed 40 genes 
differentially expressed in lung adenocarcinomas.58 For 
several genes, such as cyclin B1, cyclin D1, p21, and 
MDM2, the data available from other reports were con-
fi rmed. In addition, 19 novel genes were identifi ed, among 
them many cell cycle regulating genes such as Cdc2, 
Cdc20, cyclin F, cullin 4A, cullin 5, ZAC, p57, DP-1, p34, 
GADD45, and PISSLRE.

Endoh et al. separated adenocarcinomas by hierarchi-
cal clustering into three major groups, one of them 
with signifi cant poor survival. PTK7, CIT, SCNN1A, 
PGES, ERO1L, ZWINT, and two ESTs were identifi ed 
as having particular predictive value.59 Thus far these 
genes have not been confi rmed by an independent 
study.
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In another cDNA array study using 308 apoptotic 
genes, 24 genes, including Akt, Bcl-xL, PTEN, and Fas 
were predicted to be differentially expressed in lung ade-
nocarcinomas. In addition, RIP, caspase-1, and PDK-1 
were identifi ed as novel genes.60 Expanding the impor-
tance of antiapoptotic mechanisms, Chen and colleagues 
showed in a cell culture study that overexpression of 
p-FADD leads to an increase in NF-κB activity and a 
decrease in the number of cells in the G2 phase of the 
cell cycle.61 With cDNA microarray analysis increased 
levels of FADD transcripts were signifi cantly correlated 
with an overexpression of cyclins D1 and B1. The induc-
tion of NF-κB activity might facilitate cell cycle progres-
sion and be the underlying molecular basis for aggressive 
tumor behavior of lung adenocarcinoma.61 Another group 
of antiapoptotic proteins were identifi ed in NSCLC: the 
isoforms β, γ, σ, and τ of the antiapoptotic protein 14-3-3; 
14-3-3ε and ζ were present in abundance.62

Two studies stressed the importance of angiogenesis 
and vascular endothelial growth factor (VEGF) expres-
sion. In the study by Su et al., cyclooxygenase-2 (COX-2) 
expression or prostaglandin E2 treatment activated the 
HER2/neu receptor and induced VEGF-C. The Src kinase 
was involved in the VEGF-C upregulation by prostaglan-
din E2. In immunohistochemical investigations, the COX-
2 level in lung adenocarcinoma was highly correlated 
with VEGF-C and lymphatic vessels density. This means 
that COX-2 upregulates VEGF-C and promotes lym-
phangiogenesis via the EP1/Src/HER2/neu signaling 
pathway.63 In the study by Saad et al., coexpression for 
p53 and HER2/neu predicted the worst outcome in ade-
nocarcinomas. In bronchoalveolar carcinoma HER2/neu, 
p53, and VEGF were signifi cantly less expressed. Vascu-
lar epithelial growth factor was associated with angio-
lymphatic invasion in conventional adenocarcinoma.64 
In another study a correlation of tumor microvessel 
count with IL-8 mRNA expression was demonstrated. 
Interleukin-8 mRNA expression was not only associated 
with angiogenesis but also tumor progression, survival, 
and time to relapse.65 How this correlated with VEGF 
induction is not clear yet.

Another protein with the regulation of VEGF was 
recently described. The reversion-inducing cysteine-rich 
protein with Kazal motifs (RECK) was isolated as a 
transformation suppressor gene and encodes a mem-
brane-anchored regulator of the matrix metalloprotein-
ases. The RECK gene can suppress tumor invasion, 
metastasis and angiogenesis. Expression of RECK and 
tumor angiogenesis were inversely correlated in adeno-
carcinomas. RECK most probably suppresses VEGF 
induced angiogenesis66.

Overexpression of hepatocyte growth factor receptor 
(c-Met) was frequently detected in adenocarcinoma cells, 
and overexpression of hepatocyte growth factor (HGF) 

was detected in pneumocytes type II. Overexpression of 
HGF was correlated with cigarette smoking and tumor 
stages. Nicotine activated HGF expression in pneumo-
cytes type II cells and in lung cancer cells.67 Ma et al. 
demonstrated RNA for c-Met and c-Met protein espe-
cially in adenocarcinoma.68 Phosphorylated c-Met was 
preferentially observed at the invasive front. c-Met altera-
tions were identifi ed within the semaphorin domain and 
the juxtamembrane domain. Downregulation of c-Met by 
small interfering RNA inhibited c-Met and subsequently 
phospho-Akt.68

The LKB1 kinase forms a complex with LMO4, GATA-
6, and Ldb1 and enhances GATA-mediated transactiva-
tion. It has the potential to induce p21 expression in 
collaboration with LMO4, GATA-6, and Ldb1 through 
the p53-independent mechanism. This may be one of its 
important functions as a tumor suppressor.69 In addition, 
LKB1 can activate the expression of TSC1 and TSC2 
genes and activate the cyclic adenosine monophosphate-
kinase α (AMPKα). TCS1 and TSC2 as well as AMPKα 
can inhibit directly or indirectly the activation of the 
Akt/mTOR pathway, probably another important tumor 
suppressor function.70,71

Silencing of the RUNX3 gene may play an important 
role in the pathogenesis of lung adenocarcinoma. RUNX3 
methylation was signifi cantly found more frequently in 
nonsmokers with adenocarcinoma histology.72 RUNX 
genes are transcription factors within the transforming 
growth factor (TGF)-β signaling pathway and have been 
implicated in cell cycle regulation, differentiation, apop-
tosis, and malignant transformation.24 RUNX genes also 
interact with S100 genes, but this interaction is not clear 
yet. Borczuk et al. showed the importance of TGF-β.73 
Transforming growth factor-β receptor II downregulation 
seems to be an early event in lung adenocarcinoma 
metastasis. Repression of TGF-β receptor II in lung 
cancer cells increased tumor cell invasiveness and acti-
vated p38 mitogen-activated protein kinases.73

Hofmann et al. used an oligo-array and identifi ed the 
transcription factors TTF1, DAT1, and TF-2 as being 
exclusively upregulated in adenocarcinomas.74 In addi-
tion, matrix metalloproteinase-12 and urokinase plas-
minogen activator-α were associated with metastasis and 
thus predicted global survival of the patients.74

Field and colleagues looked for DNA methylation in 
squamous cell carcinomas and adenocarcinomas.75 In 
squamous cell carcinomas, the ARHI, MGMT, GP1β, 
RARβ, and TMEFF2 genes were methylated, whereas 
TMEFF2, MGMT, and CDKNIC genes were methylated 
in adenocarcinomas. Therefore, histologic types of lung 
cancer may be distinguished based on their specifi c meth-
ylation profi les.75

MicroRNA has been shown to play a major role in 
carcinogenesis. MicroRNAs regulate mRNA expression 
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as well as translation into proteins. Yanaihara et al. studied 
miRNA expression profi les and correlated these with 
survival of lung adenocarcinomas.76 High hsa-mir-155 
and low hsa-let-7a-2 expression correlated with poor 
survival.

Proteomics of Adenocarcinoma

Proteomics is still in its infancy. Most important, many 
studies have analyzed protein expression only in non–
small cell carcinomas and have not further subcatego-
rized the different entities within NSCLC. Because the 
protein expression in adenocarcinomas differs from that 
in squamous cell carcinomas, these studies cannot be 
included in our focus. In other reports different NSCLCs 
were included and mentioned in the methods sections 
but not further separated in the results sections. Again, 
these studies, although interesting, cannot be evaluated. 
Probably similar to the situation in cDNA array studies, 
the study authors could only analyze a few cases and 
thus avoided discussing these entities separately because 
of statistical limitations. Proteomics, however, is more 
important than RNA expression, because proteins such 
as phosphorylated kinases will exert their effects, and a 
proof of an activated protein can be taken as evidence 
for functional signaling.

In one of the fi rst two-dimensional fl uorescence dif-
ferential gel electrophoresis investigations, 32 protein 
spots were identifi ed by hierarchical clustering and prin-
cipal component analysis. The proteins corresponding to 
the spots were identifi ed by mass spectrometry. Based on 
the expression profi les of the 32 spots, cancer cells were 
categorized into three histologic groups: the squamous 
cell carcinoma group, the adenocarcinoma group, and a 
group of carcinomas with other histologic types. These 
corresponded very well to the histologic classifi cation, 
showing that there is a differential protein profi le for 
each of these types.77 Not surprisingly, many proteins, 
such as surfactant proteins, which are specifi cally 
expressed in peripheral lung tissue, belong to spatially 
expressed profi les. Because the majority of adenocarci-
nomas, in contrast to squamous cell carcinomas, arise in 
peripheral locations, these spatially expressed proteins 
are specifi c for one or the other group.

In a similar investigation, Keshamouni et al. identifi ed 
51 differentially expressed proteins by two-dimensional 
liquid chromatography tandem mass spectrometry.78 
Twenty-nine proteins were upregulated, and 22 proteins 
were downregulated. Downregulated proteins were pre-
dominantly enzymes involved in regulating nutrient or 
drug metabolism. The majority of the TGF-β–induced 
proteins (tropomyosins, fi lamins A and B, β1-integrin, 
heat shock protein 27, transglutaminase 2, cofi lin, 14-3-3 
zeta, ezrin-radixin-moesin) are involved in the regulation 

of cell migration, adhesion, and invasion, suggesting the 
acquisition of an invasive phenotype.78 In another study, 
four genes out of 42 proteins were identifi ed, PRDX1, 
EEF1A2, CALR, and KCIP-1, in which elevated protein 
expression correlated with both increased DNA copy 
number and transcript levels. Specifi c inhibition of 
EEF1A2 and KCIP-1 expression in cell lines showed sup-
pression of proliferation and induction of apoptosis. 
Immunohistochemical analysis of EEF1A2 and KCIP-1 
in tissue microarrays showed that gene amplifi cation was 
associated with high protein expression and that protein 
overexpression was related to tumor grade, disease stage, 
Ki-67 expression, and a shorter survival of patients with 
lung adenocarcinoma.79

In an immunohistochemical study, 86 proteins were 
evaluated, and the results were analyzed by nonparamet-
ric tests, hierarchical clustering, and principal component 
analysis. By the same statistical approach, it was possible 
to distinguish adenocarcinomas from squamous cell car-
cinomas with 98% accuracy. It was also possible to sepa-
rate adenocarcinomas into three groups that signifi cantly 
differed in survival. Cathepsin E and heat shock protein 
105 were identifi ed as previously unknown predictors of 
survival in lung adenocarcinoma.80

Out of these studies an interesting aspect evolved. 
Messenger RNA expression sometimes is and in other 
studies is not correlated with protein expression and syn-
thesis. For example, mRNA coding for the important 
transcription factor eIF-5A was signifi cantly increased in 
lung adenocarcinomas, but eIF-5A protein expression 
was not correlated to its mRNA levels, indicating that 
eIF-5A protein expression is posttranscriptionally regu-
lated. Interestingly, high eIF-5A protein expression was 
correlated with poor survival.81 From these fi ndings it is 
evident that gene amplifi cation needs to be accompanied 
by mRNA and protein overexpression. Furthermore, 
proteins need to be activated and modifi ed to gain 
function.

Tsuta and coworkers compared pulmonary signet ring 
cell carcinomas, solid adenocarcinomas with mucin pro-
duction, and mucinous variants of bronchoalveolar ade-
nocarcinomas for the expression of MUC1, MUC5AC, 
MUC6, cytokeratin 7, and thyroid transcription factor 
TTF1.82 Signet ring cell carcinomas and solid adenocarci-
nomas showed high expression of MUC1, cytokeratin 7, 
and TTF1 and low expression of MUC5AC and MUC6. 
In contrast, mucinous bronchoalveolar carcinoma showed 
high expression of MUC5AC, MUC6, and CK7 but low 
expression of MUC1 and TTF-1. Hierarchical clustering 
showed that signet ring cell and solid adenocarcinomas 
belong to the same category as alveolar lining cells, 
whereas mucinous bronchoalveolar adenocarcinomas 
clustered together with gastric foveolar cells and bron-
chial goblet cells, supporting the view that pulmonary 
signet ring cell carcinomas belong to another peripheral 
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differentiation spectrum than mucinous bronchoalveolar 
carcinoma.82

Regulatory Pathways 
in Adenocarcinoma

From discussed results of genomic, expression, and pro-
teomic studies it can easily be deduced that not a single 
gene or protein might be responsible for the develop-
ment and progression of pulmonary adenocarcinomas, 
but instead one or even several deregulated signaling 
systems are responsible. Furthermore, not only might 
deregulation of just growth signaling cascades be respon-
sible to adenocarcinoma development but also a con-
comitant deregulation of apoptosis.83 Those signaling 
cascades that are well characterized and have been asso-
ciated with pulmonary adenocarcinomas are discussed 
here.

The Epidermal Growth Factor 
Receptor System

The EGF/EGFR system is activated by homo- or het-
erodimer of ligands as well as the receptor tyrosine kinase 
EGFR. Epidermal growth factor can associate with 

another EGF or with HER2/neu (ErbB2), ErbB3, or 
Erb34. Even a heterodimer with TGF-α is possible and 
activates EGFR.84 In addition, the EGF receptor can also 
dimerize and in this conformation seems to be more 
effective in downstream signaling.85,86 Downstream sig-
naling goes via Ras and Raf activation further down-
stream into ERK and mitogen-activated protein (MAP) 
kinase phosphorylation. Several binding proteins such as 
Gab1 or Grb2 might modulate the activation of different 
MAP and ERK kinases, but this has not been clarifi ed 
yet. Finally, ERK can further activate a multitude of tran-
scription factors downstream, such as cAMP response 
element binding (CREB), Elk-1, p90S6 kinase 1, c-Fos, 
and c-Jun. However, instead of targeting the nuclear 
transmission machinery, ERK can also signal back into 
the cytoplasm by activating mTOR via p90S6K (RSK) 
and thus acting into another pathway (Figure 25.3). The 
mechanism that induces the selection of the different 
transcription factors is not clear.

A good example and a fi rst insight into these mecha-
nisms are provided by the study of Sithanandam et al.87 
Two carcinoma cell lines expressed ErbB3 and TGF-α 
and responded to TGF-α stimulation with an increase of 
the p85 regulatory subunit of PI3K, activation of Akt, 
phosphorylation of glycogen synthase kinase-3β, increase 
of cyclin D1 protein, and activation of the cell cycle, 
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resulting in cell growth. The effector pathway from the 
EGFR to PI3K in these nontransformed cells included 
the adaptor protein Grb2, the docking protein Gab1, and 
the phosphatase Shp2. Thus, alternate pathways down-
stream of EGFR can regulate mitosis87.

Overexpression of EGFR is one of the earliest and 
most consistent abnormalities in the bronchial epithelium 
of high-risk smokers, it is found in basal cell hyperplasia, 
and it persists through squamous metaplasia, dysplasia, 
and carcinoma in situ.88 Epidermal growth factor recep-
tor and HER2/neu are highly expressed in bronchial 
preneoplasia. In invasive tumors, EGFR is expressed pre-
dominantly in squamous cell carcinomas, but also in ade-
nocarcinomas and large cell carcinomas, whereas Her2/neu 
is more often expressed in adenocarcinomas. The genetic 
mechanisms responsible for overexpression of EGFR 
and HER2 proteins might include gene dosage (over-
representation or amplifi cation), as well as translational 
and posttranslational mechanisms. Gene amplifi cation 
for EGFR and HER2 is demonstrated in only a minority 
of carcinomas.89

The EGFR mutations were more frequent in well to 
moderately differentiated adenocarcinomas tumors, inde-
pendent of age, disease stages, or survival. The EGFR 
mutations never occurred in tumors with K-ras muta-
tions, whereas EGFR mutations were independent of 
TP53 mutations. The EGFR mutations defi ne a distinct 
subset of pulmonary adenocarcinomas without K-ras 
mutations not caused by tobacco carcinogens.90 In tumors 
with EGFR mutations, an enhanced tyrosine kinase activ-
ity was demonstrated in response to epidermal growth 
factor. An increased sensitivity to inhibition by gefi tinib 
was also seen.91

Shigematsu and coworkers analyzed EGFR mutations 
within the tyrosine kinase domain mutations in detail in 
617 NSCLCs.92 In NSCLC patients, EGFR tyrosine kinase 
domain mutations were signifi cantly more frequently 
found in never-smokers than in smokers, more often in 
adenocarcinomas than in other histologies, in patients of 
East Asian ethnicity versus other ethnicities, and more 
often in females. K-ras gene mutations were present in a 
minority of the 617 NSCLCs but not in any tumor with 
an EGFR tyrosine kinase domain mutation.92

The Platelet-Derived Growth Factor System

Platelet-derived growth factor (PDGF) and its receptors 
are well known in normal peripheral lung epithelia. Plate-
let-derived growth factor was demonstrated in cases of 
squamous cell carcinoma (64%) and adenocarcinoma 
(55%) and in all cases of large cell carcinoma and adeno-
squamous carcinoma. Platelet-derived growth factor 
receptor was detected in the tumor stroma. Positive 
PDGF staining was associated with a poor prognosis in 
patients with lung carcinoma, independent of age, sex, 

stage, and degree of cell differentiation. Platelet-derived 
growth factor B mRNA was detected in all squamous cell 
carcinomas and in 85% of adenocarcinomas.93

The PDGF system can directly signal into the different 
signal transducers and activators of transcription (STAT) 
and via STAT1 activate cyclin D1, or it can indirectly 
activate STATs via the activation/phosphorylation of 
Janus kinase (JAK) 1, JAK2, tyrosine kinase 2, or Src. 
Downstream molecules are the transcription factors 
c-Myc and c-Fos. However, PDGF receptor activation 
can also cause an activation of PI3K (regulatory and cata-
lytic subunits 1A) and thus transactivate the Akt/mTOR 
pathway (Figure 25.4). However, these different acti-
vation pathways have not been analyzed in lung 
carcinomas.

The Histone Deacetylase System

Packing and unwinding of DNA for translational repres-
sion is tightly regulated by histone deacetylases (HDACs). 
Cooperation among acetylases NF-κB, STAT, CREB, and 
RNA polymerase 2 opens coiled DNA by histone acety-
lation and makes chromatin easily accessible for tran-
scription. On the contrary, HDAC together with methyl 
CpG binding protein 2 and other factors methylate DNA, 
deacetylate histones, and thus tightly pack the DNA, 
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making it inaccessible for transcription. Hierarchical clus-
tering analysis showed that lung cancer tissues could be 
divided into three groups based on the expression level 
of class I and class II HDAC genes. The group with 
reduced expression of class II HDACs showed poor prog-
nosis. These results suggest that class II HDACs may 
repress critical genes and that low expression of these 
genes may play a role in lung cancer progression.94

Insulin-Like Growth Factor System

Transgenic overexpression of insulin-like growth factor 
(IGF)-2 in lung epithelium induced lung tumors in 69% 

of mice older than 18 months of age. These tumors dis-
played morphologic characteristics of human pulmonary 
adenocarcinoma (tubuloacinar architecture, expression 
of thyroid transcription factor 1, surfactant protein B, and 
surfactant protein C propeptide). Insulin-like growth 
factor I receptor can activate the downstream signaling 
molecules ERK12 or alternatively the p38 MAP kinase 
pathways (Figure 25.5). Interestingly, both the ERK1/2 
and p38 MAP kinase pathways converge on the tran-
scription factor CREB. Insulin-like growth factor II 
receptor induced proliferation and CREB phosphoryla-
tion in human lung cancer cell lines, suggesting that 
IGF-II and CREB contribute to the growth of human 
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lung tumors.95 Despite its common expression in pulmo-
nary adenocarcinomas, this pathway and its impact on 
proliferation and survival of tumor cells has not been 
explored.

The Vascular Endothelial Growth Factor and 
Angiogenesis System

Vascular endothelial growth factor is a frequently 
expressed protein in NSCLC. Vascular endothelial growth 
factor and its receptors play a major role in lung develop-
ment as signaling mechanisms for the development of 
large-, medium-, and small-sized blood vessels and lym-
phatics. This system also plays an important part in lung 
cancer development and progression. In addition, VEGF 
and VEGF receptors (VEGFRs) are connected with 
many other pathways in a fore- and backward signaling 
manner (Figure 25.6). Frequent positive reactions for 
VEGF-C were found in NSCLC, especially in patients 
with adenocarcinoma, whereas VEGFR-3 expression sig-
nifi cantly correlated with age, gender, and squamous cell 
carcinoma. Staining of VEGF-C showed signifi cantly less 
favorable survival rates. The survival rates for positive 
VEGFR-3 staining were also signifi cantly lower. Positive 

staining for both VEGF-C and VEGFR-3 was associated 
with the most unfavorable prognosis. Multivariate analy-
sis demonstrated that VEGFR-3 expression was the only 
independent negative prognostic factor.96

A high expression of VEGF was observed in 75% and 
73% of squamous cell carcinomas and adenocarcinomas, 
respectively, and in all cases of large cell carcinomas. 
High vascularity was associated with high VEGF expres-
sion. Vascular epithelial growth factor and microvessel 
density were correlated with low tumor differentiation. A 
simultaneous high expression of VEGF and reduced 
expression of E-cadherin was correlated with tumor 
dedifferentiation.97 The VEGF-C gene expression was 
signifi cantly elevated in cells overexpressing COX-2. 
Prostaglandin EP1 receptor was involved in this COX-
2–mediated VEGF-C upregulation. Cyclooxygenase-2 or 
prostaglandin E2 treatment could activate the HER2/neu 
tyrosine kinase receptor and further on VEGF-C. The Src 
kinase was positively involved in HER2/neu transactiva-
tion. Cyclooxygenase-2 levels were highly correlated with 
VEGF-C and lymphatic vessels density.63

Vascular endothelial growth factor and IGF binding 
protein 3 (IGFBP-3) mRNA were found to be overex-
pressed in differentiated pulmonary adenocarcinomas. 
Vascular endothelial growth factor can be regulated by 
the hypoxia-inducible factor 1 (HIF-1) pathway. Insulin-
like growth factor binding protein 3 is also regulated 
by HIF1 but modulates the activities of IGFs and 
induces apoptosis. Forty genes were identifi ed as the most 
signifi cantly associated with VEGF expression, 17 of 
which were also associated with IGFBP-3, and 12 were 
known to be induced through the HIF-1 pathway. Brady-
kinin receptor B2 was one of these highly correlated 
genes associated with VEGF expression in lung 
adenocarcinoma.98

A new protein, connective tissue growth factor (CTGF), 
was shown to inhibit the metastatic activity of human 
lung cancer cells. Xenograft tumors derived from CTGF 
transfectants grew more slowly than those from controls 
and had reduced expression of HIF-1α and VEGF-A, 
vascularization, and metastasis. Xenograft tumors derived 
from CTGF-overexpressing cells that were additionally 
transfected with HIF-1α had higher VEGF-A expression. 
Tumors of patients with the same disease stage but with 
high CTGF protein expression had reduced microvessel 
density. Connective tissue growth factor inhibition of 
metastasis involves the inhibition of VEGF-A–depen-
dent angiogenesis, possibly by promoting HIF-1α protein 
degradation.99

The Nuclear Factor-κB Pathway

The NF-κB pathway is quite complex and interconnected 
with several other pathways. It not only can signal into 
the nucleus but also can activate other factors in the 
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cytoplasm (Figure 25.7). Nuclear factor-κB is highly 
expressed in SCLC and some variants of large cell carci-
nomas but rarely in adenocarcinomas. However, cigarette 
smoke condensate can induce NF-κB activation up to 24 
hours, and thus a fi nal conclusion about the NF-κB 
pathway in adenocarcinomas cannot be drawn. Celecoxib, 
a chemopreventive drug, abrogated p65 phosphorylation, 
nuclear translocation, and NF-κB–dependent reporter 
gene expression and induced the expression of COX-2, 
cyclin D1, and matrix metalloproteinase-9. The chemo-
preventive effects may in part be mediated through sup-
pression of NF-κB and NF-κB–regulated gene expression, 
which may contribute to its ability to suppress prolifera-
tion and angiogenesis.100

The Hepatocyte Growth Factor Pathway

In contrast to squamous cell carcinomas, the expression 
of c-Met mRNA and its protein product in adenocarci-
noma and large cell carcinoma is more heterogeneous. 
Overexpression was demonstrated in approximately 35% 
of adenocarcinomas. In adenocarcinoma intermediate to 
high levels of c-Met, immunoreactivity correlated with 
better tumor differentiation. Furthermore, an accentua-
tion of c-Met immunoreactivity was often noted in cancer 
cells at the advancing edge of tumors, supporting a role 
for Met in lung cancer invasion and differentiation.101 In 
contrast to SCLC, the c-Met signaling cascade has not 
been explored in adenocarcinomas.
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From Invasion to Metastasis

As in all other carcinomas, the neoplastic process pro-
gresses in a stepwise fashion. There is an expansion of the 
noninvasive carcinoma cell within the mucosa, followed 
by invasion and fi nally metastasis. Each of these pro-
cesses is accompanied by several genetic changes and 
adaptations. For invasion, carcinoma cells have to develop 
mechanisms of matrix degradation, have to downregulate 
intercellular adhesion, but also have to evolve mecha-
nisms of orientation along matrix proteins similar to what 
leukocytes use. Metastasis requires not only the ability to 
migrate toward high oxygen gradients and blood vessels 
and invade the vessels but also to survive within the cir-
culation, adhere to endothelia, emigrate, and establish a 
metastatic focus and induce neoangiogenesis. Each of 
these steps might be based on several genetic or epigen-
etic changes or modifi cations of genes and proteins.

In the study by Beer et al., 50 genes were identifi ed for 
low- and high-risk stage I lung adenocarcinomas, signifi -
cantly differing with respect to survival.102 They included 
genes not previously associated with survival, such as 
IGFBP-3, heat shock protein 70, cystatin C (cysteine pro-
tease inhibitor), ErbB2 (Her2/neu), Crk, Grb7, and VEGF. 
Goeze and coworkers compared primary pulmonary 
adenocarcinomas and metastases for differences in chro-
mosomal imbalances.103 The generation of a case-by-case 
histogram for the comparison of primary tumors and 
corresponding metastases suggested that deletions on 
chromosomes 3p12–p14, 3p22–p24, 4p13–15.1, 4q21-qter, 
6q21-qter, 8p, 10q, 14q21, 17p12–p13, 20p12, and 21q and 
overrepresentations on chromosomes 1q21–q25, 7q11.2, 
9q34, 11q12–q13, 14q11–q13, and 17q25 are associated 
with the metastatic phenotype. In contrast, losses on 
chromosome 19 and gains on 3p, 4q, 5p, and 6q were 
preferentially found in nonmetastasizing tumors.103

In lung cancer, both the p16INK4A/Rb and p53 genes are 
frequently inactivated and are critical determinants for 
the regulation of cell growth and apoptosis. However, it 
still remains unclear whether these genes are also involved 
in the regulation of metastatic potential in lung cancer 
cells. Yokota and coworkers identifi ed a novel myosin 
family gene MYO18B (chromosome 22q12.1) that showed 
frequent LOH in advanced lung cancer.47 This gene was 
found to be inactivated in approximately 50% of lung 
cancers by deletions, mutations, and methylation. Resto-
ration of MYO18B expression suppressed anchorage-
independent growth of lung cancer cells, making it a 
candidate for a metastasis suppressor gene.47 In another 
interesting investigation, an association of several genes 
with metastatic adenocarcinoma was established. Matrix 
metalloproteinase-2, plasminogen activator inhibitor-1, 
and interleukin-1α were upregulated, whereas the expres-
sion of carcinoembryonic antigen, caspase-5, Fas ligand, 
Prk/FNK, cyclin E, cyclin B1, Ki-67, proliferating cell 

nuclear antigen, Smad4, macrophage proinfl ammatory 
human chemokine-3α/LARC, c-Met, and CD44 were 
downregulated.83

These fi ndings are important but preliminary steps 
toward our understanding of early lung carcinogenesis. 
Much remains to be done. Proteins associated with the 
metastatic phenotype and regulatory mechanisms for 
metastasis need to be identifi ed.
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therefore, the concept of “fi eld cancerization” was 
introduced.

Numerous recent studies have reported that multifocal 
distribution of preinvasive lesions should be present in 
keeping with the “fi eld cancerization” effect of cigarette 
smoke, supporting a model in which a fi eld with geneti-
cally altered cells plays a central role.4,5 The induction of 
fi eld cancerization is similar to the proposed model of 
head and neck squamous cell carcinoma (HNSCC) car-
cinogenesis.6 The carcinogen exposure forms a “fi eld” of 
altered cells in the following hypothetical order: (1) ini-
tiation, in which DNA damage occurs; (2) promotion, in 
which genetic and epigenetic changes confer additional 
genomic damage; and (3) progression to locally invasive 
or metastatic disease.

There are numerous well-documented genetic altera-
tions in lung carcinogenesis taking place at different 
levels of gene expression regulation. For example, on a 
small genetic scale (i.e., at the DNA level), there are dele-
tions, insertions, and point mutations of dominant onco-
genes such as the ras gene, tumor suppressor genes such 
as p53 gene, the retinoblastoma (Rb) gene, and the p16 
gene. On a larger genetic scale (i.e., at the chromosomal 
level), there is loss of heterozygosity (LOH) of the p53 
and Rb genes and DNA aneuploidy. Finally, at an epi-
genetic level there is gene silencing through promoter 
hypermethylation or histone deacetylation. All the 
molecular and cellular alterations ultimately result in 
aberrant expression of genes involved in the control of 
cell proliferation, differentiation, and apoptosis,7–9 causing 
accelerated cell proliferation, dedifferentiation, and 
elimination/decrease in apoptosis.

The purpose of this chapter is to briefl y summarize the 
recently described molecular abnormalities in carcino-
genesis of squamous cell carcinoma of the lung. These 
abnormalities include altered expression and gain of 
function of oncogenes, loss of tumor suppressor gene 
function, and epigenetic alterations such as tumor 
acquired aberrant promoter methylation.

Introduction

The normal respiratory mucosal epithelium at birth may 
undergo histologic changes during life due to exposure to 
a variety of environmental irritants, including tobacco 
smoke, radon exposure, and occupational toxins. Long-
term carcinogenic insults may result in the development 
of multiple premalignant or malignant lesions in the 
respiratory epithelium. There is a wide spectrum of 
histopathologic changes in the respiratory epithelium, 
including hyperplastic lesions (basal cell hyperplasia/
reserve cell hyperplasia), metaplastic lesions (primarily 
squamous metaplasia), dysplasia (mild, moderate, and 
severe), squamous cell carcinoma in situ, and invasive 
squamous cell carcinoma.1 The precursor lesions are also 
described as preneoplastic, premalignant, or preinvasive 
and are defi ned as epithelial abnormalities that are cyto-
logically neoplastic but do not penetrate the basement 
membrane.2 These lesions have the capacity to progress 
to invasive carcinoma, to regress toward normal, or to 
remain indolent.3

Based on recent molecular fi ndings, lung cancer is not 
the result of a sudden transforming event in the bronchial 
epithelium but rather is a multistep process of phenotypic 
changes in which gradual, both spatially and temporally, 
genetic and cellular changes occur.4,5 First, development 
of preinvasive lesions and/or carcinoma is associated with 
a substantial and sequential accumulation of mutations 
from even remote events. At least a 4- to 5-year interval 
is required before a dysplastic lesion in the large airways 
progresses to squamous cell carcinoma in situ. These 
sequential molecular changes are the genetic drive that 
transforms the normal epithelium into hyperplasia, squa-
mous metaplasia, dysplasia, carcinoma in situ, and even-
tually to invasive carcinoma (Figure 26.1). Second, it is 
clear that exposure of the whole airway mucosa to tobacco 
smoke or other mutagens is necessary to cause the entire 
bronchial tree to be at risk of developing lung cancer; 
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Chromosomal Abnormalities: 
Loss of Heterozygosity

Loss of heterozygosity is a very common phenomenon in 
carcinogenesis. Loss of heterozygosity in a cell represents 
the loss of a single parent’s contribution to part of the 
cell’s genome, which often indicates the presence of a 
tumor suppressor gene in the lost region. Often, the 
remaining copy of the tumor suppressor gene will be 
inactivated by a point mutation or an epigenetic change.

The chromosomal abnormalities of squamous cell car-
cinoma of the lung are very similar to the proposed model 
of HNSCC carcinogenesis.6 However, the allelic losses of 
squamous cell lung carcinoma are slightly different from 
those of HNSCC.

At the earliest initiation step of carcinogenesis of squa-
mous cell carcinoma, a clonal patch (40,000–360,000 
cells), consisting of p53-mutated cells, is formed. This 
process is similar to HNSCC; however, the additional 
deletions of 3p and 13q are predominant in squamous cell 
carcinoma of the lung, which lead to the conversion of a 
patch of clonal cells to a fi eld of cells, expanding the 
molecular alterations at the expense of normal tissue. 
Allelotyping studies on precisely microdissected tissues, 
including lung cancer, preneoplastic lesions, and normal 
respiratory epithelium, showed that LOH on chromo-
some 3p is the important early molecular event in the 
development of lung cancer, and it is observed in more 
than 90% of small cell and squamous cell lung cancers 
and in 50% of adenocarcinomas (Figure 26.2).10 Several 
distinct regions are frequently lost, including 3p12, 3p14.2, 

Figure 26.1. Sequential histologic and 
molecular changes during the multistage 
pathogenesis of squamous cell carci-
noma of the lung and its precursors. CIS, 
carcinoma in situ; LOH, loss of hetero-
zygosity. (Modifi ed from Hirsch et al.5)

Figure   26.2. Immunohistochemical 
tissue p53 expression and chromosomal 
abnormalities during the carcinogenesis 
of squamous cell carcinoma of the lung 
compared with head and neck squa-
mous cell carcinoma. (Modifi ed from 
Braakhuis et al.6)
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3p21.3, 3p24, and 3p25; it is believed that these regions 
contain multiple tumor suppressor genes.

During fi eld progression, a number of genetic altera-
tions take place. The specifi c parental allelic loss in chro-
mosomal deletions in preneoplastic lesions is referred to 
as allele-specifi c mutations. Allele-specifi c mutations are 
detected in smoking-related damaged epithelium and are 
likely to be phenomena of major biologic signifi cance.9,11,12 
In addition to chromosome 3p deletion, LOH occurs at 
other chromosomes, including 2q, 9p21, 8p21–23, 11q13, 
22q, 13q14 (Rb) and 17p13 (p53). The allelic losses of 2q, 
3p, and 22q play an important role in the development of 
squamous cell carcinoma of the lung, and deletions of 9p 
and 18q are also important. Deletions at 5q21 (the adeno-
matous polyposis coli (APC) and mutated in colorectal 
cancer (MCC) region) have been detected in carcinoma 
in situ (Table 26.1).1,13,14 Recently many chromosome 3p 
genes have been identifi ed, including the fragile histidine 
triad (FHIT), CACNA2D2, 101F6, NPRL2, Ras associa-
tion domain family 1A (RASSF1A), SEMA3B, SEMA3F, 
FUS1, DLEC1, RBSP3A, RBSP3B, and retinoid acid 
receptor β (RARβ).15

p53 Mutations

The p53 family of genes includes p53, p73, and p63. The 
p53 gene, located on chromosome 17p13, encodes a 
53-kD nuclear transcription factor that activates the tran-
scription of the downstream target genes, including p21, 
MDM2, GADD45, and Bax. By binding to the promoter 
of the p21 gene, p53 induces p21 expression, hence exe-
cuting the inhibitive function of p21 in cell cycle at the 
G1/S checkpoint. p53 also binds to MDM2, a protein that 
also affects the cell cycle, apoptosis, and tumorigenesis 
through interactions with other proteins, including Rb 
and ribosomal protein L-1. GADD45, another p53-
responsive stress protein, modifi es DNA accessibility on 
damaged chromatin; and Bax forms a heterodimer with 

Bcl-2 and plays an important role in apoptosis. Thus, p53 
has multiple roles in maintaining the stability of the 
genome during cellular stress from DNA damage, 
hypoxia, and activated oncogenes.

Dysfunction of p53 is the most frequent and important 
genetic alteration in carcinogenesis of the lung. Loss of 
p53 functions occurs when mutations inactivate the p53 
gene; hundreds of p53 mutations occur at variable times, 
and/or there is LOH at 17p13. The site of the p53 locus 
may be lost hemizygously in small cell lung carcinoma 
(SCLC) (90%) and non–small cell lung carcinoma 
(NSCLC) (65%). Among NSCLCs, squamous carcino-
mas and large cell carcinomas present a higher frequency 
of p53 mutation than adenocarcinomas.17 Mutant p53 
cannot activate p21 and causes a subsequent loss of tumor 
suppression function, promoting cellular proliferation.18 
Missense p53 mutations could result in accumulation of 
high levels of mutant p53 protein. Bronchial epithelium 
with a single point mutation consisting of a G:C to T:A 
transversion in codon 245 reveals morphologic abnor-
malities, including squamous metaplasia and mild to 
moderate atypia.19 Mutations of p53 correlate with ciga-
rette smoking and are mostly composed of the G to T 
transversion that is expected in tobacco smoke–related 
carcinogenesis.20 Mutations in p53 in lung cancer are clus-
tered in the middle of the gene at codons 157, 245, 248, 
and 273. These mutational sites correlate with the tobacco 
smoke carcinogen benzo[α] pyrene diol-epoxide–induced 
adducts that form at CpG sites at codons 157, 248, and 
273 in bronchial epithelial cells in vitro. Codon 157 muta-
tions appear to be unique to lung cancer.21

The theory of fi eld carcinogenesis can be supported by 
the widespread presence of a single somatic p53 point 
mutation in the bronchi of a smoker. Inactivating p53 
mutations are detected in over 50% of smokers and can 
be found very early in the carcinogenesis of squamous 
cell carcinoma as well as adenocarcinoma.22,23 The p53 
mutations occur in about one third of mild and moderate 
dysplasia and in two thirds of severe dysplasia, carcinoma 
in situ, and invasive carcinoma, which suggests that the 
majority of p53 mutations occur before the onset of inva-
sion (Table 26.2).23

Table 26.1. Progressive increase in chromosomal abnormali-
ties and mutations in squamous cell carcinoma of the lung and 
its precursors.

Histologic lesions Abnormality frequently present

Hyperplasia/metaplasia Small areas of loss of heterozygosity 
(LOH) in 3p (3p21.3 [RASSF1A and 
SEMA3B], 3p22–24, 3p25, 3p21.4, 
3p14.2 [FHIT]), del 9p, aneuploidy

Dysplasia LOH in 8p21–23, 17p13 (p53), 13q (Rb), 
9p, aneuploidy (p53 mutations)

Carcinoma in situ LOH in 3p, 5q21 (APC-MCC), 9p, 
aneuploidy, p53 mutations, ras 
mutations

Invasive or metastatic 
carcinoma

del 3p, del 9p, aneuploidy, p53 mutations, 
ras mutations, multiple other mutations

Source: Kerr1 and Gazdar et al.16

Table 26.2. Frequency of p53 protein accumulation at multiple 
stages of bronchial carcinogenesis.

Mucosal pattern No. positive/No. total % Positive

Normal 0/23  0
Squamous metaplasia 1/15  6.7
Mild dysplasia 4.25/16 26.6
Moderate dysplasia 5.58/19 29.4
Severe dysplasia 24.8/36 68.9
Carcinoma in situ 15.6/28 55.7
Microinvasive 

carcinoma
6.75/10 67.5

Invasive carcinoma 27.8/37 75.1

Source: Bennett et al.23
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The p16/Cyclin D1/Cyclin-Dependent 
Kinase 4/Retinoblastoma Pathway and 
Aberrant Methylation

p16INK4 is a kinase inhibitor of cyclin-dependent kinase 4 
(Cdk4) and inhibits phosphorylation of Rb, making it 
also a tumor suppressor gene. Disruption of p16 function 
results in inappropriate hyperphosphorylation and inac-
tivation of Rb, which makes Rb dissociate with transcrip-
tion factor E2F (a transcription factor that activates 
S-phase genes), leading to a no-brake cell cycle in cell 
proliferation. Although inactivation of the Rb pathway 
occurs through inactivation of the Cdk4 inhibitor p16INK4 
and/or upregulation of cyclin D1, the loss of Rb alleles 
at chromosomal region 13q14 can also occur, but less 
common (15%) in NSCLC. Abnormalities of cyclin D1, 
Cdk4, and p16 are more common (70%) in NSCLC. The 
p16INK4a gene is most commonly altered in NSCLC by 
aberrant promoter methylation (25%) and homozy-
gous deletions or point mutations (10%–40%). Inactiva-
tion of p16INK4 by DNA methylation especially has 
been found in early stages of squamous cell precursor 
lesions—17% of reserve cell hyperplasia, 24% of squam-
ous metaplasia, and 50% of carcinoma in situ—whereas 
homozygous deletions and/or mutations may occur more 
frequently in later stages of NSCLC development (see 
Figure 26.1).

The p16INK locus at 9p21 has two RNA transcripts 
(E1A and E1B). p16 arises from the E1A-containing 
transcript, while p14ARF (alternate reading frame) con-
tains the E1B transcript. p14ARF binds to the MDM2–p53 
complex and prevents p53 degradation. Blocking of 
p53 degradation links the E2F/Rb pathway to prolonga-
tion of activation of p53 and cell cycle arrest.24,25 In addi-
tion to p16INK4 methylation, abnormal gene methylation 
of RARβ, H-cadherin, APC, and RASFF1 is relatively 
frequent in bronchial brushing and sputum and 
oropharyngeal epithelial cells of heavy smokers. Methyl-
ation is less frequent in the bronchoalveolar lavage 
fl uid and hence the distal lung parenchyma.26 Aberrant 
methylation of multiple genes in the upper aerodiges-
tive tract epithelium of heavy smokers is also frequently 
seen.6,24,27–32

The PTEN/MMAC1 Tumor 
Suppressor Gene

The tumor suppressor gene PTEN (phosphatase and 
tensin homolog deleted on chromosome 10), also called 
MMAC1 (mutated in multiple advanced cancers) is 
located on chromosome 10q23.33,34 PTEN has been 
reported to play a role in apoptosis, cell cycle arrest, 
cell migration, and cell spreading.35–37 Homozygous 
deletion and mutation of PTEN rarely occurs in NSCLC 

(11%).38,39 On the other hand, LOH has been reported in 
91% of SCLC and in 41% of NSCLC.40 In squamous cell 
carcinoma of the lung, PTEN loss occurs signifi cantly 
more often in the early stages (stage I or II) of the disease. 
PTEN protein loss also occurs more frequently in tumors 
with low or no aberrant p53 staining. Therefore, PTEN 
loss may be a favorable prognostic marker.40

Telomerase Dysregulation 
and Upregulation 

Telomerase is a cellular reverse transcriptase that stabi-
lizes telomere length by adding hexameric TTAGGG 
repeats onto the telomeric ends of the chromosomes, thus 
compensating for the continued erosion of telomeres that 
occurs in its absence. The core catalytic subunit of telom-
erase, hTERT, is expressed in embryonic cells and in adult 
male germline cells, but it is undetectable in normal somatic 
cells except for proliferative cells of renewal tissues (e.g., 
hematopoietic stem cells, activated lymphocytes, basal 
cells of the epidermis, proliferative endometrium, and 
intestinal crypt cells). In contrast, germ cells and cancer 
cells maintain telomere length using the enzyme telomer-
ase and are able to divide indefi nitely.41–43

Telomere dysfunction activates a p53-dependent check-
point. The loss of telomere function and p53 defi ciency 
may accelerate carcinogenesis.44 Telomerase is expressed 
in most human cancers, including lung carcinomas. 
Increased telomerase activity (80%) was reported in 
primary lung cancer samples compared with the adjacent 
normal lung tissue samples (4%) by using a polymerase 
chain reaction–based telomeric repeat amplifi cation pro-
tocol (TRAP assay).45 The increased telomerase activity 
in primary lung cancers was associated with increased cell 
proliferation rates and advanced pathologic stage.46 Reac-
tivation of telomerase expression is essential for the con-
tinuous proliferation of cancer cells to reach immortality. 
Telomerase dysregulation may also occur in preneoplas-
tic bronchial epithelial dysplasia. Telomerase positivity 
was found in basal epithelial cells of normal bronchial 
epithelium (26%) and in the epithelium of small bronchi 
and bronchioles of peripheral lung samples (23%). The 
abnormal bronchial epithelial cells have shown much 
increased telomerase activity (i.e., 71% in hyperplasia, 
80% in metaplasia, 82% in dysplasia, and 100% in 
carcinoma in situ).47 Therefore, telomerase appears 
to be increasingly expressed from normal epithelium to 
squamous metaplasia, dysplasia, and carcinoma in situ 
but is decreased in invasive carcinoma with a direct 
correlation between protein and mRNA levels of 
expression.

Telomere shortening represents an early genetic abnor-
mality in bronchial carcinogenesis (predominantly in 
high-grade, preinvasive lesions), preceding telomerase 
expression and p53/Rb inactivation. A direct correlation 
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between hTERT and p53 expression was found.48 The 
telomerase protein expression has recently been shown 
to be present in noncancerous epithelia before secondary 
cancer development, and the authors concluded that 
detection of telomerase protein in noncancerous bron-
chial epithelia might become a useful marker in detecting 
patients at high risk for lung cancer development.49 Why 
telomerase is reexpressed in lung cancer cells is currently 
unknown.

Amplifi cation of Oncogenes 

Although the amplifi cation of mutant ras genes is common 
in adenocarcinoma (50%) and amplifi cation of c-Myc 
genes is common in small cell carcinoma (80%–90%), 
they are less common or absent in squamous cell carci-
noma.50,51 Small percentages of NSCLC have been shown 
to have amplifi cations of several other genes, including 
c-erbB2 (HER2/neu)52 and Bcl-2,53–55 and MDM,56 a multi-
drug resistance-associated protein.57–59

The frequency of c-erbB2 overexpression in NSCLC is 
approximately 25%.52 Patients with squamous cell carci-
noma showing Bcl-2 positivity greater than 50% have 
been shown to have a survival advantage. However, none 
of these abnormal gene amplifi cations has been shown 
to be useful screening tools for preneoplastic genetic 
changes or for elucidation of premalignant biology.

Epidermal Growth Factor Receptor 
and Tyrosine Kinase Inhibitors

The epidermal growth factor receptor (EGFR) is a tyro-
sine kinase receptor that is commonly altered in epithe-
lial tumors. Structurally, each receptor is composed of an 
extracellular ligand binding domain, a transmembrane 
domain, and an intracellular domain that possesses tyro-
sine kinase activity. The EGFRs exist as inactive mono-
mers. Upon binding to ligands, such as epidermal growth 
factor (EGF) or transforming growth factor-α, the recep-
tors undergo conformational changes that facilitate 
homo- or heterodimerization. The EGFR induces cancer 
via at least three major mechanisms: overexpression of 
EGFR ligands, amplifi cation of EGFR, and mutational 
activations of EGFR. The majority of NSCLCs over-
express EGFR, and EGFR is also frequently over-
expressed in preneoplastic bronchial lesions.60 Also, 
overexpression of EGFR is associated with adverse prog-
nosis of NSCLC. Thus, EGFR is an excellent potential 
target for prevention and therapy.

Recent reports of lung cancers showing mutations in 
the EGFR gene have generated considerable interest, 
because such mutations are associated with an increased 

sensitivity to the therapeutic drug gefi tinib. Gefi tinib, 
marketed as Iressa (ZD1839), is a small tyrosine kinase 
inhibitor molecule that inhibits the protein kinase activity 
of EGFR.61 The tyrosine kinase domain EGFR mutations 
are more commonly found in adenocarcinoma of lung, in 
females, in patients from Asian nations including Japan, 
Korea, and China, and in nonsmokers.62–66 However, the 
overexpression or amplifi cation of EGFR is frequently 
found in squamous cell carcinoma of the lung, orophar-
ynx, and skin as well as other NSCLCs.67 Although EGFR 
positivity as determined by fl uorescence in situ hybridiza-
tion represented by high polysomy and gene amplifi ca-
tion is higher in adenocarcinoma (33%) and NSCLCs 
(30.2%), it is also expressed in squamous cell carcinoma 
(26.7%; Figure 26.3).68

Erlotinib HCl (TarcevaTM) is the HER1/EGFR tyro-
sine kinase inhibitor that has demonstrated a survival 
benefi t in all subsets of patients, both female and male—
including adenocarcinoma and squamous cell carcinoma, 
both current smokers and exsmokers, and both Asians 
and non-Asians—evaluated in a randomized phase III 
trial of Tarceva (BR.21). The presence of the EGFR 
mutation among patients with NSCLC treated with erlo-
tinib may also increase the responsiveness to the erlo-
tinib, but it is not indicative of a survival benefi t.69,70

There are several methods with which to predict tyro-
sine kinase inhibitor sensitivity, such as immunohisto-
chemistry or proteomic profi les to detect the amplifi cation 
of the EGFR gene and measurement of the presence of 
phosphorylated Akt, which is a downstream target of the 
EGFR pathway, but not phosphorylated mitogen-
activated protein kinase.71 The correlations among EGFR 
gene amplifi cation, gene mutation, phosphorylation of 

Figure 26.3. EGFR gene amplifi cation with a clustered pattern 
determined by fl uorescence in situ hybridization in a squamous 
cell carcinoma patient. (Courtesy of Dr. Sung-Hye Park, Seoul 
National University Hospital, Seoul, South Korea.)
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EGFR protein, and activation of its downstream mole-
cules and extracellular signal-related protein kinase 1/2 
(ERK1/2) reveal its downstream molecular function in a 
reciprocal and/or complementary manner in the mainte-
nance and/or progression of carcinomas in the majority 
of NSCLC patients (Table 26.3).72

Autocrine Growth Factors 

Autocrine growth factors, including neuropeptides and 
gastrin-releasing peptides, have been demonstrated in 
SCLC. Bombesin-like peptides, which have also been 
elevated in bronchoalveolar lavage and urine specimens 
of smokers, may play a role in tumor progression.75–78 
Neuropeptide antagonists, such as substance P and bra-
dykinin derivatives, also induce apoptosis of both SCLC 
and NSCLC.79 The autocrine and paracrine effects of 
multiple neuropeptides, growth factors, and chemokines, 
which are induced by smoking and are shown to be ele-
vated in lung tumors, could induce angiogenesis, tissue 
invasion, homing of metastases, and immune modula-
tion.80 However, the exact role of autocrine growth factors 
in squamous cell carcinoma of the lung and preinvasive 
lesions has not been described.

Conclusion

Lung cancer is still the number one cause of death in 
cancer-related mortalities for both men and women in 
the Western countries. There is still lack of reliable means 
to screen early lesions, and the patients with symptoms 
or patients with lesions detected by chest x-ray already 
have advanced disease. Recent advances in molecular 
biology and pathology, through implementation of many 
newly advanced technologies in molecular biology, have 
led to better understanding of the carcinogenesis in the 
lung and morphologic and molecular changes in early 
preinvasive lesions. For squamous cell carcinoma, cumu-
lative genetic damages seem to correspond with the dif-
ferent grades of morphologic changes, from low- to 

high-grade dysphasia. Morphologically, normal mucosa 
may already contain genetic abnormalities. Stepwise his-
tologic changes are believed to occur from normal through 
the various grades of squamous metaplasia, mild, moder-
ate, and severe dysplasia, and carcinoma in situ before 
the lesion becomes microinvasive. However, currently 
not a single set of biomarkers has emerged that can be 
used for accurate prediction of the development of lung 
cancer in any particular individual.81

Some authors propose that ectopic expression of 
telomerase in bronchial epithelia may precede transfor-
mation in human hung cancer development and that 
detection of telomerase protein in noncancerous bron-
chial epithelia will become a useful marker for detecting 
patients at high risk for lung cancer development,49 and 
the polyclonal antibodies against hTERT and EGFR are 
available for paraffi n-embedded sections. Serum hTERT 
mRNA and EGFR mRNA are also useful as tumor 
markers for lung cancer,82 and there is a linear relation-
ship between increasing marker expression and severity 
of bronchial dysplastic change for p53, EGFR, and Ki-
67.23,62,83 However, more data are needed before a defi nite 
conclusion could be made.

Detection of genetic lesions in preneoplastic tissues 
combined with new radiographic screening methods, such 
as spiral computed tomography scans, will open new 
doors for early diagnosis, identifying individuals at high 
risk of developing lung cancer and directing intervention 
with chemoprevention. Laser-induced fl uorescence endo-
scope bronchoscopy may help to localize preinvasive and 
early-invasive bronchial lesions. Early detection of pre-
cursors of lung cancer may provide an opportunity to 
treat disease early. Most radiographically occult cancers 
are histopathologically squamous cell carcinoma and are 
located in relatively large central bronchi without evi-
dence of invasion beyond the bronchial cartilage.

Some authors suggested that if the patient is a surgical 
candidate, surgery is still the fi rst option and yields good 
5-year survival and recurrent rates.84,85 For patients 
who are not surgical candidates, photodynamic therapy 
would be an option.84 Other alternatives for early super-
fi cial squamous cell carcinoma include electrocautery, 

Table 26.3. Epidermal growth factor overexpression, mutation, and amplifi cation in lung cancer.

Overexpression Mutation Amplifi cation

Squamous cell carcinoma 70% 0% 10%–27%
Adenocarcinoma 50% 20%–55% (deletion in exon 19, point mutation in 

exons 18 and 21, duplication in exon 20)
10%–33%

Non-small cell lung carcinoma 50%–80% 13% 33%–45%

Source: Shigematsu et al.,62 Paez et al.,65 Jeon et al.,68 Cappuzzo et al.,71 Hirsh et al.,73 Kosaka et al.,74 and Reissmann et al.75
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cryotherapy, and brachytherapy. Following treatment, 
patients should be closely monitored for recurrent dis-
eases and development of metachronous lesions.

The new fi ndings of molecular pathology will lead to 
new treatment strategies, including drugs designed to 
inhibit enzyme activity, monoclonal antibodies against 
growth factors and their receptors, vaccines against tumor 
specifi c mutant peptides, or gene therapy to replace the 
defective tumor suppressor genes. These new tools will 
lead to a new era in the diagnosis, prevention, and treat-
ment of lung cancer. Gefi tinib is a good example of this 
kind of treatment. More developments will follow.
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27
Molecular Pathology of Large Cell 
Carcinoma and Its Precursors

Jennifer A. Eleazar and Alain C. Borczuk

ferentiation by immunohistochemical stains such as 
chromogranin, synaptophysin, or CD56 is required 
(Figure 27.1B).

A second subcategory of large cell carcinoma is basa-
loid carcinoma.5 The histology of this tumor is notable for 
its solid nodular pattern with necrosis that resembles the 
organoid pattern of LCNEC. In contrast to LCNEC, the 
nuclei in basaloid carcinoma are smaller and more fusi-
form and generally do not show prominent nucleoli. Both 
tumors share peripheral palisading within the nodular 
nests (Figure 27.1C). Neuroendocrine markers are gener-
ally negative in basaloid carcinoma. This growth pattern 
can be seen in squamous cell carcinomas, but in these 
instances the tumors are classifi ed as a basaloid variant 
of squamous cell carcinoma. Basaloid carcinomas lack 
squamous differentiation. This observation justifi es a 
large cell carcinoma categorization, along with studies 
indicating a poor prognosis.6

A third variant is the lymphoepithelioma-like carci-
noma (LELC).7,8 In contrast to other tumors within this 
category, this type is not smoking associated and is associ-
ated with Epstein-Barr virus (EBV) infection in Asian 
populations.9,10 Tumor cells are large, have vesicular nuclei 
with prominent nucleoli, and have indistinct cellular 
borders imparting a syncytial growth pattern. Most 
important to this diagnosis is an associated lymphocytic/
lymphoplasmacytic infi ltrate around tumor nests and 
intermingled between tumor cells (Figure 27.1D). The 
infl ammatory population is reactive but is present in both 
primary and metastatic sites.

Two additional categories of large cell carcinoma include 
clear cell carcinomas and large cell carcinoma with rhab-
doid phenotype. Clear cell carcinoma shows no squamous 
or glandular differentiation and demonstrates cytoplas-
mic clearing. This clearing can be due to glycogen accumu-
lation, but this is not always the case. Large cell carcinoma 
with rhabdoid phenotype features cells with large eosino-
philic cytoplasmic inclusions, with >10% of the cells exhib-
iting this morphologic fi nding (Figure 27.1E).11

Introduction

The classifi cation of lung carcinomas remains primarily 
morphologic with individual instances in which immuno-
histochemistry can serve as an adjunctive test. In the case 
of large cell carcinoma, the current WHO classifi cation 
system remains partly one of exclusion; that is, the tumor 
should lack morphologic features that are generally asso-
ciated with small cell lung carcinoma (SCLC), adenocar-
cinoma, and squamous cell carcinoma (Figure 27.1A).1 
For example, a poorly differentiated carcinoma with 
demonstrable mucin (more than fi ve mucin-positive cells 
in at least two high-power fi elds) by special stains would 
be designated as solid adenocarcinoma with mucin rather 
than as large cell carcinoma.

It is known that ultrastructural evidence of squamous 
and glandular differentiation can be recognized within 
large cell carcinomas.2,3 As a result, exclusionary criteria 
require cut-off values such as the one indicated earlier 
for solid adenocarcinoma with mucin. Although not 
explicitly stated in the WHO classifi cation, it has been 
suggested that 10% of squamous cell carcinoma or ade-
nocarcinoma within a tumor that is otherwise undifferen-
tiated is suffi cient to diagnose the tumor as either 
squamous cell carcinoma or adenocarcinoma rather than 
large cell carcinoma.

There are notable subcategories within large cell car-
cinoma. Perhaps the most signifi cant subset is the large 
cell neuroendocrine carcinoma (LCNEC; see also Chapter 
29). Large cell neuroendocrine carcinoma was described 
in 1991 and included in the 1999 WHO classifi cation.4 
These tumors have histologic features that are associated 
with neuroendocrine differentiation (“carcinoid-like”), 
including organoid/nesting morphology, trabecular 
growth, and rosette formation. Large cell neuroendocrine 
carcinoma cells are generally larger than those of SCLC, 
have more cytoplasm, and have nuclear features that 
include frequent nucleoli and vesicular chromatin. Necro-
sis is common. Documentation of neuroendocrine dif-
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is readily identifi able and immunohistochemically con-
fi rmable. Another area of diffi culty involves large cell 
tumors that have neuroendocrine morphology but are 
negative for neuroendocrine markers by immunohisto-
chemistry (LCCNM). Although it has been proposed that 
they may be similar to LCNEC,12 it remains unclear 
whether this category of tumors resembles large cell car-
cinoma or LCNEC more closely.

Figure 27.1. Histologic features of large cell carcinomas. 
(A) Large cell carcinoma. (B) Large cell neuroendocrine car-
cinoma, with inset showing synaptophysin immunoreactivity. 

(C) Basaloid carcinoma. (D) Lymphoepithelioma-like carci-
noma. (E) Large cell carcinoma with rhabdoid phenotype. 
(Hematoxylin and eosin, original magnifi cation, ×150).

The WHO classifi cation seems straightforward at fi rst 
glance, but in practice there are some complexities. For 
example, spindle or giant cell elements in a large cell 
carcinoma would place it in the sarcomatoid carcinoma 
class as a pleomorphic carcinoma, as the spindle/giant cell 
component is the most recognizable. A combined LCNEC 
with spindle/giant cell elements is classifi ed as a large cell 
carcinoma, in this case because the LCNEC component 
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The purpose of this introduction is to review the current 
classifi cation of large cell carcinomas. These defi nitions 
are likely to improve interobserver reliability but also 
underscore the complexities of lung tumor classifi cation. 
Molecular studies may assist in this classifi cation process, 
but there remain many unanswered questions within this 
subgroup of tumors.

Molecular Studies: 
Immunohistochemical Markers

Lineage Specifi c Markers

Tumor classifi cation is enhanced by immunohistochem-
istry, and many of our speculations regarding the 
cellular origin of tumors are based on this technique. 
Markers currently in use for lung tumors that have 
been studied in large cell carcinomas are summarized in 
Table 27.13–5,9–11,13–22

Large Cell Carcinoma

The specifi c cell of origin for large cell carcinoma is 
not known. Large cell carcinomas represent poorly dif-
ferentiated carcinomas, not completely undifferentiated 
tumors. For example, the majority of large cell carcino-
mas and subtypes express pan-cytokeratin (pan-CK), a 
marker of epithelial differentiation. Overall, approxi-
mately 65% of large cell carcinomas stain positively 
for pan-CK or epithelial membrane antigen,3,13–15 whereas 
a higher percentage stain for cytokeratin 7 (CK7), a 
subtype expressed in lung epithelium, although not exclu-
sively so.15,16 A marker with relative specifi city to Clara 
cells and type II pneumocytes is thyroid transcription 
factor 1 (TTF-1).23 Thyroid transcription factor 1 immu-
noreactivity is seen in 50% of cases of large cell carci-
noma.16,17 Approximately 30% of large cell carcinomas 
are positive for peripheral airway cell markers such as 
surfactant protein A (SP-A) or 10-kD Clara cell protein 
as well.24,25

Rossi et al.17 subdivided 45 cases of large cell carci-
noma into adenocarcinomas (60%), squamous cell 
carcinomas (22%), and large cell carcinoma with neuro-
endocrine differentiation (LCCND) (9%) based on their 
expression of CK7, high-molecular-weight CK, TTF-1 
and CD56/neural cell adhesion molecule. Using a similar 
strategy, Au et al.18 demonstrated hierarchical clustering 
of large cell carcinoma based on immunohistochemistry 
of 18 markers (including pan-CK, p63, TTF-1 and CK5/6, 
chromogranin, and synaptophysin) into four groups. Of 
the large cell carcinomas, 29 tumors (53%) clustered 
within a group composed of predominantly adenocarci-

nomas and 15 tumors (27%) clustered within a group 
composed of squamous cell carcinoma. The remaining 11 
large cell carcinomas formed two smaller mixed clusters 
in which large cell carcinoma were about half the cases. 
This suggests that some morphologic large cell carcinoma 
may have immunohistochemically detectable differentia-
tion but that some do not.

In summary, large cell carcinomas have ultrastructural 
features and immunohistochemical phenotypes similar to 
those observed in adenocarcinomas, coexpressing TTF-1 
and CK7 as well as other markers of adenocarcinoma 
such as carcinoembryonic antigen, secretory component, 
SP-A, and B72.3 (see Table 27.1). A smaller group of 
large cell carcinomas have squamous cell features.

Large Cell Neuroendocrine Carcinoma

Approximately 75% of LCNEC stain positive for chro-
mogranin, with 84%–100% and 90%–100% of cases posi-
tive for synaptophysin and CD56, respectively.4,15,19,20 In 
contrast to large cell carcinoma, LCNECs are less fre-
quently high-molecular-weight CK positive and less fre-
quently CK7 positive (see Table 27.1; LCNECs are also 
discussed in detail in Chapter 29).15,19,21 Similar to large 
cell carcinoma, TTF-1 positivity is seen in approximately 
30%–75% of cases of LCNEC.17,19,21,22

It is important to note a caveat regarding TTF-1 as a 
marker linking tumor type to origin in lung type II cells or 
Clara cells. Thyroid transcription factor 1 staining in cases 
of SCLC is not limited to SCLCs of pulmonary origin. 
Whereas pulmonary SCLC is positive for TTF-1 in over 
80% of cases, extrapulmonary SCLCs are positive as well 
(between 30% and 50%).26 The expression of TTF-1 in 
SCLC may not refl ect its transcriptional control of surfac-
tant-related genes. In this setting, TTF-1 reactivity may 
refl ect signifi cant transcriptional dysregulation in an undif-
ferentiated tumor or a relationship to primitive neuroen-
docrine differentiation. Therefore, it is unclear whether 
TTF-1 immunoreactivity in LCNEC and large cell carci-
noma should be interpreted as evidence of common origin 
with adenocarcinoma. In the case of large cell carcinoma, 
staining for other surfactant proteins has been described. 
It remains to be determined whether TTF-1 staining in 
LCNEC refl ects type II or Clara cell origin, a relation to 
adenocarcinoma, or an as yet not understood relationship 
with neuroendocrine differentiation.

Basaloid Carcinoma

Basaloid carcinomas are frequently positive for CKs KL1 
and high-molecular-weight CK (34BE12). Thyroid tran-
scription factor 1 is negative, and reactivity for neuroen-
docrine markers is infrequent.5,19
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Lymphoepithelioma-Like Carcinoma

The carcinoma cells in these tumors are positive for CK, 
whereas the accompanying lymphoid infi ltrate stains for 
leukocyte common antigen, ubiquitin carboxyl-terminal 
esterase L1, and CD8.9,10 Studies of patients from western 
countries do not demonstrate evidence of EBV, with 
rare exceptions described in case reports.27 These tumors 
often express the oncoprotein Bcl-2 but typically 
show low detection rates for latent membrane protein 1 
(LMP-1).9,10 One series demonstrated LMP-1 in 16 of 30 
cases, but showed no survival difference for LMP-1–posi-
tive tumors.28

Large Cell Carcinoma with 
Rhabdoid Phenotype

Large cell carcinomas with rhabdoid phenotype are posi-
tive for vimentin and often positive for pan-CK and epi-
thelial membrane antigen.11,29,30 Positive staining for CK7 
and neuroendocrine markers can be seen.11,29 None of the 
cases studied showed TTF-1 immunoreactivity.29

Molecular Pathway and Prognostic Markers

In addition to markers of cell lineage/cell of origin, 
large cell carcinomas have been studied for a variety of 
markers that may have prognostic signifi cance (Table 
27.2).13,15,24,31–41

Large Cell Carcinoma and Large Cell 
Neuroendocrine Carcinoma

Overall, tumors with higher rates of apoptosis have 
poorer survival.42 Although Bcl-2 expression is associated 
with longer survival in studies of non–small cell lung 
carcinoma (NSCLC),43 this was not shown in the large 
cell carcinoma subgroup.31 Large cell neuroendocrine 
carcinoma showed higher frequencies of Bcl-2 and Bak 
immunoreactivities than did large cell carcinoma; in 
LCNEC, loss of Bcl-2 expression was associated with 
poorer survival.42

Epidermal growth factor receptor (EGFR) im-
munoreactivity has been reported in 56% of large 
cell carcinomas. In one series, elevated EGFR immu-
noreactivity was associated with more aggressive clini-
cal behavior and shorter survival.33 For HER2/neu, 
overexpression is not commonly detected, and this 
has been studied in large cell carcinoma, LCNEC, 
and LELC.10,18,34 In LCNEC, c-Kit immunoreactivity 
was seen in 57% of cases, but no association with 
survival was detected.34

Increased nuclear p53 immunoreactivity was seen in 
LCNEC (65%), with only 35% of large cell carcinomas 
having signifi cant immunoreactivity. p21 immunoreactiv-
ity was associated with poorer survival. Matrix metallo-
proteinase-9 (MMP-9), important in invasion and 
metastasis, was found at a higher frequency in LCNEC.44 
These markers were also examined in LCCNMs, that is, 
large cell tumors with neuroendocrine morphology only. 
It is of note that for p53, p21, and MMP-9 staining the 
LCCNM had more similarity to large cell carcinoma than 
to LCNEC in frequency of staining. In fact, while overall 
survival was poor, the large cell carcinoma and LCCNM 
survival curves were similar, with poorer survival for 
LCNEC.

In keeping with frequent 3p deletion and loss of hetero-
zygosity (LOH) at 3p14 (Figures 27.2 and 27.3), fragile 
histidine triad (FHIT) immunostaining was negative in 
16 cases of LCNEC studied.25,39,45–52 Silencing of FHIT 
has been attributed to promoter hypermethylation. 
Although this has been studied in NSCLC collectively and 
determined to be a poor prognosis marker, data for a sig-
nifi cant number of large cell carcinoma have not been 
reported.35

Large cell neuroendocrine carcinomas show an inverse 
relationship between expression of retinoblastoma (Rb) 
and p16.22,36 Increased staining for cyclin D1 is seen in 
about 25% of cases. The most common pattern is p16 
positive, Rb negative, cyclin D1 negative.37 Either Rb 
loss, p16 loss, or cyclin D1 overexpression was seen in 37 
of 40 LCNEC. The subgroup of p16-negative, Rb-nega-
tive LCNEC showed poorer survival than p16-positive, 
Rb-negative LCNEC. Overall, an inverse relationship 
between Rb and p16 is seen in 65% of NSCLC, and 
this is consistent with what has been reported for 
LCNEC.38 Immunoreactivity for p16 was retained in 
SCLC but more frequently lost in large cell carcinoma 
and LCNEC. p16 promoter hypermethylation was 
reported in 33% of large cell carcinomas and 48% of 
LCNEC but was not observed in SCLC; this mechanism 
was proposed for p16 loss39 in large cell carcinomas and 
LCNEC.

Basaloid Carcinoma

The examination of 48 basaloid carcinomas for p16, 
Rb, and cyclin D1 abnormalities revealed 50% with 
p16 loss and one third with immunoreactivity for cyclin 
D1.40 This tumor type shows an inverse relationship 
with Rb and p16 and a direct relationship with Rb and 
cyclin D1, as in other tumors studied. For basaloid car-
cinoma, the poorest prognosis is associated with com-
bined a Rb-negative, p16-positive, cyclin D1–positive 
pattern.
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Figure 27.2. Summary of cytogenetic studies comparing adeno-
carcinoma, non–small cell lung carcinoma and large cell carci-
noma (LCC), including classic cytogenetics, comparative 

genomic hybridization (CGH), and loss of heterozygosity 
(LOH) studies. Lines indicate cytogenetic or CGH studies, and 
asterisks indicate LOH studies.39,45–50
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Figure 27.3. Summary of cytogenetic studies comparing small 
cell lung carcinoma (SCLC) and large cell neuroendocrine car-
cinoma (LCNEC), including classic cytogenetics, comparative 

genomic hybridization (CGH), and loss of heterozygosity 
(LOH) studies. Lines indicate cytogenetic or CGH studies, and 
asterisks indicate LOH studies.22,39,51,52
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Studies of Single Genes

Large cell carcinomas have been studied for expression 
and mutation of single genes that are known to be rele-
vant to carcinogenesis, including oncogenes and cell cycle 
genes. These studies are of interest in the context of 
understanding the relationship between large cell carci-
noma and other NSCLCs, as well as the spectrum of 
neuroendocrine carcinomas.

Large Cell Carcinoma

Studies of c-Myc in large cell carcinoma demonstrate a 
high rate of overexpression.41 Examination of c-Myc copy 
number showed that the frequency of amplifi cation and 
the actual copy number were high among all lung carci-
nomas (SCLC and NSCLC) and did not differ among 
histologic subtypes, although all six large cell carcinomas 
had 6–12 copies.53 It has also been shown that cyclin B1 
expression is frequently detected in LCNEC (84%)36; the 
identifi cation of cyclin B1 as a c-Myc target gene54 and 
increased gene expression of c-Myc and cyclin B1 as poor 
prognosis markers in NSCLC55 are possibly related 
observations.

p53 is frequently mutated in large cell carcinoma. In 
one series of NSCLC, four of four (100%) large cell car-
cinomas showed mutated p53—two in exon 7 and one 
each in exon 5 and exon 8. In this series, p53 mutation 
was seen with higher frequency in smokers and with 
poorer differentiation. The overall rate of p53 mutation 
was 49% in squamous cell carcinoma and 22% in adeno-
carcinoma. The focus of that study, topoisomerase IIα, 
was not overexpressed in large cell carcinoma56 In a 
metaanalysis comparing p53 mutation and immunohisto-
chemistry in resected lung cancers, Tammemagi et al. 
found the highest rate of p53 mutation in large cell car-
cinoma (54%, n = 105) among NSCLCs, and the lowest 
rate was in adenocarcinoma (35%, n = 693).57 Immuno-
histochemistry studies of abnormal p53 protein accumu-
lation showed similar fi ndings. Although concordance 
between immunohistochemistry results and mutation 
status was not high (k = 0.33), it was noted that most p53-
mutated tumors showed positive immunoreactivity, with 
discordant cases having immunoreactive tumor without 
p53 mutation. Whether this excess number of positive 
cases detected with immunohistochemistry represents 
underdetection by mutation analysis because of contami-
nation of nonneoplastic tissue remains unclear. Overall, 
p53 mutations are common in large cell carcinoma and 
are seen at a comparable rate in other NSCLCs of moder-
ate to poor differentiation.

Inactivation of p16 has also been studied in large cell 
carcinoma.58 In a study of seven large cell carcinomas, 
71% showed p16 promoter hypermethylation, along with 

about one third of squamous cell carcinoma and adeno-
carcinomas. Hypermethylation of p16 promoter and p53 
mutations was seen in large cell carcinoma, but higher 
rates of p16 promoter hypermethylation and p53 muta-
tions were seen in former smokers than in current smokers 
and nonsmokers. Promoter hypermethylation was a more 
frequent mechanism of inactivation than mutation. Only 
one of fi ve large cell carcinoma had cyclin D1 reactivity 
detected by immunohistochemistry.59 This low frequency 
of cyclin D1 expression in large cell carcinoma was con-
fi rmed in another series of 33 large cell carcinomas 
studied with Northern blot analysis and immunohisto-
chemistry,60 although the results in large cell carcinoma 
are somewhat lower than in LCNEC.

K-ras mutation is an important mechanism for carci-
nogenesis in lung adenocarcinoma, seen in about one 
third of these tumors. Various studies have examined 
K-ras mutations in large cell carcinoma, with some varia-
tion in results. In a series of 24 large cell carcinomas, only 
1 showed a K-ras mutation, while 41 of 141 adenocarci-
nomas were mutated.61 In a series of 12 large cell carci-
nomas,62 3 showed a K-ras mutation at codon 12 or 13, 
while 10 of 33 adenocarcinomas were mutated. In that 
series, 25% of large cell carcinoma had RASSF1A pro-
moter (3p gene) hypermethylation, while only 7% had 
both K-ras mutation and RASSF1a promoter hyper-
methylation. Fifty percent of large cell carcinomas had 
neither RASSF1A nor K-ras mutation. Interestingly, only 
5% of squamous cell carcinomas had activating K-ras 
mutations.

With regard to tumor classifi cation, studies of pleomor-
phic carcinomas (tumors with a spindle cell or giant cell 
component) for p53 and K-ras may shed light on the 
relationships among squamous cell carcinoma, adenocar-
cinoma, and large cell carcinoma components in pleo-
morphic/sarcomatoid carcinoma. In one series,63 9% of 
pleomorphic carcinomas had K-ras2 point mutations in 
contrast to 36% of adenocarcinomas and 0% squamous 
cell carcinomas. Mutations in p53 were seen in 14% of 
pleomorphic carcinomas (3 of 22, 2 of 3 exon 7), 27% of 
adenocarcinomas, and 43% of squamous cell carcinomas 
(exon 8 being the most common site). In a second series,64 
6 of 27 (22%) pleomorphic carcinomas had a K-ras muta-
tion in both spindled and nonspindled populations. This 
rate was higher than in prior studies but was determined 
with laser capture microdissection, perhaps eliminating 
normal tissue contamination. Of the pleomorphic carci-
nomas, 2 of 12 with large cell carcinoma as the carcino-
matous component had a mutated K-ras (17%) compared 
with 4 of 12 (33%) with adenocarcinoma and 0 of 3 with 
squamous cell carcinoma as the carcinomatous compo-
nent. The differences in rates of K-ras mutation may 
refl ect the histology of the epithelial component in pleo-
morphic carcinomas.
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Large Cell Neuroendocrine Carcinoma 

In LCNEC, a MEN-1 mutation was seen in 1 of 13 cases, 
while none were seen in SCLC.65 This is relevant because 
67% of carcinoids show MEN inactivation, indicating dif-
ferences between low- and high-grade neuroendocrine 
carcinoma. In a study of 83 LCNEC, no mutations for kit, 
PDGFR-a, PDGFR-b, or c-Met were seen. By immuno-
histochemistry, however, 63% were kit positive, 60% 
PDGFR-a positive, 82% PDGFR-b positive, and 47% 
c-Met positive.66

K-ras mutations were detected in codon 13 in 1 of 
18 cases of LCNEC studied. Overall, few K-ras muta-
tions have been described in neuroendocrine lung 
tumors of any kind. A p53 mutation was detected in 
10 of 18 cases studied; LOH at the p53 locus occurred 
in 9 cases in that series. Overall, 13 of 18 LCNEC 
cases in that study showed a p53 abnormality.67 In a 
study of 23 high-grade neuroendocrine carcinomas 
(15 LCNEC, 8 SCLC), 4 cases of LCNEC and 3 
cases of SCLC showed point mutations in p53. No 
c-raf1 or K-ras mutations were seen in any of the 
cases.68

Lymphoepithelioma-Like Carcinoma

Examination of 11 LELCs showed one tumor with an 
EGFR mutation and none with K-ras mutations. EGFR 
mutations were associated with nonsmokers in adenocar-
cinoma, but the same association was not found in 
LELCs.69 In a series of 23 LELCs, in situ hybridization 
detected EBV in all cases.10 It is also notable that EBV 
detected with in situ hybridization has been reported in 
Asian populations with squamous cell carcinomas (6 of 
43) that were not histologically LELCs. No large cell 
carcinomas (n = 12) or adenocarcinomas (n = 67) in the 
same series were EBV positive; all 5 LELCs were 
positive.32

An interesting aspect of this tumor type is the infi l-
tration of mononuclear cells. Monocyte chemoattractant 
protein-1 (MCP-1) has been demonstrated in 86% of 
LELC cases, and it has been suggested that expression 
of this protein is an important mechanism contributing 
to the distinctive morphologic features of this tumor. 
MCP-1 expression was studied by reverse transcriptase 
polymerase chain reaction and in situ hybridization. 
All the informative tumors showed MCP-1 by poly-
merase chain reaction, but only the LELC were positive 
by in situ hybridization within the tumor cells; non-
LELC cases were positive by in situ hybridization in 
nonneoplastic stromal cells,70 indicating different cells 
of origin for the MCP-1 in LELC compared with 
non-LELC.

Chromosomal Studies and Large 
Cell Carcinoma

Several studies have examined chromosomal alterations 
in NSCLC. Other studies have focused specifi cally on 
large cell carcinoma and LCNEC.

Cytogenetic Studies of Large Cell Carcinoma 

Johansson et al. examined 26 pulmonary large cell carci-
nomas using classic cytogenetics techniques and com-
pared their results with previously published data on 
NSCLCs.45 The majority of tumors, 20 of 26, showed 
clonal aberrations. Of these 20, 17 tumors showed complex 
karyotypes. The most frequent aberrations involved losses 
of 1p, 1q, 3p, 6q, 7q, and 17p and gains of 5q, 7p, and 
regions of chromosomes 11, 1, and 7. The authors sug-
gested that the combination of 17p loss and abnormalities 
of chromosomes 1 and 6 in large cell carcinoma resem-
bles the karyotypic pattern of adenocarcinoma more 
closely than that of squamous cell carcinoma.

Many of the karyotypic changes in large cell carcinoma 
are common to NSCLC,46 including losses of 9p, 3p, 6q, 
8p, 9q, 13q, 17p, 18q, 19p, 21q, and 22q and gains of chro-
mosome 7 (7p and q), 1q, 3q, and 5p. Loss of 3p, which 
includes the RASSF1A and FHIT loci, is a common 
fi nding. Loss of 9p may involve the p16 gene, and loss of 
17p involves the p53 gene (see Figure 27.2).

Comparative Genomic Hybridization

Large Cell Carcinoma

Comparative genomic hybridization (CGH) analysis of 
10 large cell carcinomas and 20 lung adenocarcinomas 
showed 26 of 30 cases with DNA copy number altera-
tions.47 Examination of specifi c abnormalities showed 
similar DNA gains in 8q, 1q, 6pcen-21, and 5p14 and 
losses in 6qcen-23 and 17 in both adenocarcinomas and 
large cell carcinoma. Gains of 7pcen-p21 and losses of 8p 
and 18 were more often seen in adenocarcinoma in that 
study; overall, 8p and 18p losses as well as 7p gains have 
been reported in NSCLCs and large cell carcinomas (see 
Figure 27.2). Examination of two large cell carcinoma cell 
lines by CGH revealed similar fi ndings, with gains in 5p, 
8q 15q, 6p, 20 q, 1q21–11, 2p, and 3q and losses in 5q12–
q32, 18q, 6q, 9, and 13q.48

Large Cell Neuroendocrine Carcinoma

Ullmann et al. performed CGH on 13 LCNECs and com-
pared them to previously published SCLC CGH pro-
fi les.51 The losses in 3p, 4q, 5q, and 13q and the gain in 5p 
were common to both tumor types; these aberrations are 
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common features of lung carcinomas. Gains in 3q, com-
monly seen in SCLCs (66%), were found in only 1of 13 
LCNECs. A 16q deletion was seen in 50% of SCLCs, but 
only rarely in LCNECs and adenocarcinomas. A 17p 
deletion was seen in 75% of SCLCs but in less than 25% 
of other tumor subtypes. Other fi ndings included a 10q 
deletion in SCLCs and squamous cell carcinomas but not 
in LCNECs and adenocarcinomas, and a 6p gain was seen 
in LCNECs, squamous cell carcinomas, and adenocarci-
nomas but not in SCLCs. While it is clear that certain 
aberrations are common to all high-grade lung carcino-
mas, the differences are of interest. There are features 
that suggest similarities between LCNECs and SCLCs 
(see Figure 27.3) and that within NSCLCs LCNEC has 
features in common with adenocarcinoma.

Loss of Heterozygosity Studies 

Large Cell Carcinoma

Although both large cell carcinomas and LCNECs show 
3p LOH, more frequently 3p LOH is found in LCNECs 
and SCLCs than in large cell carcinomas.22 Loss of het-
erozygosity at 5q33 is more often a feature of large cell 
carcinoma than LCNEC. LCNECs and SCLCs were 
more similar to each other than to large cell carcinoma, 
with 3p14.2 (FHIT), 3p21, and 5q21 seen more frequently 
in LCNECs and SCLCs than in classic large cell carci-
noma. TP53 and 13q14 LOH were seen in all tumor 
types.

In a study of 23 squamous cell carcinomas, 23 adeno-
carcinomas, and 8 large cell carcinomas, LOH was most 
frequent in squamous cell carcinomas. Loss of heterozy-
gosity at 17p was more frequent in squamous cell carci-
noma than in adenocarcinoma or large cell carcinoma, 
and this was accompanied by LOH at 11p (11p15.4 and 
11p13). When adenocarcinoma demonstrated 11p dele-
tions, these were in the same regions as in squamous cell 
carcinoma, only in fewer cases.49

Examination of LOH in 22 adenocarcinomas and 8 
large cell carcinomas demonstrated 12p LOH in 46% of 
adenocarcinomas and 50% of large cell carcinomas. Acti-
vating K-ras mutations were identifi ed in the majority of 
the adenocarcinomas and large cell carcinomas that 
showed 12p LOH. This suggested that the wild-type allele 
may serve a tumor suppressor role and that LOH at 12p 
is needed as a second hit to an activating mutation in 
K-ras.50 Once again, a similarity was found between large 
cell carcinoma and adenocarcinoma.

Large Cell Neuroendocrine Carcinoma

Shin et al. studied 13 LCNECs for 5q LOH.52 The follow-
ing results were obtained: 91% with 5q14.3–q21 LOH, 
54% with 5q22.2–q23 LOH, 30% with 5q23–q33 LOH, 

and 84% with 5q35.1–35.2. This suggests possible loci for 
tumor suppressor genes. The 5q22.2 region was near APC 
but did not usually involve APC. The 5q23 region included 
interferon regulatory factor 1 (IRF-1), a transcription 
factor that may play a tumor suppressor role.52 Upregula-
tion of IRF-1 causes apoptosis,71 and loss is associated 
with cell growth in various neoplasms.72

Loss of heterozygosity at 3p was present at a high rate 
in LCNEC and SCLC when compared with carcinoids. 
Loss of heterozygosity at 5q21 was seen at the highest 
rate in SCLC and then in LCNEC, but both tumors 
showed more frequent 5q21 LOH than carcinoids. A high 
frequency of LOH was seen at 13q14 and 9p21 in SCLCs 
and LCNECs. All neuroendocrine tumors studied had a 
high rate of 11q LOH. Abnormalities in p53 were fre-
quent in LCNEC, with LOH in 9 of 18 cases and mutation 
in 10 of 18 cases; of these, 6 cases had both LOH and a 
mutation in p53. Therefore, within the class of neuroen-
docrine tumors, LOH for TP53 and p53 point mutations 
and losses at 3p14.2 (FHIT), 3p21, 3p22, 5q21, 9p21 (p16), 
and 13q14.2 (Rb) were associated with high-grade 
neuroendocrine carcinomas (SCLCs and LCNECs) and 
therefore were associated with poor prognosis.67

Gene Expression Profi ling Studies

Gene expression profi ling is a high throughput method 
that uses high-density cDNA/oligonucleotide microar-
rays to analyze the relative expressions of genes within a 
particular tissue type. Several studies have focused on 
lung tumors, and a subset of large cell carcinomas has 
been studied, including cell lines and human tumors. What 
these studies have in common is analysis of a set of samples, 
clustering of cases using statistical algorithms to indicate 
which cases have common gene expression profi les, vali-
dation to confi rm the gene expression profi les, and sorting 
of genes by functional categories in each class.

In an expression profi ling study of 25 primary NSCLCs 
of the lung, 7 large cell carcinomas studied did not cluster 
together. In fact, large cell carcinomas clustered with both 
adenocarcinomas and squamous cell carcinomas. This did 
not suggest a similarity among large cell carcinomas but 
did suggest that perhaps they were poorly differentiated 
squamous cell carcinomas or adenocarcinomas.73

Garber et al. studied 67 lung tumors, 4 of which were 
large cell carcinoma.74 Three of these tumors clustered 
within a group of six tumors, the remainder of which were 
adenocarcinomas. One large cell carcinoma clustered in 
a subgroup of adenocarcinomas. Interestingly, the large 
cell group was on a branch of the tree adjacent to the 
SCLC group. In supervised analysis, several genes were 
noted to be upregulated in large cell carcinoma, including 
HMGI(Y), fos-related antigen 1, pleckstrinA1, tissue plas-
minogen activator, and Fra-1. Perhaps of greater interest 
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was reductions in gene expressions for E-cadherin, plako-
globin, DDR1 CATX-8, ladinin 1, claudins 4 and 7, 
HNF3-α, ephrin-A1, ETS domain transcription factor 3, 
tumor-associated calcium signal transducer, and Lim1. 
The loss of adhesion molecules led the authors to specu-
late that the large cell carcinoma phenotype might suggest 
an epithelial to mesenchymal transition. The concept that 
epithelial cells must lose intercellular adhesion and in the 
process develop a motile mesenchymal phenotype in 
order to invade and metastasize may apply to this subset 
of poorly differentiated tumors.74 It also suggested that 
large cell carcinomas had some molecular similarities to 
each other and showed that some adenocarcinomas 
overlap with large cell carcinomas.

In the largest study of large cell carcinomas by gene 
expression profi ling, Jones et al. examined 17 SCLCs, 8 
LCNEC, 13 large cell carcinomas, 12 carcinoids, one atyp-
ical carcinoid, and 12 adenocarcinomas.75 Thirty normal 
samples were also included for comparison. The SCLCs 
were a peculiar group in that these were all surgically 
resected SCLCs refl ecting the limited tissue from biopsy. 
All normal lungs clustered together. As in the study of 
Garber et al.74 9 of 13 large cell carcinomas clustered 
together, with 3 clustering within a mixed group of high-
grade tumors. Eleven carcinoids formed a very distinct 
cluster, with two clustering within a group of high-grade 
neuroendocrine carcinomas. More complicated was the 
distribution of LCNECs. The authors described clusters 
of high-grade neuroendocrine tumors, one containing six 
SCLCs, one LCNEC, and two carcinoids and the other 
containing fi ve LCNECs and eight SCLCs, along with 
three large cell carcinomas and two adenocarcinomas. 
Two LCNECs clustered with the large cell carcinomas. 
This complicated distribution of SCLC and LCNEC 
underscores the similarities between the two tumors at 
the gene expression level. Using various methods to fi lter 
genes in the analysis did not resolve the problem of not 
having a unique LCNEC group.75

Examination of the genes that defi ne these subgroups 
showed several interesting observations. Not surprisingly, 
genes related to neuroendocrine differentiation were 
seen in association with the high-grade neuroendocrine 
carcinomas. E2F3 and p311 showed higher expression 
in SCLCs and LCNECs. Large cell carcinomas, SCLCs, 
and LCNECs showed higher expressions of genes 
related to DNA replication and cell division than 
adenocarcinomas.

A gene expression profi ling study of 149 NSCLCs 
(including 18 large cell carcinomas and 2 LCNEC) showed 
a distinct large cell carcinoma cluster with 13 of 18 large 
cell carcinomas grouping together. Of the misclassifi ed 
tumors, all fi ve were within the adenocarcinoma group. 
Of the tumors that clustered with the large cell carcino-
mas, six tumors were adenocarcinomas and two tumors 
were squamous cell carcinomas. None of the large cell 

carcinomas was misclassifi ed as squamous cell carcinoma. 
Of the two LCNECs, one grouped with the large cell 
carcinomas and the other with adenocarcinomas.76

In a gene profi ling study of 43 tumors and 41 cell lines, 
6 of the tumor samples were large cell carcinomas. Four 
of the six clustered together, with no other tumor type 
within that cluster. No histologic class-specifi c list was 
determined for large cell carcinomas77

In an analysis of 32 tumor specimens and 7 normal 
specimens, unsupervised clustering revealed similar fi nd-
ings to the ones previously described here. Normal 
samples and carcinoid tumors showed distinct clusters. Of 
the four large cell carcinomas studied, three clustered 
together with one adenocarcinoma and the fourth clus-
tered in a group of adenocarcinomas. Genes that were 
determinant to these clusters included a preponderance 
of cell cycle genes, DNA replication–related genes, and 
transcription factors among those that characterize large 
cell carcinoma. Specifi cally, E2F3 was identifi ed as well 
as MYBL2, an E2F-regulated gene. Other cell cycle–
associated genes included BUB3, CDK4, MCM2, MCM3, 
and MCM7. Furthermore, comparison of the genes that 
characterized the histologic classes with genes that are 
activated during mouse lung development revealed that 
the preponderance of genes expressed by large cell car-
cinomas were also expressed during the early pseudo-
glandular and canalicular stages of lung development, 
while those expressed by adenocarcinoma were expressed 
during the later terminal sac and alveolar stages of lung 
development. In addition to highlighting the prolifera-
tion-associated genes in large cell carcinomas and dif-
ferentiation-associated genes in adenocarcinomas, this 
suggested that these tumors may be recapitulating devel-
opmentally regulated pathways.78

Proteomics

Proteomic methods allow for high throughput evaluation 
of complex mixtures of proteins. These methods can be 
used with relatively small amounts of protein and, depend-
ing on methodology, can resolve hundreds of data points. 
Using this approach, Yanagisawa et al. studied 42 lung 
tumors (including 5 large cell carcinomas) and used these 
tumors to develop a histologic classifi er.79 This classifi er 
accurately predicted histology in these cases and in an 
additional 14 normal lung tissues. A test group of 37 
tumors and 6 normal lung tissues were then analyzed and 
their histology predicted using the classifi er developed in 
the training set (consisting of an additional 3 large cell 
carcinoma). The classifi er separated the histologies accu-
rately, with only 1 large cell carcinoma classifi ed as an 
adenocarcinoma. This further demonstrates that large 
cell carcinoma represents a separable group of NSCLCs 
and that “misclassifi cation” is with adenocarcinoma.



290 J.A. Eleazar and A.C. Borczuk

A proteomic study of four basaloid carcinomas, four 
large cell carcinomas, three squamous cell carcinomas, 
and three adenocarcinomas was performed. The results 
suggest that basaloid carcinoma represents a unique 
subgroup.80

Conclusion

There is evidence that large cell carcinomas represent a 
molecularly distinct group of tumors among NSCLCs. A 
signifi cant proportion of large cell carcinomas, however, 
have immunohistochemical, cytogenetic, mutational 
(K-ras), and gene expression profi les that overlap with 
adenocarcinomas. These similarities may refl ect a common 
cell of origin. This progenitor cell may have the ability to 
differentiate along several lineages. It is possible that 
large cell carcinomas represent a maturation arrest 
within such a progenitor cell and that this maturation 
arrest can in some instances be overcome, leading to 
tumors with mixed histologies as well as tumors with 
overlapping molecular profi les between the most 
undifferentiated large cell carcinoma and differentiated 
adenocarcinoma.

In the case of LCNEC, while the similarities with SCLC 
have been noted between these two high-grade neuro-
endocrine carcinoma types, there also appears in be an 
overlap with NSCLC in this tumor type. Interestingly, this 
is in keeping with clinicopathologic observations and 
with its classifi cation as an NSCLC. What these similari-
ties with SCLC imply in terms of cell of origin remains 
to be investigated, but an intermediate differentiation 
phenotype between SCLC and NSCLC appears to be a 
possibility.
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Small Cell Carcinoma

Elisabeth Brambilla

Diffuse neuroendocrine hyperplasia is not considered 
a preinvasive lesion for SCLC. It occurs in the setting of 
carcinoid, single or multiple, but has never been shown 
associated with SCLC.

Molecular Pathology

The discussion of molecular pathology is divided into two 
parts: the molecular signature refl ecting cell differentia-
tion with diagnostic potential and the molecular pathol-
ogy related to SCLC pathogenesis.

Signature of Cell Differentiation

The phenotypic traits constitute immunohistochemical 
features that are distinctive of SCLC and are useful in 
the clinical diagnosis. Small cell lung carcinomas com-
monly show all three specifi c neuroendocrine markers: 
chromogranin, synaptophysin, and CD56/neural cell 
adhesion molecule (NCAM). The last one is believed to 
be the most sensitive marker for SCLC.4 Less than 2% 
of SCLCs have none of these three neuroendocrine 
markers, providing adequate sensitivity. Small cell lung 
carcinomas are known for their high mitotic rate, but this 
can be diffi cult sometimes to appreciate because of the 
high level of apoptotic features: necrosis and the density 
of chromatin. In a number of bronchial biopsies with 
crush artifact, Ki-67 may be of great help in demonstrat-
ing that the rate of proliferation is extremely high, ruling 
out the alternative diagnoses of tumorlets, carcinoids, and 
lymphoid aggregates. By defi nition, SCLC is a prolifera-
tion arising from basal bronchial cells and express low-
molecular-weight cytokeratins.

Eighty-fi ve percent of SCLC are positive for thyroid 
transcription factor 1 (TTF-1). According to previous 
studies, only high-grade neuroendocrine carcinomas, and 

Introduction

Small cell carcinoma is defi ned as a malignant epithelial 
tumor consisting of small cells with scant cytoplasm, 
defi ned cytoplasmic border, typical fi nely granular “salt 
and pepper” nuclear chromatin pattern, and inconspicu-
ous or absent nucleoli. Small cell carcinoma is character-
ized by extensive necrosis, a high mitosis rate, and 
conspicuous nuclear molding. The criteria of the defi ni-
tion of small cell carcinoma have not changed from the 
original World Health Organization classifi cation to the 
revised ones.1,2 The defi nition is based essentially on cyto-
logic criteria, and the most discriminating criteria proba-
bly are the chromatin pattern and the very high nuclear 
to cytoplasmic ratio (8 to 9/10) beyond cell size. Fortu-
nately, the defi nition of small cell lung carcinoma (SCLC) 
did not change so that the literature on clinical behavior, 
molecular biology, molecular pathology, and drug sensi-
tivity are still relevant. The only major change between 
the recent and previous classifi cations resides in the 
abandonment of the variant intermediate cell type of oat 
cell carcinoma, essentially because of a lack of clinical 
and therapeutic differences. (It is likely that oat cell lung 
carcinoma was an “artifact” due to poor preservation of 
cells in small biopsy specimens.)

On surgical samples, 28% of SCLCs are combined with 
a variable component of non small cell carcinoma. In this 
chapter, it is recommended that least 10% of the lesion 
be small cell to qualify for SCLC, combined.3

No precursor lesion for SCLC has been recognized 
thus far. When preinvasive lesions are discovered in the 
lung surrounding SCLC surgical samples, they have the 
appearance of squamous dysplasia and carcinoma in situ 
but do not contain neuroendocrine cells. However, 
pagetoid-type migration of small cells arising from the 
tumor may give the impression of preinvasive SCLC. 
Replacement of bronchial epithelium by neuroendocrine 
cells of small size looking like a preinvasive lesion for SCLC 
has occasionally been seen, but this has been very rare.
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not carcinoid, express TTF-1 although this has been 
debated in the literature.5 Expression of TTF-1 in SCLC 
is useful in the differential diagnosis with basaloid carci-
noma from which they are distinguished by TTF-1 and 
the presence of neuroendocrine marker in contrast to 
basaloid carcinomas. The differential diagnosis of an 
SCLC includes other small cell tumors potentially arising 
in the lung and in the thorax, such as primitive neuro-
ectodermal tumors, that are less mitotically active than 
SCLC but also mark for CD99 (MIC2) and not for cyto-
keratin and TTF-1.6,7 Unfortunately, CD99 does not dis-
criminate between SCLC and primitive neuroectodermal 
tumors, as 25% of SCLC express MIC2 according to 
recent studies.8

The Molecular Genetics Alterations Related 
to Small Cell Lung Carcinoma Pathogenesis: 
Proliferation and Progression

Chromosomal Imbalances

Small cell lung carcinomas are invariably aneuploid neo-
plasms, and a more than diploid chromosomal number is 
typical of SCLC. Small cell lung carcinomas are charac-
terized by chromosomal imbalances with a high incidence 
of deletions on chromosome 3p, 4q, 5q, 10q, 13q, and 17p 
along with DNA gains on 3q, 5p, 6p, 8q, 17q, 19q, and 
20q.9,10 Chromosome duplication can be demonstrated in 
the vast majority of SCLCs associated with 3q isochro-
mosome formation. In addition, gain of chromosome 
17q24–q25 is proposed as a potential marker for brain 
metastasis formation.11

The Sonic Hedgehog Pathway

Small cell lung carcinomas express Sonic Hedgehog (Shh) 
at least in cell lines. Sonic Hedgehog binding to its recep-
tor Patch leads to activation of the transcription factor 
Gli1. This signaling pathway is characterized by elabora-
tion and reception of Shh signals in the epithelial com-
partment of stem cells and induces neuroendocrine 
differentiation. This pathway is activated in SCLC and 
involved in the maintenance of the malignant phenotype. 
The Shh pathway may be blocked by the chemical com-
pound cyclopamine (an extract of Veratrum), which also 
blocks cell proliferations.12

Human Achaete-Scute Homolog 1 Expression

Human achaete-scute homolog 1 (hASH1) is a member 
of the basic helix-loop-helix family of transcription factor 
and is known to play a crucial role in neuronal/endocrine 
determination and differentiation in the normal develop-
ment of the nervous system and endodermal endocrine 
cells.13,14 A high level of hASH1 is uniformly present in 

classic SCLC, in non–small cell lung carcinoma (NSCLC) 
with neuroendocrine features, and in bronchial carcinoid 
tumors and cell lines.15 In transgenic mice, hASH1 expres-
sion induces progressive airway hyperplasia and metapla-
sia and increases the tumorigenicity in distal airways. 
However, the resulting tumors are adenocarcinoma 
exhibiting frequent neuroendocrine differentiation but 
not SCLC. In the spectrum of lung neuroendocrine 
tumors, hASH1 has been shown to be virtually absent in 
differentiated typical carcinoids but is expressed in atypi-
cal carcinoids in large cell neuroendocrine carcinoma and 
SCLC.16 No relation has been shown between hASH1 
expression and neural cell adhesion molecule expres-
sion. The data acquired strongly suggest that hASH1 ex-
pression in pulmonary neuroendocrine tumors imitates 
its early and transient expression pattern during dev-
elopment and is instrumental in establishment of the 
neuroendocrine phenotype but not necessary for its 
maintenance.

p53 Pathway Alterations

Mutation of the p53 gene is the most frequent genetic 
abnormality identifi ed in human cancers and is more 
common in SCLC than in NSCLC. p53 mutation occurs 
in 80% of SCLC through missense point mutations that 
increase the half-life of the protein, enabling immunohis-
tochemical detection of a stabilized p53 mutant protein. 
However, 20% of SCLC display atypical mutations such 
as an intronic splicing site mutation leading to unstable 
mRNA and absence of protein expression. Nonstabilized 
p53 mutant forms explain most of the discrepancies 
between mutation detected by sequencing of p53 (80%) 
and overexpression of p53 protein using immunohisto-
chemical determination (70%).17 The frequency, type, 
and pattern of mutation in SCLC is strongly related to 
cigarette smoking, with a high prevalence of G to T 
transversions.

Downstream of the p53 pathway, several target genes 
of p53 are deregulated, the most common being Bcl-2 and 
Bax and their ratio.18,19 Bcl-2 is negatively transcription-
ally regulated by p53, whereas Bax is positively regulated 
by p53. Indeed, upregulation of Bcl-2 (antiapoptotic) and 
downregulation of Bax (inducer of apoptosis) is more 
frequent in SCLC than in NSCLC and refl ects resistance 
to apoptosis in SCLC.

Fas, a member of the tumor necrosis factor (TNF) 
transmembrane protein superfamily, is a transcriptional 
target gene of p53. Upon contact with its ligand (FasL), 
Fas induces apoptosis by way of intracellular signaling 
pathways, including FADD (Fas-associated death domain) 
and caspase-8. Fas pathway alterations leading to resis-
tance to apoptosis have been reported in a wide variety 
of human solid tumors, including lung carcinoma.20,21 The 
loss of cell surface expression of Fas in neuroendocrine 
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lung tumor cell lines correlates with cell resistance to 
Fas-mediated apoptosis in vitro.22 In immunohistochem-
istry studies, Fas expression was low or absent in SCLC 
compared with normal epithelial cells (94% below 
normal, 16% negative). In contrast, FasL, which was 
underexpressed compared with normal in the majority of 
adenocarcinomas and squamous cell carcinomas (70%), 
was strongly overexpressed in 90% of SCLC on frozen 
sections. This strong change in the ratio of Fas to FasL 
(>1 in SCLC) was correlated with the Bax to Bcl-2 ratio 
(<1). FasL overexpression in the context of Fas down-
regulation in SCLC suggests escape from suicidal activa-
tion of tumor cells. This alteration most likely enables 
SCLC cells to induce paracrine killing of Fas-expressing 
cytotoxic T cells, explaining why SCLCs have a paucity 
of a lymphocytic infi ltrate and specifi cally of cytotoxic 
CD8 T cells. Although caspase-8 is reported to be consis-
tently methylated in lung cancer cell lines,23 the caspase-
8–independent cell death pathway via receptor-interacting 
protein kinase is proposed as an effector molecule of 
Fas-derived apoptosis.24

Retinoblastoma Alterations in Lung Cancer

Downstream from the p53 pathway, retinoblastoma (Rb) 
is the main effector of the cell cycle checkpoint at G1, 
according to its phosphorylation state, which is regulated 
partially by p53. Indeed, one of the main p53 target genes, 
p21, is a cyclin-dependent kinase (Cdk) inhibitor that 
prevents Rb phosphorylation (allowing G1 arrest) and 
inactivation of Rb function, an essential step in SCLC 
carcinogenesis. G1 arrest is achieved by the hypophos-
phorylated form of Rb, which binds E2F1 and represses 
its transcriptional activities. Cyclin D1 in complex with 
Cdk4 and Cdk6 achieves phosphorylation of Rb with 
release of E2F1 transcription followed by G1 to S transi-
tion. In tumors, Rb loss, cyclin D1 overexpression, and 
loss of Cdk4 inhibitors (p16INK4) induces persistent Rb, 
resulting in evasion of cell cycle checkpoint G1. The most 
dramatic alteration is Rb loss, which is characteristic of 
SCLC.25–27

The mechanism of Rb gene activation in SCLC (82%–
100%) is poorly understood. Mutations have been 
described in SCLC lines and less frequently in tumors.28 
Only 25% of mutations in SCLC tumors in exons 13–18 
or 20–24 of the Rb gene were detected, and reverse tran-
scriptase polymerase chain reaction analysis revealed a 
low level or absence of Rb mRNA in 58% without meth-
ylation of the CpG island in the 5′ end of the Rb gene. In 
lung carcinoma there is a strong inverse relationship 
between Rb and p16 in SCLC (p < 0.001) as well as a 
direct relationship between cyclin D1 and Rb (p < 0.001), 
showing that Rb is the major targeted pathway of cell 
cycle regulation. In NSCLC the alternative mechanism of 
Rb loss is via Rb hyperphosphorylation through p16 loss 

or cyclin D1 overexpression.29–31 Intact Rb protein expres-
sion occurs in only 10% of SCLC. Cyclin D1 overexpres-
sion occurs in only 1.3% of SCLC and p16 loss in 7% of 
SCLC.32 In contrast, cyclin E overexpression may be seen 
more frequently in SCLC (30%–40%) with concomitant 
Rb loss (personal observation).

Alteration of Upstream Regulators of p53: 
p14ARF and MDM2

p14ARF was previously known to mediate the p53/MDM2–
dependent cell cycle checkpoint in response to oncogenic 
hyperproliferative signals.33 We and others have recently 
identifi ed a new p53- and/or MDM2-independent func-
tion of p14ARF.34–36 In light of these data, it is now recog-
nized that p14ARF can delay cell cycle progression and 
induce apoptosis in a p53-dependent as well as a p53-
independent manner. Evidence was recently provided 
that p14ARF activates both ATM/ATR and Chk1/Chk2 
kinases to trigger its antiproliferative function via G2 
arrest, regardless of the p53 status by an original mecha-
nism requiring the histone acetylase Tip60.37 Consistent 
with p14 function independent of the pP53 pathway, we 
have observed the concomitant inactivation of p14 and 
p53 in 40% of high-grade neuroendocrine lung tumors, 
especially SCLC.38 Indeed, we demonstrated lack of 
p14ARF protein expression in 60% of SCLC on frozen 
section with polyclonal homemade antibody. A reevalu-
ation of p14 loss in SCLC with a commercial antibody 
yielded a 40% loss of p14. We recently documented the 
role of p14ARF in response to DNA damage through acti-
vation of ATM/ATR leading to Chk2 phosphorylation.39 
A mutual exclusion between p14ARF loss and lack of Chk2 
phosphorylation (p < 0.003) and a mutual exclusion 
between p14ARF loss and/or Chk2 loss (p < 0.0006) was 
found.

MDM2, initially identifi ed as an amplifi ed gene on a 
murine double minute chromosome, is a transcriptional 
target of p53. MDM2 also antagonizes p53-dependent 
transcriptional activities by directly binding its N-
terminal region.40–42 Furthermore, MDM2 can promote 
the degradation of p53, acting as an ubiquitin-protein 
ligase to ubiquitinate p5343 and triggering its nuclear 
export and degradation by cytoplasmic proteasome. The 
inhibitory effect of MDM2 toward p53 is counteracted by 
human p14ARF. Direct binding of p14ARF to MDM2 inhib-
its p53 degradation by blocking p53–MDM2 nuclear 
export,44 sequestration of MDM2 into the nucleolus,45 
and inhibition of its ubiquitin ligase activity. So doing, 
p14ARF prevents the negative feedback regulation of p53 
by MDM2.

Conversely, high levels of MDM2 allow relocalization 
of endogenous p14ARF from nucleolus to nucleoplasm, 
suggesting that a balance between both proteins’ levels 
and their respective subcellular locations is important to 
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regulate their effects. Abnormalities of MDM2 expres-
sion have been reported in human tumors, especially 
in sarcomas.46 With immunohistochemistry and western 
blotting to detect the various MDM2 isoforms, one of the 
isoforms of MDM2 was overexpressed in 31% of all 
neuroendocrine lung tumors and in 30% of SCLCs 
with a strong mutual exclusion of p14 loss of expression 
(p < 0.0001). Furthermore the MDM2:p14 >1 ratio was 
correlated with a high-grade phenotype among neuro-
endocrine tumors overexpressing MDM2 (p = 0.002), 
suggesting that MDM2 overexpression and p14ARF are 
exclusive of each other and act on common pathways to 
regulate p53- and/or Rb-dependent or -independent 
functions. Indeed, MDM2 is at the crossroad of p53 and 
Rb function. Interaction of MDM2 with Rb inhibit growth 
regularly function of Rb through an unknown mecha-
nism. Therefore, MDM2 overexpression and/or p14 loss 
in SCLC disrupt both p53 and Rb functions and allow for 
consistent inactivation of the p53/Rb pathway in SCLC 
with evasion of G1 and G2 arrest.

E2F1 Overexpression

The transcription factor E2F1 is a key component of the 
cell cycle that acts to transactivate genes required for S 
phase, entry such as DNA polymerase-a, thymidine kinase, 
dihydrofolate reductase, methylmalonyl-CoA mutase, 
Cdc6, cyclin A, cyclin E, Cdc2, c-Myc, and E2F1 itself. 
E2F1 is potentially implicated in human carcinogenesis 
and is released by pRb phosphorylation. A distinct pattern 
of E2F1 expression in human NSCLC and SCLC has 
been demonstrated.47 As determined with both immuno-
histochemistry and Northern blot analysis, E2F1 product 
is overexpressed in 92% of SCLCs and is undetectable in 
90% of NSCLCs. Although no amplifi cation was found, 
there is a strong increase in E2F1 mRNA expression and 
protein upregulation with nuclear accumulation as well 
as overexpression of E2F1 target genes. E2F1 overex-
pression in high-grade neuroendocrine lung tumors (large 
cell neuroendocrine carcinoma and SCLC) is associated 
with a high Ki-67 index and a Bcl-2:Bax ratio >1. E2F1 
upregulation in SCLC is probably responsible for an 
unexpected cyclin E upregulation in SCLC in the context 
of Rb loss, because cyclin E is one of the transcription 
targets of E2F1.47

Chromosome 3p Deletion

Most SCLCs as well as the majority of squamous cell 
carcinomas demonstrates large 3p segments of allelic loss. 
These regions are gene rich, and the genes identifi ed with 
loss of heterozygosity are potential tumor suppressor 
genes. Putative tumors genes have been identifi ed at four 
widely separated regions on the chromosome arms sus-
ceptible for LOH: 3p12.13 (ROBO1/DUTT1), 3p14.2 

(FHIT), 3p21.3 (RASSF1, Fus1, SEMA3B, SEMA3F, b-
catenin), and 3p24.6 (VHL, RARb).48

Interestingly, the FHIT gene is downregulated with 
loss of protein expression in more than 80% of SCLCs.49 
The FHIT gene is involved in regulation of apoptosis and 
in cell cycle control.50 Loss of FHIT function therefore 
results in proliferation in SCLC. It is probably SEMA3F 
(class 3 semaphorin) that causes the most frequent altera-
tions in lung cancer and especially in SCLC with regard 
to lack of function of candidate tumor suppressor genes 
on 3p deletion sites. Of the tumor suppressor genes 
present on 3p21.3, RASSF1 and SEMA3B are candidate 
tumor suppressor genes. Indeed, RASSF1 (Ras-associ-
ated domain family 1A) is frequently inactivated in lung 
cancer by methylation, and particularly in 90% of SCLC, 
and has growth suppressive and antitumorigenesis prop-
erties on lung cancer cell lines.51,52 RASSF1 has been 
shown to interfere with cell cycle progression through 
interaction with the Rb pathway. Another member of 
semaphorin family, SEMA3B, is present on 3p21 and is a 
potential tumor suppressor gene. Methylation of SEMA3B 
promoter has been found in NSCLC but not in SCLC. 
Another candidate tumor suppressor gene on 3p is RARb 
at 3p24.26 Retinoic acid plays an important role in lung 
development and differentiation through its interaction 
with retinoid nuclear receptors encoded by the RARb 
gene and others such as RAR-XR. Epigenetic inactiva-
tion by methylation of RAR-XR has been reported in 
72% of SCLCs.53

Telomerase Expression

Telomeres, which represent the ends of the eukaryotic 
chromosomes, shorten at each cell division. Telomere 
shortening leads to chromosome degradation, end fusion, 
and cellular senescence and acts as a mitotic clock. In 
germline cells as well as in tumor cells, telomerase, a 
ribonucleoprotein complex composed of a reverse tran-
scriptase catalytic subunit (hTERT), synthesizes telo-
meric DNA, allowing cells to proliferate indefi nitely.54 
The hTERT synthesizes telomeric DNA by copying a 
template region of an RNA subunit (hTERC), hTERC 
being the only limiting factor. Expression of hTERT is 
confi ned to cells expressing telomerase activity. This can 
be evaluated by a sensitive polymerase chain reaction–
based telomere repeat amplifi cation protocol (TRAP 
assay), hTERT mRNA can be detected by in situ hybrid-
ization or reverse transcriptase polymerase chain reac-
tion, and telomerase (hTERT level) relies on Western 
blot or immunohistochemistry using a specifi c antibody 
(44F12 from Novocastra).55 Almost all SCLCs display 
substantial telomerase activity.56–59 Consistent expression 
of hTERT using 44F12 monoclonal antibody was found 
in SCLC in complete concordance with in situ hybridiza-
tion and TRAP results. In contrast to some nuclear stain-
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ing occurring in a portion of NSCLCs, hTERT always 
displays a diffuse intense nuclear staining in SCLCs.

Angiogenic Factors

Vascular endothelial growth factor (VEGF) is a key 
factor of tumor angiogenesis and is upregulated in numer-
ous benign and malignant tumors. The effect of VEGF165 
is mediated by two tyrosine kinase receptors : VEGF-R1 
(Flt-1) and VEGF-R2 (KDR/Flk-1). The prevailing 
concept is that VEGF is secreted by tumor cells, whereas 
its receptors are expressed by endothelial cells enhancing 
cell proliferation and migration in a paracrine manner. 
However, this dogma of VEGF secretions by tumor cells 
entirely devoted to tumor angiogenesis has been ruled 
out. The receptors VEGF-R1 and VEGF-R2 are also 
expressed on tumor cells as well as accessory important 
VEGF receptors.

The discovery of two coreceptors of VEGF-KDR, neu-
ropilin 1 (NP1) and neuropilin 2 (NP2), which were ini-
tially identifi ed in neuronal cells and on endothelial cells 
and expressed in a number of tumor cells of different 
origin (breast, prostate, and lung), suggest that VEGF 
might be involved in an autocrine loop directly or through 
its neuropilin receptors. Several tumor cells, including 
lung cancer cells, express VEGF-R1 and VEGF-R260,61 
and NP1 and NP262 as well as demonstrate the role of 
VEGF-R1 and VEGF-R2 in normal lung development 
and notably in alveolar epithelial cells maturation.63

Another ligand of neuropilin, an antagonist to VEGF, 
is SEMA3F. SEMA3F was previously isolated in SCLC 
cell lines from recurring homozygous deletion at 3p21.3, 
a region that also undergoes loss of heterozygosity in lung 
tumors, with a very high frequency in SCLCs. SEMA3F 
binds both NP1 and NP2 and shares these receptors with 
VEGF165 in endothelial and tumor cells. Competition 
between SEMA3A and VEGF165 has been demonstrated 
in vitro, suggesting SEMA3F and VEGF competition for 
binding to a common receptor. Loss of SEMA3F and gain 
of VEGF would confer a growth advantage to tumors. 
Recently a proapoptotic role and an antimigration role 
of SEMA3F were demonstrated.64 SEMA3F was nega-
tive or delocalized from membrane (normal localization) 
to cytoplasm in all SCLCs studied. Therefore, SEMA3F 
plays an important role in cell adhesion and apoptosis, 
and its loss in SCLC is appears to be signifi cant and con-
tributory in its pathogenesis.

Cadherin–Catenin Complex Proteins

The invasive growth of tumor cells and the tendency to 
early metastasis are major impediments to curative surgi-
cal resection of SCLC. Among the transmembrane glyco-
proteins, E-cadherin, a member of the cadherin family 
that mediates homotypic calcium-dependent cell–cell 

adhesion, plays a critical role in carcinogenesis and in 
tumor invasion. β-Catenin is a cytoplasmic protein that 
interacts directly with E-cadherin and links this molecule 
to the actin cytoskeleton via α-catenin. The full adhesive 
function of E-cadherin depends therefore on the integrity 
of the entire E-cadherin/catenin/actin network. Not only 
may E-cadherin downregulation decrease differentiation 
and increase tumor aggressiveness and metastasis, but 
also free cytoplasmic β-catenin can enter the nucleus and 
function as transcriptional activator with activating TCF/
LEF (T-cell factor/lymphoid enhancer factor) target 
genes such as Myc and cyclin D1. E-cadherin and β-
catenin losses have been associated with a poor survival 
in NSCLC. A study of the E-cadherin–β-catenin complex 
in neuroendocrine lung tumors showed that impaired 
expression of E-cadherin and β-catenin was observed 
with a higher frequency in high-grade neuroendocrine 
tumors (90 %). β-Catenin nuclear staining was not found 
in SCLC in contrast with β-catenin activation in colorec-
tal carcinogenesis.65–67 Interestingly, the β-catenin gene 
maps at a classic site for 3p deletion in SCLC, 3p21.3, 
consistent with its tumor suppressor function rather than 
oncogene function.

Tyrosine-Kinase Growth Factor 
and Receptors

Tyrosine-kinase receptors are key molecules in normal 
cellular differentiation, and they are commonly deregu-
lated or mutated in human cancers and represent attrac-
tive molecular targets for alternative therapies using 
effective and safe selective inhibitors.68 The Kit receptor 
tyrosine kinase is a transmembrane type III tyrosine 
kinase encoded by the c-Kit gene and with high homology 
with platelet-derived growth factor (PDGF) receptor.68–73 
When inactivated, Kit and PDGF receptors promote a 
cascade of intracytoplasmic signals leading to cell growth 
in several cell lines.

Tamborini et al. recently discovered an autocrine loop 
between Kit overexpression and phosphorylation in 
the cerebrospinal fl uid in SCLC. 74 Very little has been 
reported about PDGF and relevant receptors in tumor 
cells of SCLC. Met, the product of the protooncogene 
c-Met, is a tyrosine kinase receptor intimately involved in 
epithelial/mesenchymal transition and interaction. Aber-
rant Met activation through binding with a high-affi nity 
ligand hepatocyte growth factor/scatter factor or through 
autophosphorylation as a result of c-Met mutation pro-
vokes a cytoplasmic signal cascade resulting in activation 
of multiple signal transducers, including phosphatidylino-
sitol-3 kinase, signal transducers and activators of tran-
scriptions, extracellular signal-regulated kinases 1 and 2, 
focal adhesion kinase, and phospholipase C-γ.75–77 The 
hepatocyte growth factor/Met pathway is functional in 
SCLC and could be opposed by chemical compounds 
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such as Geldanamycin to induce apoptosis by inter-
ference with Met.78 Recently the presence of c-Met muta-
tions on the juxtamembrane domain of SCLC cell lines 
and tumor tissues was demonstrated.79 Signaling through 
the hepatocyte growth factor/Met pathway has been 
shown to lead to tumor growth angiogenesis and to the 
development of an invasive phenotype in several malig-
nancies, thus having a defi nitive role in SCLC oncogene-
sis for which clinical investigations based on tyrosine 
kinase receptor inhibitors have been promising.78,80–85
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noids are closely related whether or not LCNEC strongly 
mimics SCLC (see Chapter 25).

No precursor lesion has been acknowledged and rec-
ognized for SCLC and LCNEC. Carcinoids may arise in 
the context of diffuse idiopathic pulmonary neuroendo-
crine hyperplasia, believed to be a precursor or predis-
posing background.

Histopathologic Defi nitions

Carcinoid tumors are characterized by organoid growth 
patterns suggesting neuroendocrine differentiation. 
Tumor cells are uniform and have a fi nely eosinophilic 
granular cytoplasm and nuclei with a regularly granu-
lated chromatin pattern. Typical carcinoid is character-
ized by fewer than 2 mitoses per 2 mm2 and lack necrosis; 
atypical carcinoid is characterized by 2–10 mitoses per 
2 mm2 and/or foci of necrosis. Thus, the distinction between 
typical and atypical carcinoids relies on objective criteria 
of mitoses and necrosis.

Large cell neuroendocrine carcinoma is a variant of 
large cell carcinoma characterized by proliferation of 
large cells with low nuclear to cytoplasmic ratio that have 
histologic features suggesting neuroendocrine differenti-
ation, such as organoid nesting pattern, trabecular growth, 
rosettes, and perilobular palisading.1,5 The tumor is made 
of large cells with abundant cytoplasm, the nuclear chro-
matin is granular and sometimes vesicular, and the nucle-
oli are frequently prominent. The mitotic count is typically 
more than 11 per 2 mm2, which allows the differential 
diagnosis with atypical carcinoids (which have a lower 
mitotic count), and large zones of necrosis are common 
in contrast to focal necrosis in atypical carcinoids. The 
demonstration of at least one well-documented and 
obvious neuroendocrine differentiation marker is 
required for the diagnosis of LCNEC. The specifi c neu-
roendocrine markers are chromogranin, synaptophysin, 
and CD56/neural cell adhesion molecule.6 It is stressed 

Introduction

Neuroendocrine lung tumors are usually classifi ed into 
four histologic types that were shifted in the World Health 
Organization classifi cation into three entities: small cell 
lung carcinoma (SCLC), large cell neuroendocrine carci-
noma (LCNEC), and carcinoids (typical and atypical).1,2 
This subset of tumors shares morphologic, ultrastructural, 
immunohistochemical, and molecular characteristics. The 
four main types neuroendocrine lung tumors show 
varying degrees of neuroendocrine morphologic features, 
and they behave according to three grades of clinical 
aggressivity, the low-grade typical carcinoids, the inter-
mediate-grade atypical carcinoids, and the high-grade 
LCNECs and SCLCs, which share many features includ-
ing epidemiologic growth factor and oncogenic pathways. 
However, the concept of a continuous spectrum from 
carcinoid to SCLC has no other scientifi c basis than a 
common neuroendocrine differentiation.

There is increasing evidence that typical carcinoids and 
atypical carcinoids are closely related to each other, 
whereas LCNECs and SCLCs are very close entities. Epi-
demiologically, patients with typical and atypical carci-
noids are signifi cantly younger than those with SCLCs 
and LCNECs. Within the high-grade neuroendocrine 
tumors, LCNECs and SCLCs are morphologically dis-
tinct, but this is their main difference because chemo-
therapy used for SCLC has been recently shown effective 
in LCNEC. Clinically, approximately 20%–40% of 
patients with typical and atypical carcinoids are non-
smokers, and virtually all patients with LCNEC are heavy 
cigarette smokers. Patients with the hereditary disease 
multiple endocrine neoplasia type 1 (MEN1) are prone 
to the development of carcinoids more often atypical. The 
same applies for the sporadic somatic mutation of MEN1, 
which has been described in atypical carcinoids3 A large 
mutation analysis of the MEN1 gene did not show any 
mutation in SCLC and LCNEC.4 According to genetic 
and epigenetic abnormalities, typical and atypical carci-
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that these neuroendocrine markers are necessary for 
diagnosis of only LCNECs, not for diagnosis of carcinoids 
and SCLCs.

Molecular Pathology: 
Differentiation Signs

Carcinoids typically display all neuroendocrine markers. 
Most carcinoid tumors stain for cytokeratin, and the 
patchy globular Golgi pattern is frequent. All carcinoid 
tumors express neurofi laments of low and high molecular 
weights. The neuroendocrine markers chromogranin, syn-
aptophysin, Leu-7 (CD57), and neural cell adhesion 
molecule (CD56) are strongly positive.7 Besides regular 
cytokeratin expression, expressions of cytokeratins 1, 5, 
10, and 14 collectively represented in the 34βE12 anti-
body, which is typical of NSCLC, are typically negative 
in both carcinoids and LCNEC. In contrast, combined 
LCNECs, which represent 30% of LCNECs and are char-
acterized by a mixture of any combination of LCNEC 
components and a conventional NSCLC, express cyto-
keratins 1, 5, 10, and 14 (revealed by 34βE12) in their 
NSCLC-associated component. Sustentacular cells, which 
are S100 positive as they are seen in paraganglioma, are 
present in half the carcinoids. Varying results have been 
observed for thyroid transcription factor 1 (TTF-1) 
expression in carcinoids. We strongly support the absence 
of TTF-1 expression in proximal carcinoids, typical or 
atypical, although this concept is not completely clear for 
the moment and debate is still open.8,9

It is important to realize that entrapped normal alveolar 
type II cells strongly express TTF-1, unlike carcinoids. In 
addition, sclerosing hemangioma, which enters in the dif-
ferential diagnosis of carcinoids, expresses TTF-1.9–11 In 
carcinoids and in LCNECs, CD99/MIC2 is often posi-
tive.12,13 In contrast with absence of TTF-1 in carcinoids, 
about 50% of LCNECs express TTF-1 with a typical nuclear 
pattern that is of great help for their distinction from basa-
loid carcinoma, which do not express TTF-1.10,14,15

Molecular Alterations Refl ecting 
Malignant Proliferation

The molecular alterations discussed here are the ones 
believed to drive proliferation and malignancy in neuro-
endocrine tumors other than SCLC.

Carcinoids (Typical and Atypical)

Somatic Genetics: Cytogenetics and 
Comparative Genomic Hybridization

An imbalance in gene copy number is relatively rare in car-
cinoids compared with high-grade neuroendocrine tumors. 

Allelic loss of the 11p13 locus of MEN1 occurs not only in 
the carcinoids in the context of MEN1 disease but also as a 
sporadic genetic event in nonfamilial carcinoid tumors. 
The same feature is encountered in gastrointestinal carci-
noids. The MEN1 gene encodes the protein menin,3,16 which 
is believed to act as a tumor suppressor protein in the JunD 
activation pathway. According to comparative genomic 
hybridization studies, loss of 11p13 material occurs in 0%–
50% of typical carcinoids and in 50%–70% of atypical car-
cinoids.17,18 Atypical carcinoids, but not typical carcinoids, 
may display loss of 10q and 13q material.18

Loss of heterozygosity in high-grade neuroendocrine 
carcinoma occurs at 3p ( involving fi ve candidate tumor 
suppressor genes), 13q (location of the retinoblastoma 
[Rb] gene), 9p21 (p16), and 17p (p53) and are rare in 
typical carcinoids but more frequent in atypical carci-
noids, although at a lower rate than in SCLCs.16 Loss of 
heterozygosity at 3p14.2 and 21.3 has been found in 40% 
of atypical carcinomas with a signifi cantly lower rate than 
in NSCLC or the high-grade neuroendocrine tumors 
LCNEC and SCLC. Loss of heterozygosity at 13q14 
(location of the Rb gene) is exceptional in typical carci-
noids but may occur in 20% of atypical carcinoids.19

p53 Pathway Alterations

Mutations of p53 are extremely rare in typical carcinoids 
and occur in about 10% of atypical carcinoids.20,21 The p53 
mutation seen in atypical carcinoids is of an unusual type 
(G:C to A:T transition or nonsense mutations rather than 
G:T transversion).16 Accordingly, aberrant p53 over-
expression refl ecting a p53 mutation and stabilization 
detected by immunohistochemistry have not been 
reported in carcinoids or in atypical carcinoids.20

Downstream alterations of the target genes of p53 are 
typically absent in carcinoids, with no deregulation of the 
Bcl-2:Bax ratio. Carcinoids are characterized by a low 
level of Bcl-2 and a high level of Bax.

The Retinoblastoma Pathway

Retinoblastoma inactivation and loss are typical of high-
grade neuroendocrine tumors. In contrast, typical carci-
noids retain Rb expression and 20% of atypical carcinoids 
show loss of Rb expression compared with internal con-
trols (normal epithelial cells, fi broblasts, and endothelial 
cells). In carcinoids displaying Rb loss, cytokine-
dependent kinase inhibitor p16INK4 loss and/or cyclin D1 
upregulation may be observed. These two abnormalities 
are found in less than 10% of typical carcinoids and a in 
maximum of 30% of atypical carcinoids.19 A mutual 
exclusion between Rb loss and p16/cyclin D1 alterations 
is observed in these low-grade neuroendocrine tumors, 
showing that cyclin D1 and p16 coordinate the level of 
Rb phosphorylation and loss of control of G1 arrest. In 
contrast, cyclin E overexpression, which is observed in 
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25% of typical carcinoids and 40% of atypical carcinoids, 
may be concomitant with Rb loss, suggesting that cyclin 
E participates in phosphorylation of targets other than 
Rb or carries other functions independent of Rb in G1 
arrest and cell cycle control.

Upstream p53 Pathway Alterations

The p14ARF protein is a member of the p53 pathway and 
functions independent of p53. In response to oncogenic 
stimuli and DNA damage, p14ARF sequesters MDM2 in 
the nucleoli, preventing p53/MDM2-dependent proteoly-
sis, allowing its function in cell cycle arrest and/or apop-
tosis. Expression of the p14ARF protein, which is lost in 
40% of atypical carcinoids and in SCLC, is lost in only 
5% of typical carcinoids.22 Abnormalities of MDM2 have 
been rarely reported in carcinoids.23 Thirty percent of 
carcinoids (typical and atypical) show overexpression of 
MDM2 compared with normal epithelial cells.

In carcinoids as well as in other neuroendocrine tumors, 
MDM2 overexpression and p14 loss are inversely corre-
lated (p < 0.0001),23 suggesting that the MDM2:p14ARF 
ratio acts as a rheostat in modulating the activity and 
function of both downstream tumor suppressor genes p53 
and Rb.

The Fas Pathway of Apoptosis

Fas (CD95) is another p53 transcriptional target gene 
strongly downregulated in all types of neuroendocrine 
lung tumors, whereas overexpression of its ligand FasL 
is characteristic of SCLC. In carcinoids, low Fas expres-
sion is seen in 80% of the cases as compared to normal 
basal epithelial cells. No evidence has been provided of 
whether normal bronchial neuroendocrine cells express 
Fas and Fas ligand (FasL). Carcinoid tumors express 
FasL in 40% of the cases.

A downstream effector of the Fas/FasL pathway of 
apoptosis is caspase-8, which is located on chromosome 
2q33 and is frequently lost and but sometimes methylated 
in SCLC cell lines. Caspase-8 was shown to be silenced 
by methylation in 18% of bronchial carcinoids (7/40 
cases) and in the vast majority of SCLC.. Fas abrogation 
of the tumor necrosis factor receptor pathway may also 
be present in carcinoids.24

Telomerase Inactivation

Several recent studies have reported telomere activity 
and telomere lengths in carcinoids compared with other 
neuroendocrine lung tumors.25,26 Typical carcinoids as 
well as atypical carcinoids show telomerase activation 
and present with long telomeres.26 We could confi rm that 
only 20% of typical and atypical carcinoids show telom-
erase activation using immunohistochemistry (personal 
data, S. Lantuejoul 2006, submitted).

Angiogenic Factors, Growth Factors, 
and Migration Factors

Twenty-fi ve percent of carcinoids express high levels of 
vascular endothelial growth factor (VEGF) as do normal 
neuroendocrine cells in the lung.27 A ligand of VEGF 
receptor 2, SEMA3F, is expressed at intermediate or high 
levels in carcinoids, in contrast to its loss in high-grade 
neuroendocrine tumors. In addition, the vast majority 
express SEMA3F at the normal membrane location, so 
that the ratio of SEMA3F to VEGF, two competitive 
ligands of VEGF receptor 2, is quite normal in carci-
noids.28 The majority of typical and atypical carcinoids 
(54% and 81%) express intermediate or low levels of the 
two coreceptors of VEGF receptor 2 neuropilins 1 (NP1) 
and 2 (NP2). Levels of NP1 and NP2 are signifi cantly 
lower in all histological types of neuroendocrine lung 
tumors, including high grade and low grade, when com-
pared with NSCLCs.

The VEGF/SEMA3F/NP pathway appears to be char-
acterized by the preservation of SEMA3F expression in 
carcinoid tumors in favor of low level of invasiveness of 
this tumor type and by a reasonable conservation of 
apoptosis. Indeed, recent studies indicate that SEMA3F 
suppressed tumor formation and tumor migration in mice 
and reduced apoptosis.29 The balance between SEMA3F 
and VEGF predicts a low cell mobility and preserved 
apoptotic process in low-grade neuroendocrine tumors.

The tyrosine kinase pathway represented by c-Kit, 
c-Met, and platelet-derived growth factor is rarely acti-
vated in carcinoids. The adhesion molecule complex 
E-cadherin–β-catenin has been reported recently.30 The 
vast majority of carcinoids maintain a normal E-cadherin 
and β-catenin expression with membranous pattern, 
although 30% of carcinoids show impairment of one of 
these molecule (loss or cytoplasmic delocalization). This 
is in agreement with a single previous study of E-cadherin 
expression in neuroendocrine tumors including 12 carci-
noids.31 It should be noted that half of carcinoids have a 
dissociated expression between β-catenin preserved and 
membranous and impaired cytoplasmic delocalization of 
E-cadherin. Similar results have been reported in gastro-
intestinal tumors.32 β-Catenin nuclear expression has not 
been shown in carcinoids. Also interesting is that impaired 
E-cadherin expression correlated with extensive disease 
in typical and atypical carcinoids. The E-cadherin expres-
sion pattern in neuroendocrine tumors may indicate 
aggressiveness.

Large Cell Neuroendocrine Carcinoma

Somatic Genetics: Cytogenetics and 
Comparative Genomic Hybridization

Large cell neuroendocrine carcinomas demonstrate very 
similar chromosomal imbalances to those found in 
SCLC,17,33,34 including frequent 3p deletions.
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Molecular Pathology: The p53 and 
Retinoblastoma Pathways

Large cell neuroendocrine carcinomas share genetic 
alterations commonly seen in SCLC: a high rate of p53 
mutation,16,20,21,35,36 Bcl-2 overexpression with Bax down-
regulation,20 and a high telomerase activity. However, 
lower frequencies of loss of Rb protein expression and of 
E2F1 overexpression are observed in LCNEC than in 
SCLC.37,38 Loss of p14ARF occurs with the same frequency 
of 40% as in SCLC. E2F1 is abnormally overexpressed in 
50% of LCNECs compared with 80% of SCLCs and 
none in carcinoids. Retinoblastoma loss is less frequent 
in LCNEC (68%) than in SCLC (78%).19 p16 is lost in 
20% of LCNEC, and cyclin D1 is overexpressed in 10% 
of them. All together, 35% of LCNEC retaining Rb 
expression have cytokine-dependent kinase inhibitor 
p16INK4 loss and/or cyclin D1 upregulation.

Cyclin E overexpression is similar in LCNEC than in 
SCLC (50%) and can be seen concomitantly with Rb loss. 
This might be the result of E2F1 upregulation, which is 
observed in 50% of the cases, unlike NSCLC, in which it 
is undetectable. Indeed, one of the E2F1-related tran-
scriptional targets is cyclin E. Consequently cyclin E 
overexpression closely correlates with upregulated E2F1. 
A high level of MDM2 is observed in about 30% of 
LCNECs with an inverse relation between MDM2 over-
expression and p14 loss.23 Both alterations of MDM2 
overexpression and Rb loss can be seen concurrently 
in high-grade neuroendocrine carcinomas, especially 
LCNEC. Upstream to p53, MDM2 and p14 display the 
same picture in LCNEC and in SCLC. Downstream to 
p53, and at the level of G1 arrest, the only difference 
between them resides in the higher frequency of Rb 
expression maintenance in LCNEC than SCLC.

Apoptotic Factors

Bcl-2 is an antiapoptotic protein in the downstream 
pathway transcriptionally inhibited by p53 and is acti-
vated with a high frequency in LCNEC and in SCLC. 
Ninety percent of LCNEC have a high expression of 
Bcl-2 (score >50) and a low Bax expression (score < 50) 
with a Bcl-2:Bax ratio >1. In this regard, LCNEC also 
imitates SCLC.

Fas and Fas Ligand

Fas, another targeted gene for positive transcription by 
p53, has been studied in a small series of LCNEC.39 Large 
cell neuroendocrine carcinomas have a strong downregu-
lation of Fas and a very low Fas expression score com-
pared with normal lung tissue, and half of them are 
completely negative. The Fas ligand was found to be 
upregulated in 40% of the cases with a high level result-

ing in the vast majority (95%) having a Fas:FasL ratio of 
<1, the same frequency as SCLC. Actually, the Fas:FasL 
score ratio was quite constantly low as was the Bax:Bcl2 
score ratio. This refl ects a strong downregulation of apop-
tosis in LCNEC mitochondrial as well as death receptor 
pathways.

Angiogenic Factors

A small number of cases have been studied for VEGF, 
semaphorin, and neuropilin expression in LCNEC and 
showed overexpression of VEGF in all cases, loss of 
SEMA3F in 40%, and increased expression of NP1 and 
NP2 compared with normal epithelial cells in 70% and 
90%, respectively. In this regard, LCNECs show the same 
pattern of moderate expression of VEGF and neuropilins 
as SCLCs.

Growth Factors and Receptors

Tyrosine kinase receptors and related growth factors in 
LCNEC were studied in a large series of LCNEC.40 Plate-
let-derived growth factor receptor-β (PDGF-Rβ) was 
strongly expressed in 80% of LCNECs, c-Kit in 63%, 
PDGF-Rα in 60%, Met in 47%, and scatter factor in 56%. 
Interestingly, the only prognostic factor in LCNEC was 
Met expression, which signifi cantly correlated with overall 
survival (p = 0.03). There was no mutation observed in 
Met or tyrosine kinase receptor–positive LCNECs. Met-
positive LCNEC patients who underwent NSCLC-based 
adjuvant chemotherapy had the worst overall survival 
(p < 0.0001). This disadvantage for survival for chemo-
therapy-treated patients was maintained in a Cox analysis 
(p = 0.01). The most important positive survival variable 
was the SCLC-based chemotherapy for LCNEC.

Adhesion Molecule of 
E-Cadherin–b-Catenin Complex

Two pertinent studies were performed for LCNEC.30,41 
Eighty-four percent of LCNECs had impaired E-
cadherin staining (loss of membranous staining and/or 
aberrant cytoplasmic staining), and 73% had impaired 
β-catenin expression, so the vast majority of LCNECs 
have lost the normal expression of this adhesion molecule 
complex. The correlation between these impairments 
(p = 0.01) was strong. The one case was detected with 
β-catenin nuclear staining in contrast with the previous 
study using electron microscopy. No β-catenin or E-
cadherin mutation was detected in LCNEC. The patterns 
of E-cadherin and β-catenin expression are common in 
LCNECs and SCLCs, implying that E-cadherin and 
β-catenin adhesion complex deregulation plays a role in 
the pathogenesis of these high-grade neuroendocrine 
tumors. Correlations between impaired E-cadherin and 
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extended stage III–IV (p = 0.04) and between impaired 
E-cadherin and the presence of nodal metastasis (p = 
0.01) have been shown in LNECs.30

Diffuse Idiopathic Pulmonary 
Neuroendocrine Cell Hyperplasia 
and Tumorlets

Tumorlets are defi ned as microscopic peribronchiolar 
nodular aggregates of uniform, round, oval, or spindle-
shaped cells with a moderate amount of cytoplasm and a 
morphology similar to the cells of carcinoid tumors 
(according to the World Health Organization 1999 defi ni-
tion). These are most of the time multiple and found in 
fi brosed lung, such as in tuberculosis and bronchiectasis, 
and around scars. The differential diagnosis between 
tumorlets (<0.5 cm diameter) and carcinoids (≥0.5 cm 
diameter) is arbitrary. Most of the tumorlets encountered 
in scarred lung are sporadic and not considered as 
primary.

The rare idiopathic form of diffuse pulmonary neuro-
endocrine cell hyperplasia (diffuse idiopathic pulmonary 
neuroendocrine cell hyperplasia) occurs when the tumor-
lets are frequent and multiple in the lung. In the idio-
pathic form, the tumorlets have the same histologic 
appearance, are marked consistently with the neuro-
endocrine markers and cytokeratins, and express the 
same profi le as carcinoid tumors, including expression of 
ASH1 and absence of TTF-1. Thyroid transcription factor 
1 has been shown as absent in large series of tumorlets,10 
although this fi nding is controversial. There has been no 
genetic study of tumorlets and other hyperplastic neuro-
endocrine conditions.

Diffuse idiopathic pulmonary neuroendocrine cell 
hyperplasia is defi ned as a generalized proliferation of 
hyperplastic neuroendocrine cells as scattered single cells, 
small nodules (neuroendocrine bodies), or linear prolif-
eration of pulmonary neuroendocrine cells that may be 
confi ned to the bronchial and bronchiolar epithelium 
(suprabasal), can proliferate into the bronchial lumina 
and create bronchial obstruction, or may proliferate in 
extraluminal subbasal localization in the form of tumor-
lets. Their expansion gives rise to one or multiple 
carcinoids.

There is nothing known about the molecular pathol-
ogy of diffuse idiopathic pulmonary neuroendocrine 
cell hyperplasia. It is considered as a preinvasive lesion 
for carcinoids but not for high-grade neuroendocrine 
tumors. There has been no description of a context of 
diffuse idiopathic pulmonary neuroendocrine cell hyper-
plasia in SCLC or LCNEC patients. It is of interest 
that an allelic imbalance at the 11q13 chromosomal 
location of the MEN1 tumor suppressor gene was rarely 

detected in tumorlets and was not searched for in diffuse 
idiopathic pulmonary neuroendocrine cell hyperplasia, 
although it was present in a high percentage of carci-
noid tumors.42
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of a larger family of congenital and acquired histiocytic 
proliferations, a few of which are clonal and possibly 
neoplastic. Langerhans cell histiocytosis is not further 
discussed here.

Clinically, primary pulmonary lymphoma may be 
divided into four large categories that refl ect different 
treatment paradigms: de novo primary lymphoma of the 
lung, recurrent or secondary lymphoma of the lung, lym-
phoma arising after solid organ transplantation, and 
acquired immunodefi ciency syndrome (AIDS)–related 
primary pulmonary lymphoma.5,6

Mucosa-Associated Lymphoid 
Tissue Lymphoma

More than 80% of all pulmonary lymphomas are of the 
marginal zone B-cell type or MALT. This diagnosis rep-
resents the most common de novo primary lung lym-
phoma. Histologically, these lymphomas resemble MALT 
lymphomas that occur in other extranodal sites.7,8

The MALT lymphomas are malignancies that appear 
to arise from acquired mucosal lymphoid tissue that accu-
mulates secondary to an infl ammatory stimulus. Mucosal 
lymphoid tissue serves an immunologic function that is 
absent or minimal in normal physiologic conditions. It has 
been well studied in the human gastrointestinal tract, 
especially in the Peyer’s patches of the ileum. In Peyer’s 
patches, the MALT tissue is architecturally similar to a 
reactive lymphoid follicle except that the marginal B 
zone is expanded, the lamina propria contains T lympho-
cytes and immunoglobulin A–secreting plasma cells, and 
CD8+ T cells are present in mucosal epithelium. Whereas 
direct antigenic stimulation with certain infl ammatory 
antigens, such as Helicobacter pylori gastritis, and Hashi-
moto thyroiditis are associated with MALT lymphomas 
elsewhere, no direct antigenic trigger has been correlated 
with pulmonary MALT lymphomas.8 Certain autoim-
mune disorders such as systemic lupus erythematosis and 

Introduction

Cancer continues to be a major public health problem 
throughout the world. It is estimated that one in four 
individuals in the United States will succumb to malig-
nant disease. For 2006, the American Cancer Society has 
estimated that there will be 66,670 new cases of lym-
phoma, including 7,800 cases of Hodgkin’s lymphoma 
and 58,870 cases of non-Hodgkin’s lymphoma.1 Approxi-
mately 52% of these cases will be male and 48% female. 
In addition, lymphoma will account for approximately 
20,000 deaths in 2006, with equal affl iction in males 
and females.1 Primary pulmonary lymphoma is rare, rep-
resenting only 3%–4% of cases of extranodal non-
Hodgkin’s lymphoma and 0.5%–1% of primary pulmonary 
malignancies.2

Both benign and malignant lymphoid proliferations 
may involve the lung. The benign disorders include fol-
licular bronchitis, localized/nodular lymphoid hyper-
plasia (formerly referred to as pseudolymphoma), and 
lymphoid interstitial pneumonia.3 The gastrointestinal 
tract, skin, and thyroid are among the more common sites 
for the occurrence of extranodal lymphoma. The lung is 
not considered one of the more common sites for these 
malignant occurrences.

Lymphoma can occur in the lung via three main routes: 
primary lymphoma arising in the lung parenchyma, sec-
ondary lymphoma spreading from the circulation, and 
direct invasion of mediastinal and hilar lymph nodes or 
thymic primary lymphomas. Primary pulmonary lym-
phoma is defi ned as a clonal lymphoid proliferation that 
affects either one or both lungs in the absence of detect-
able extrapulmonary involvement at diagnosis or during 
the subsequent 3 months.4 The most common subtypes of 
primary pulmonary lymphoma are marginal zone B-cell 
lymphoma of the mucosa-associated lymphoid tissue 
(MALT) type, primary pulmonary diffuse large B-cell 
lymphoma, lymphomatoid granulomatosis, and pulmo-
nary Langerhans cell histiocytosis. The latter is part 
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Gougerot-Sjogren syndrome may also be associated with 
the acquisition of MALT and subsequent neoplastic 
transformation to pulmonary MALT lymphoma.

Most MALT lymphomas are discovered incidentally 
on chest radiographs. When present, symptoms include 
cough, dyspnea, chest pain, and hemoptysis. Most patients 
are adults, 50–70 years old, with a slight female predomi-
nance.9 The most common radiologic appearance of 
primary non-Hodgkin’s lymphoma is an area of opacifi -
cation with poorly defi ned margins and air broncho-
grams.10 The air bronchograms correlate with the location 
of the MALT tissue, cuffi ng epithelial lined airways. 
Less common radiographic patterns include nodules, 
diffuse air space consolidation, and segmental or lobar 
atelectasis.10

Case 30.1

A 51-year-old nonsmoking female presented to her 
primary care doctor with complaint of persistent cough. 
Her past medical history was noncontributory, and she 
did not take any medications. Her husband was a ciga-
rette smoker. After a failed trial of antibiotics, a chest 
x-ray was obtained. Her right upper lobe showed patchy 
opacifi cation with numerous air bronchograms. No dis-
tinct masses were identifi ed. An open lung wedge biopsy 
specimen was obtained of an area that was palpably 
fi rmer to the surgeon. The biopsy tissue showed expanded 
interstitium, septae, and pleura with nodular uniform 
small lymphocyte aggregates. In the fi rmer areas, the 
lymphoid tissue formed a confl uent mass, and in the sur-

rounding lung the lymphoid tissue cuffed small airways. 
In the alveolar spaces, pneumocytes were obliterated by 
the lymphoid tissue. In larger airways, subtle lymphoepi-
thelial lesions were identifi ed. The lesional cells were 
immunoreactive for pan–B-cell markers and negative 
for CD10, CD5, Bcl-6 and CD23. The Ki-67 prolifer-
ative rate was 1%–2%. No nodal involvement was 
detected by computed tomography. The diagnosis of 
low-grade B-cell MALT lymphoma was rendered (Figures 
30.1 to 30.3).

Microscopically, the presence of a dense monomorphic 
lymphoid infi ltrate with tumefactive and/or lymphangitic 
growth patterns and the formation of architecture-
obscuring nodules is consistent with this diagnosis. The 
lymphoid infi ltrate tracks along bronchovascular bundles, 
through interlobular septa, and along pleura. Scattered 
nodules and secondary vascular infi ltration/angiitis may 
be present. Lymphoepithelial complexes, neoplastic lym-
phoid cells within the epithelium, are also common, 
although not pathognomonic. The cells are uniform and 
appear similar to centrocytes with irregular nuclear con-
tours and scant or clear cytoplasm. Plasma cell differen-
tiation is associated with up to one third of cases. These 
cases may be associated with a monoclonal gammopathy 
and may show cytoplasmic secretory immunoglobulin 
with immunohistochemical stains.9 The MALT lympho-
mas are low grade with predominately small cells and low 
proliferative rates, including low Ki-67 proliferation frac-
tions (<10%).9 If sheets of large cells are present, the 
diagnosis of focal diffuse large B-cell lymphoma should 

Figure 30.1. Pulmonary mucosa-associated lymphoid tissue 
lymphoma showing nodular lymphoid aggregates surrounding 
a pulmonary artery.

Figure 30.2. Pulmonary mucosa-associated lymphoid tissue 
lymphoma showing diffuse infi ltration and widening of the 
interstitium with nodular aggregates of lymphocytes.
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be rendered. High-grade MALT lymphoma is no longer 
recognized in the World Health Organization classifi ca-
tion. Based on studies of serial biopsies, it has been esti-
mated that up to 15% of MALT lymphomas may progress 
to diffuse large B-cell lymphoma.11

The differential diagnosis for MALT lymphoma 
includes other low-grade small B-cell lymphocytic prolif-
erations as well as nonneoplastic lymphoid hyperplasias. 
In fewer than 10% of cases, a low-grade B-cell lymphoma 
does not meet the criteria for MALT-type lymphoma. 
These cases are a mix of follicular lymphomas, mantle 
cell lymphomas, and B-cell chronic lymphocytic leuke-
mia/lymphoma.4 Helpful features for distinguishing neo-
plastic from benign lymphoid proliferations are the 
tumefactive lymphangitic and nodular patterns of growth, 
the monomorphic clonal B-cell population, periodic acid-
Schiff–positive intranuclear inclusions (Dutcher bodies), 
and lymphoepithelial complexes. Dutcher bodies can 
rarely be identifi ed in benign conditions but are much 
more commonly associated with lymphomas or myeloma. 
Secondary organizing pneumonitis or granulomatous 
infl ammation can sometimes obscure the neoplastic 
nature of the lymphoid population, which can be a poten-
tial diagnostic pitfall. Recognizing the tumefactive growth 
pattern and lymphangitic spread of the lymphoid cells is 
critical. The majority of MALT cases are CD20 positive 
and CD5, Bcl-6, CD10, and CD23 negative. Although 
there is no characteristic marker for MALT lymphoma, 
more recent molecular genetic developments may help in 
the identifi cation of this disease.

Signifi cant advances in our understanding of this entity 
have been made since the fi rst description of MALT 
lymphoma in 1983.12 Several chromosomal changes in 
MALT lymphomas have been identifi ed and include 
translocations as well as quantitative changes in chro-
mosome number (aneuploidy). The known transloca-
tions in pulmonary MALT lymphomas are listed in 
Table 30.1.12–17 There are two important points of interest 
with respect to these translocations: (1) the translocations 
appear to be specifi c for MALT lymphoma and (2) the 
translocations occur in more than 50% of pulmonary 
MALT lymphoma. The most common aneuploidies 
described in MALT lymphomas include trisomies 3, 12, 
and 18.18,19

The translocations identifi ed in MALT lymphomas 
affect pathways critical in antigen-mediated T- and B-cell 
activation via the nuclear factor (NF)-κB transcription 
factor family. Members of this family are crucial for the 
expression of genes associated with lymphocyte activa-
tion, proliferation, and generation of immune responses. 
BCL10 and MALT1 translocations are thought to induce 
NF-κB activation which in turn results in activation of the 
necessary genes for lymphocyte function. Using fl uores-
cence in situ hybridization or reverse transcription poly-
merase chain reaction technologies, the identifi cation of 
a translocation or aneuploidy may be more useful than 
gene rearrangement studies because they can identify a 
clonal population of cells and simultaneously character-
ize the disease process.

The majority of patients with MALT lymphoma 
present with localized stage I or II extranodal disease.11 
Dissemination occurs in up to 30% of cases, usually to 
other extranodal sites. If the disease is local, local treat-
ment such as surgery may be curative. When dissemi-
nated, the lesions are indolent, although not usually 
curable. Because of the unique antigen-driven nature of 
MALT lymphomas, treatment directed at the antigen 
may result in regression of the lymphoma, usually in early 
lesions.11 Dissemination to lymph nodes also occurs, 
although rarely no primary extranodal site can be found 
clinically. The provisional category of nodal marginal 
zone lymphoma has been suggested within the REAL 
classifi cation system for these cases.11 The patient popula-
tion and disease course are the same.

Figure 30.3. Pulmonary mucosa-associated lymphoid tissue 
lymphoma showing sheets of uniform low-grade nuclei, a few 
with a vague plasmacytoid appearance and a few wrinkled 
nuclei with centrocyte-like features.

Table 30.1. Translocations identifi ed in mucosa-associated 
lymphoid tissue lymphoma.

Translocation Genes involved

t(1;2)(p22;p12) Bcl-10 and IgK
t(1;14)(p22;q32) Bcl-10 and IgH
t(3;14)(p14;q32) FOXP1 and IgH
t(11;18)(q21;q21) API2 and MALT1
t(14;18)(q32;q21) IgH and MALT1

Source: Data are from references 7–12.
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Diffuse Large B-Cell Lymphoma

Diffuse large B-cell lymphoma accounts for 11%–19% of 
primary pulmonary lymphomas.5,20 Half of these cases 
coexist with MALT lymphoma, suggesting possible trans-
formation. Diffuse large B-cell lymphoma represents the 
most common type of primary pulmonary lymphoma 
associated with AIDS and is also the most common type 
associated with immunosuppressed patients such as those 
with organ transplants.4 These two populations are further 
discussed below. Excluding these populations, the mean 
age of onset is 60 years without gender predisposition. 
Patients are often symptomatic with fever and weight 
loss. Radiographically, a single noncavitary mass is the 
most common fi nding.

Histologically, the malignant cells are large and blast-
like with frequent mitoses and necrosis (Figure 30.4). The 
cells form a confl uent tumor mass and involve septae, 
pleura, vessels, and airways.2,20,21 The cells express B-cell 
phenotype (CD20+, CD79a+) with a variable reactive T-
cell background. The malignant B cells are Epstein-Barr 
virus (EBV) negative in immunocompetent hosts.22 The 
differential diagnosis includes poorly differentiated 
carcinoma, amelanotic melanoma, and other large cell 
lymphomas such as anaplastic large cell lymphoma and 
mediastinal large B-cell lymphoma invading lung. The 
immunoprofi le of the tumor aids distinction. Lymphoma-
toid granulomatosis must also be distinguished, especially 
if the latter shows angiotropism. A negative EBV immu-
nostain or in situ hybridization can help distinguish these. 
Lymphomatoid granulomatosis also shows a more pro-
nounced T-cell infi ltrate.

The prognosis of non-AIDS and nontransplant diffuse 
large B-cell lymphoma is poor, with a mean survival of 
8–10 months. Surgical resection followed by chemother-
apy is standard treatment.2,21,23

Posttransplantation Lymphoma

Organ transplant patients are a unique population. 
Diffuse large B-cell lymphoma is most common, although 
T-cell lymphomas account for up to 14%. No clinical 
differences are seen between the disease courses of the 
T- and B-cell types. The lymphoma appears to be driven 
by unrestrained proliferation of EBV-infected B cells. 
This is caused by suppression of normal immunosurveil-
lance from the therapeutic drugs intended to prevent 
transplant rejection.24 Continued immunostimulation 
from the transplanted organ may also play a role. Certain 
therapeutic drugs such as FK506, OKT3, and ATG, 
while effective at preventing rejection, are associated 
with increased risk of transplant-associated lymphoma.24 
The risk also appears to be associated with the type of 
organ transplanted. Lung transplant patients are at 
greater risk than other organ recipients, with the excep-
tion of combined heart–lung transplants. The theory is 
that greater immunosuppression is given to these patients 
because of the catastrophic effect acute rejection would 
cause. Posttransplantation lymphomas preferentially 
occur in the anatomic region of the transplant or in the 
transplant organ proper. Young transplant patients (<10 
years) and older patients (>60 years) are at the greatest 
risk.24

Radiographically, lung involvement with posttrans-
plantation lymphoma presents as multiple nodules scat-
tered throughout the lung. Rare solitary nodules or 
reticulonodular patterns have also been described. The 
nodules range in size from 5 to 20 mm and are circum-
scribed and without cavitation.10 Pleural effusions are 
common, although no pleural masses are present.10

The treatment of this group of patients is also unique, 
as reduction in immunosuppressive antirejection medica-
tion may be effective. Early-onset lymphomas are usually 
EBV positive and responsive to therapeutic drug altera-
tions. Late-onset lymphomas tend to be EBV negative. 
This group of lymphomas may be EBV negative, and, 
because they are less responsive to therapeutic altera-
tions, have a worse prognosis.

Pulmonary Lymphoma in Acquired 
Immunodefi ciency Syndrome

Pulmonary lymphoma in AIDS is another unique popu-
lation worth separate mention. Following Kaposi’s 

Figure 30.4. Diffuse large B-cell lymphoma showing sheets of 
large pleomorphic cells with frequent mitoses.
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Figure 30.5. Lymphomatoid granulomatosis, an early manifes-
tation showing arteriolar infi ltration by lymphocytes and a lym-
phoid cuff.

Figure 30.6. Lymphomatoid granulomatosis, showing a more 
advanced lesion with palisading granulomatous infl ammation 
with central necrosis.

sarcoma, lymphoma is the second most common tumor 
occurring in AIDS patients. Primary pulmonary lym-
phoma is rare, accounting for 0.3% per 100 patients per 
year.25 Up to 40% of AIDS patients present with a tho-
racic tumor, and primary pulmonary lymphoma accounts 
for 8%–15% of these.26,27 Diffuse large B-cell lymphoma 
is the most common type. The patients are usually at later 
stages of the disease with very low CD4 counts (<50/μL). 
EBV infection of tumor cells can be demonstrated in 
nearly every case.25–27

The radiographic appearance is that of one or multiple 
well-circumscribed rapidly enlarging pulmonary nodules. 
Unlike posttransplantation lymphomas, cavitation is 
commonly present.10,25 Regional lymph node enlarge-
ment is either absent or less than that in posttransplanta-
tion lymphoma cases.25–27 The prognosis of AIDS-related 
primary pulmonary lymphoma is poor, with survival 
means of 4 months despite chemotherapy.25

Case 30.2

A 57-year-old male presented to his primary care doctor 
with complaint of fevers, night sweats, fatigue, and swell-
ing. He required hospital admission for new-onset renal 
failure and pulmonary infi ltrates. He was given a trial of 
prednisone for presumed pulmonary–renal syndrome, 
and a renal biopsy was performed. The biopsy tissue 
showed interstitial nephritis. His creatinine normalized 
with the prednisone for 4 months. He began to have 

worsening breathlessness and bilateral pulmonary infi l-
trates, greater in the lower lung fi elds. A transbronchial 
biopsy specimen was obtained and showed mild nonspe-
cifi c infl ammation. Cultures were negative. His predni-
sone was increased.

His conditioned continued to worsen for approxi-
mately 4 months. His chest x-rays began to show nodular 
masses with evidence of focal central cavitation. A 
second transbronchial biopsy specimen was obtained. 
This showed infl ammation with necrosis and and a small 
arteriole with vasculitis. Although his antineutrophil 
cytoplasmic antibody test was negative, he was presumed 
to have Wegener’s granulomatosis. He was given oral 
and intravenous Cytoxan. Despite this, his pulmonary 
lesions progressed, and new lesions appeared. An open 
lung biopsy specimen was obtained, which showed 
extensive lymphoid infi ltrate accompanied by necrosis. 
Angiocentricity was focally noted. The majority of lym-
phocytes were small cells with condensed chromatin. A 
second, minor population of larger cells, some multinu-
cleate, with vesicular chromatin and prominent mitoses, 
was also present. The majority of small lymphocytes 
were EBV-negative T cells. The larger irregular cells 
were CD20-positive, EBV-positive B cells. A fi nal diag-
nosis of grade II lymphomatoid granulomatosis was ren-
dered. In light of the diagnosis, the prior renal and 
second transbronchial biopsy specimens were reviewed, 
and the opinion that these likely represented grade I 
lymphomatoid granulomatosis was offered (Figures 30.5 
to 30.7).



312 C.C. Black, N.B. Levy, and G.J. Tsongalis

A B

C

Figure 30.7. (A) Lymphomatoid granulomatosis showing that 
the majority of cells are small regular T lymphocytes with scat-
tered larger irregular B cells. (B) Lymphomatoid granulomato-
sis showing cytoplasmic immunoreactivity for Epstein-Barr 
virus (latent membrane protein by immunohistochemistry) 
within large atypical B cells. (C) Lymphomatoid granulomato-
sis showing the dominant cell marking for T-cell marker 
UCHL.

Lymphomatoid Granulomatosis

Lymphomatoid granulomatosis historically was distin-
guished from the Wegener family of pulmonary angiitis 
and granulomatoses by Liebow.28 It is an angiocentric 
destructive granulomatous lymphoreticular infi ltrate.28 
Although it is very rare (500–600 cases reported in the 
literature), it seems to have a male predominance (1 : 6.5) 
with an age range of 30–50 years. Although >90% of 
patients have lung involvement, other organs are usually 
also involved, including skin (36%–53% of cases), brain, 
and kidney.4

Most patients are symptomatic at diagnosis, and most 
symptoms are respiratory. Neurologic symptoms include 
blindness, confusion, ataxia, convulsions, and sensorimo-
tor neuropathies.4,29 Skin involvement includes erythema, 

nodules, and rarely ulceration.4,29 In >80% of cases, the 
radiographs show multiple bilateral poorly defi ned 
nodular opacities. The lower lung fi elds are affected more 
than the upper lung fi elds.30 The nodules follow a bron-
chovascular distribution and converge to form masses 
that can spontaneously excavate, migrate, or regress.30 
Excavation and migration likely correspond to infarction, 
necrosis, and remodeling.

Lymphomatoid granulomatosis is an EBV-driven 
B-cell lymphoma with a variable disease course. Sponta-
neous remissions have occurred. The lesions appear as 
angiocentric polymorphic infi ltrates of atypical or acti-
vated lymphoid cells mixed with varying degrees of 
plasma cells and macrophages. With more advanced or 
necrotic lesions, connective tissue and elastic stains may 
be needed to demonstrate the angiocentricity. Varying 
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Table 30.2. Grades of lymphomatoid granulomatosis.

Grade I Few or no EBV-infected cells (<5/hpf)
No necrosis
Polymorphous

Grade II Scattered EBV-infected cells (15–20/hpf)
Foci of necrosis
Polymorphous

Grade III Sheets of EBV-infected cells
Necrosis
Cellular monomorphism

Note: EBV, Epstein Barr virus; hpf, high power fi eld.
Source: Data are from references 31 and 32.

degrees of organizing fi brosis may be present in the sur-
rounding lung parenchyma. Viral proteins for EBV or 
viral genomic sequences have been found within the lym-
phoid infi ltrate in up to 70% of cases. Although early 
studies suggested that this may be a T-cell lymphoprolif-
erative disorder associated with EBV, subsequent studies 
determined that the EBV-infected cells were in fact B 
cells.31 These cells expressed the EBV viral proteins lyso-
some-associated membrane protein (LMP) and EBV-
associated nuclear antigen (EBNA). In addition, the 
EBR1 and EBR2 viral genomic sequences have been 
detected in these cell types by colorimetric in situ hybrid-
ization. The grading of these lesions has been described 
based on the number of EBV-infected cells per high 
power fi eld (Table 30.2).31 The infected cells also express 
B-cell markers. These cells appear large and atypical or 
activated, although they may be the minority cell within 
the T-cell–rich background population. Although the 
T cells may be the major cell type, they are polyclonal 
and reactive.

Lesions are graded from I to III based on proportions 
of atypical and infl ammatory cells.4,29 Grade III lesions 
have a worse prognosis that more closely resembles that 
of diffuse large B-cell lymphoma. Lymphomatoid granu-
lomatosis may also progress to diffuse large B-cell lym-
phoma. The differential diagnosis includes necrotizing 
granulomatous infection and Wegener’s or other autoim-
mune vasculitis and angiocentric T-cell lymphoma. The 
T cells of T angiocentric T-cell lymphoma are CD3 posi-
tive.32 Clinical, radiographic, and microbiologic correla-
tions may be necessary to understand the patient’s entire 
disease course.

Prognosis is dependent on grade. Patients with low-
grade disease confi ned to the lung or skin tend to waxing 
and waning courses, with 14%–27% spontaneous remis-
sion. Overall, for all grades, prognosis is poor, with a 
mean survival of 4 years.4 One third of patients with 
grade I disease will progress to grade III lymphoma. Two 
thirds of patients with grade II disease will progress to 
grade III lymphoma.32

Conclusion

A signifi cant amount of progress has been made in our 
understanding of the etiology and pathophysiology of 
pulmonary lymphoma because of advances in immuno-
histochemistry and molecular biology techniques. The 
association of EBV-infected cells with lymphomatoid 
granulomatosis identifi ed the role of an infectious agent 
with this lymphoproliferative disorder and has raised the 
question as to what roles other infectious agents may play 
in such disorders. As our breadth of knowledge increases 
with respect to the underlying mechanisms involved in 
the development of these disorders, it is hopeful that this 
will give rise to new therapeutics.
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Posttransplantation Lymphoproliferative 
Disorder

Aamir Ehsan and Jennifer L. Herrick

Classifi cation

Posttransplantation lymphoproliferative disorders have 
been recognized as a complication of transplantation for 
more than 35 years.1 Because the behavior of these lesions 
is widely disparate with very different therapeutic con-
siderations, many histologic classifi cations have been 
actively proposed to guide management.2–4 Two morpho-
logic patterns seen in PTLD are (1) a polymorphic pattern 
in which the lymphoid population is composed of a spec-
trum of cell types, including small lymphocytes, plasma-
cytoid lymphocytes, plasma cells, small and large cleaved 
cells, small and large noncleaved cells, and immunoblasts; 
and (2) a monomorphic pattern in which the neoplastic 
population is composed of monomorphic cells with cyto-
logic atypia and can be of B, T, or plasma cell origin. The 
initial classifi cation scheme proposed that the polymor-
phous pattern encompasses polymorphic B-cell hyper-
plasia and polymorphic B-cell lymphoma, with the 
presence of necrosis and lymphoid atypia as a predictor 
of a more aggressive lesion requiring cytotoxic therapy.2 
Subsequent studies demonstrated that the lesions con-
taining a monomorphic lymphoid pattern were most 
likely to have a clonal cell population and lead to a more 
aggressive outcome.3,4 The same study could not correlate 
necrosis or atypical lymphoid cells with clinical behavior 
or monoclonality. The monomorphic pattern of PTLDs 
morphologically resembles the de novo lymphomas seen 
in nontransplantation settings and may be of any subtype 
of lymphoma. Both polymorphic and monomorphic pat-
terns can be seen in the same biopsy specimen, and the 
distinction between the two may be problematic as both 
patterns can have either polyclonal or monoclonal lym-
phoid populations. At present, most PTLD lesions are 

Introduction

Lymphoproliferative disorders are known complications 
of congenital and acquired immunodefi ciency and/or 
iatrogenic-induced immunosuppression. A lymphoplas-
macytic proliferation or lymphoma developing as a con-
sequence of continuous iatrogenic immunosuppression 
following solid organ transplantation and hematopoietic 
stem cell transplantation (HSCT) is called posttrans-
plantation lymphoproliferative disorder (PTLD). Post-
transplantation lymphoproliferative disorders are a 
morphologically and clinically heterogenous group of dis-
orders, many of which are associated with the Epstein-
Barr virus (EBV). Morphologically the spectrum ranges 
from polyclonal lymphoplasmacytic proliferations resem-
bling infectious mononucleosis to frankly neoplastic lym-
phomas. These lymphomas are commonly EBV positive 
B cell and less commonly EBV negative (B or T cell) in 
origin. Clinically, some of these disorders regress after 
reduction of the immunosuppressive regimen, and others 
progress to serious and potentially fatal lymphomas 
requiring chemotherapy.

Like other allograft transplant patients, PTLDs arising 
in lung transplant recipients are infrequent and share 
similar etiologies, morphologies, and clinical outcomes, 
therefore requiring an analogous therapeutic approach. 
Lungs are commonly the primary site of PTLD involve-
ment as a consequence of lung and lung–heart trans-
plantation and are also secondarily involved in PTLD 
suffered by other allograft recipients. Because the con-
sideration of PTLD involvement of the lung is similar to 
PTLD as a whole, this chapter mainly addresses the 
general features of this disease as we understand it 
presently.
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classifi ed according to the World Health Organization 
(WHO) Classifi cation of Hematopoietic Tumors (Table 
31.1).5 Unfortunately, even using the current WHO clas-
sifi cation to standardize the subtyping of PTLD, neither 
morphology nor clonality can be used consistently to 
predict the clinical behavior of these lesions.

Incidence and Risk Factors

Many factors affect the occurrence of PTLD. These 
include allograft types (different types of solid organ, as 
well as bone marrow transplants), type of immunosup-
pression regimen, age of the patient, EBV serostatus 
(EBV-negative recipients of EBV-positive allografts are 
at higher risk), donor–recipient human leukocyte antigen 
(HLA) mismatch, and T-cell–depleted stem cell allografts. 
The overall risk of PTLD varies from 1% in HSCT recipi-
ents to 10% in heart and combined heart–lung transplant 
recipients (liver transplant, 2%–8%; renal transplant, 
1%–2%).6,7

The incidence of PTLD is four times higher in pediat-
ric than adult transplant recipients, most likely due to 
the seronegative EBV status of many pediatric patients.8 
The pretransplantation EBV status is considered one of 
the most important risk factors for developing PTLD9 
and is also important in rare EBV-negative adult 
patients. In addition, the PTLD risk was found 
to be four- to sixfold higher in a group of patients 
with simultaneous cytomegalovirus (CMV) disease.10 
It is presumed that CMV can modify EBV replication 
through the manipulation of infl ammatory cytokines 
such as tumor necrosis factor (TNF)-α.11 As mentioned 
earlier, the type of allograft confers varying risk, accord-
ing to the amount of immunosuppression needed for 

graft acceptance. The type of immunosuppressive drug 
has long been implicated in increased risk (e.g., azathio-
prine, tacrolimus, and OKT3); however, with additional 
clinical experience allowing smaller dosages, the inci-
dence of PTLD assigned to a particular drug has 
decreased. This area is diffi cult to objectively study 
because of the practice of multidrug therapy, but some 
regimens show a two- to fi vefold increased risk. Although 
HSCT patients have an overall lower risk of PTLD, those 
who receive T-cell–depleted donor cells in an effort to 
minimize graft-versus-host disease have a signifi cantly 
higher incidence of subsequent PTLD. This observation 
aided in the link between T-cell competency and PTLD 
development. Patients requiring HSCT due to a primary 
immunodefi ciency state, such as a congenital white cell 
derangement disorder, are also at increased risk. An 
HLA-mismatched donor becomes a more signifi cant risk 
factor that increases with the degree of unmatched anti-
gens. Also, the risk rises substantially if more than one 
risk factor is present. Male gender, white race, younger 
age at transplantation, and hepatitis C infection have 
been suggested as potential risk factors for PTLD.12 
Except for the possibility of hepatitis C, the underlying 
condition necessitating transplantation does not appear 
to have an association.

Lung Transplantation 
and Posttransplantation 
Lymphoproliferative Disorder

Posttransplantation lymphoproliferative disorder is an 
infrequent complication after lung transplantation, but 
the reported incidence varies widely between 1.8% and 
20%,13–15 with most reports approximating 5%. The vari-
ability in the incidence may be secondary to the type of 
immunosuppression regimen, age of population studied, 
EBV serostatus, and CMV prophylaxis. A high incidence 
of PTLD has been observed in pediatric patients with 
cystic fi brosis.16 Other underlying diseases requiring 
transplantation do not appear to have a correlation with 
the development of PTLD.

Epstein-Barr virus–seronegative patients prior to lung 
transplantation carry approximately a sevenfold 
increased risk in developing PTLD. However, this 
group of patients is not commonly infl uenced by pre-
transplantation EBV serostatus, as most lung trans-
plantations are performed on middle-aged patients 
(median age, 55 years) who are overwhelmingly EBV 
seropositive. 

Posttransplantation lymphoproliferative disorder after 
lung transplantation presents as a thoracic lesion (pulmo-
nary nodule), detected on imaging studies, or less com-

Table 31.1. WHO classifi cation of posttransplantation lym-
phoproliferative disorder (PTLD).

Early lesions
 Reactive plasmacytic hyperplasia
 Infectious mononucleosis-like
Polymorphic
Monomorphic
 B-cell neoplasms T-cell neoplasms
 Diffuse large B-cell lymphoma 

  (immunoblastic, centroblastic, 
anaplastic)

Peripheral T-cell lymphoma
Other types

 Burkitt’s/Burkitt’s-like lymphoma
 Plasma cell myeloma
 Plasmacytoma-like lesions
Hodgkin lymphoma and Hodgkin lymphoma–like PTLD

Source: WHO Classifi cation of Tumours. Tumours of Haematopoietic 
and Lymphoid Tissues. Post-transplant Lymphoproliferative Disorders. 
NL Harris, SH Swerdlow, G Frizerra, DM Knowles. Page 264, IARC 
Press, Lyon 2001, with permission.
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monly as an extrathoracic mass. It has an interesting 
propensity to involve the transplanted organ, in contrast 
to other solid organ–associated PTLD. It also is more 
likely to arise earlier and behave more aggressively, with 
the median time of onset reported as 7 months (compared 
with 40 months seen in other solid organ transplant 
PTLDs). In lung transplant patients, the more commonly 
seen PTLD arises early (<1 year after transplantation) 
and is more often confi ned to the thorax, and the less 
common cases arise late (>1 year after transplantation) 
which are more often confi ned to the extrathoracic organs. 
Posttransplantation lymphoproliferative disorder after 
lung transplantation is composed of recipient cells and are 
almost always B cells disorders (polymorphic or mono-
morphic), the majority of which are EBV driven (77%). 
The clinical and morphologic features are heterogeneous 
as seen with any other solid organ transplant or HSCT 
recipients. Monitoring, treatment, and prophylaxis 
options are similar to those for other allograft recipients.

Pathogenesis

The majority of PTLDs are EBV driven, and an impaired 
EBV-specifi c cytotoxic T-lymphocyte (CTL) response is 
the most common etiology in these disorders.3,17 With the 
use of more sensitive in situ methods, EBV-negative cases 
have been estimated at approximately 20% of all cases 
(interestingly, up to 50% of PTLDs in renal allograft 
recipients are EBV negative), and the incidence may be 
increasing. The etiology of this is unclear because of the 
failure to link other common infectious agents.17–19 As 
opposed to EBV-positive PTLD that most often is B cell 
in origin, the EBV-negative PTLD may be either B cell 
or T cell in origin. The PTLD arising in a solid organ 
transplant setting is usually of host origin (less often of 
donor origin), suggesting the lack of control of host EBV-
infected cells by iatrogenically dampened T cells. In 
HSCT patients, the transplantation regimen essentially 
destroys all recipient immune cells, and the engrafted 
stem cells result in an immune system that is of donor 
origin—hence the PTLD in the HSCT setting is of donor 
origin.

The exact pathogenesis of PTLD is not fully known; 
however, recent studies have begun to explore the caus-
ative role of EBV, mode of B-cell infection, and the 
molecular histogenesis of PTLD. Our understanding of 
the molecular basis of these disorders is limited, and the 
study of pathogenesis at the genetic level is in its infancy. 
To understand the pathogenesis, it is important to know 
the virology, mode of infection, and latency phases of 
EBV; the normal biology of B cells; the molecular histo-
genesis of PTLD; and the mechanisms utilized in evasion 
of immune surveillance. In the following sections, we 

discuss the pathogenesis, molecular histogenesis, diagno-
sis, prognosis, and therapy of PTLD.

Virology of Epstein-Barr Virus

Epstein-Barr virus is a ubiquitous lymphotropic herpes-
virus that infects more than 90% of humans worldwide. 
The virus was discovered by Epstein, Achong, and Barr 
in 1964 employing an electron microscope to visualize 
cells cultured from Burkitt lymphoma tissue.20 Infection 
with EBV occurs during early childhood through inti-
mate contact via oral secretions, with the majority of 
primary infections having only subclinical symptoms. In 
healthy carriers the virus persists in the latent form. 
Recently, resting memory B lymphocytes have been 
shown to be the main reservoir cells. The number of EBV-
infected B lymphocytes in a healthy carrier remains rela-
tively stable over many years (range, from 1 to 50 B 
lymphocytes per 1 million in the circulation).21,22

The EBV genome is a linear, 184-kbp, double-stranded 
DNA that has been cloned and sequenced (Figure 31.1). 
Infection of B lymphocytes by EBV occurs when the 
major envelope glycoprotein gp350/220 of the virus binds 
to the viral receptor, the CD21 molecule that functions 
as the C3d complement receptor (Figure 31.2). CD21-like 
receptors are also present on T cells, natural killer cells, 
and monocytes. Approximately 500 bp of variable number 
tandem repeat segments are present at both termini of 
EBV. Different isolates differ in their variable number of 
tandem repeats, and an individual isolate tends to contain 
a constant number of repeats even through serial passage. 
This attribute can be exploited for use to identify the 
clonality of the virus within a B-cell population.

Prior to infection, the EBV genome is present in a 
linear form. Following infection, there are three possible 
cellular responses: (1) a latent persistence of the EBV 
genome, (2) a replicative production of new virions, or 
(3) cell death secondary to the host response to infection. 
To establish as a latent infection the genome becomes 
circular to form an episome. It is during this process that 
random deletions of the variable number of tandem 
repeats occur, creating a unique virion fi ngerprint differ-
ing from the virion that infected the next lymphocyte by 
500-bp intervals. After establishing itself within the cel-
lular DNA as an episome, the EBV DNA is exactly rep-
licated in all cell progeny, and, as previously stated, this 
principle can be used to determine the origin of neoplas-
tic cells when evaluating EBV-driven disorders. Within 
the host cell the EBV genome is predominantly present 
as multiple extrachromosomal double-stranded episomes 
organized as nucleosomes. Some viral DNA can be inte-
grated into the chromosomal DNA; however, this process 
does not have the capacity for reinfection. The replication 
of viral genome occurs by cellular DNA polymerases.



318 A. Ehsan and J.L. Herrick

A

B

Figure 31.1. The episomal viral genome 
encodes the latent phase proteins as well 
as Epstein-Barr virus (EBV)–encoded RNA 
(EBERs). Both ends of the open frame 
genome contain terminal repeat segments that 
undergo random deletions that create a unique 
fi ngerprint for each virus. EBNA, Epstein-
Barr nuclear antigen; ICAM, intercellular cell 
adhesion molecule; LFA, leukocyte function–
associated antigen; LMP, latent membrane 
protein; LP, leader protein. (From Murray PG, 
Young LS. Epstein-Barr virus infection: basis 
of malignancy and potential for therapy. 
Expert Rev Mol Med 2001;15:1–20, with per-
mission of Cambridge University Press.)

Figure 31.2. Schematic diagram of the 
virus interaction with B lymphocytes 
through the C3d complement receptor 
CD21. The viral nuclear capsid induces 
an antibody response detectable in sero-
logic tests. The linear genome becomes 
a circular episome within the lympho-
cyte. Integration into the host cell DNA 
does occur; however, only the episomal 
form is available to infect other cells. 
EBV, Epstein-Barr virus; MHC, major 
histocompatibility complex. (Courtesy 
of Jennifer L. Herrick, MD.)
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In Vitro Epstein-Barr Virus Infection

In vitro EBV exclusively infects B lymphocytes and 
transforms them into an immortalized B-lymphoblastoid 
cell line. The in vitro infection of B cells by EBV results 
in a latent infection. The EBV genome encodes approxi-
mately 100 viral proteins. Most of these proteins are used 
for regulating the replicating viral DNA, forming struc-
tural proteins of the virion and modulating the host 
immune response. Of these 100 genes, only 10 are 
expressed during the latent phase23: six nuclear proteins, 
Epstein-Barr nuclear antigens (EBNAs 1, 2, 3A, 3B, 3C) 
and leader protein (LP); three latent membrane proteins 
(LMP-1, -2A, and -2B); and small nonpolyadenylated 
RNAs termed Epstein-Barr virus encoded RNA (EBER-
1 and -2). The EBERs have been observed to be the most 
abundantly transcribed RNA during latency (104–105 
copies/cell), although they are not translated and are not 
well understood. Because these EBERs are so plentiful, 
an in-situ procedure is commonly utilized as a sensitive 
method to identify the presence of EBV infection in par-
affi n-embedded tissue sections.

Table 31.2 lists the latent protein functions. Epstein-
Barr nuclear antigen-1 maintains and replicates the epi-
somal EBV genome in the B cell by sequence-specifi c 
binding to the plasmid origin of viral replication.19 and is 
expressed in all latent phase cells. Many times, EBNA-1 
is the only viral protein expressed. Epstein-Barr nuclear 
antigen-1 acts in concert with other viral promoters and 
contributes to the transcriptional regulation of EBNAs 
and LMP-1. Epstein-Barr nuclear antigen-2 upregulates 
the expression of LMP-1 and LMP-2. Epstein-Barr 
nuclear antigen-2 and EBNA-3 (A and C) proteins also 
regulate the expression of cellular proteins responsible 
for growth and transformation of B lymphocytes. Epstein-
Barr nuclear antigen-LP interacts with EBNA-2 and is 
essential for the effective growth of virus-transformed B 
lymphocytes in vitro.

The goal of EBV infection is to immortalize the cell, 
and, to accomplish this, the cell must fi rst be transformed 
(activated). The main transforming protein of EBV is 
LMP-1. There are many important effects of this protein: 
(1) It acts as an oncogene, and transgenic mice with 
expression of LMP-1 have been shown to develop B-cell 
lymphomas.24,25 (2) It upregulates expression of antiapop-
totic proteins such as bcl-2 and A20.26,27 (3) It acts as a 
functional homolog of CD40. The CD40 receptor acti-
vates the cell when T helper cells send a signal. LMP-1 
bypasses the dependence on T-cells and activates the 
virally infected B cell as a homologue of CD40. Latent 
membrane protein-1 binds to many TNF receptor–
associated factors that interact with nuclear factor-κB, 
and regional cytokines resulting in additional B-cell pro-
liferation. (4) It upregulates cellular adhesion molecules 
such as leukocyte function-associated antigens 1 and 3 

and intracellular adhesion molecule type 1, which promote 
interaction between B and T lymphocytes.

Although not required for B-cell transformation in 
vitro, LMP-2 serves the virus by blocking tyrosine kinase 
phosphorylation, which prevents the reactivation of 
latently infected EBV cells.28 This function allows the 
cell to generate less attention from the immune surveil-
lance. Normally, expression of B-cell receptor is required 
for B-cell maturation, and a loss of B-cell receptor leads 
to apoptosis.29 Latent membrane protein-2 is a functional 
homolog of B-cell receptor, allowing for the survival 
of B-cell receptor–defi cient immature B cells in 

Table 31.2. Functions of Epstein-Barr virus (EBV) proteins 
expressed during latent infection.

EBNA-1 Required for episome replication and 
maintenance of the viral genome

Only EBV protein expressed in latent phase; 
protects latent genome

EBNA-2 Essential for B-cell immortalization and 
expression of EBNA-1 and EBNA-3.

Upregulates activation receptors CD21 and 
CD23

Upregulates LMP-1 and LMP-2 expression
Transactivates cellular and EBV genes

EBNA-3 EBNA-3A and EBNA-3C (not EBNA-3B) are 
essential for transformation/immortalization

EBNA-LP Upregulates autocrine factors critical to B-cell 
growth

Possible role in RNA processing

LMP-1 Second most abundant EBV RNA in latently 
infected B cells

Essential for transformation of B cells into 
immortalized cells

LMP-1 promoter contains an EBNA-2 
response element that upregulates LMP-1 
expression; 
LMP-1 can be expressed in the absence of 
EBNA-2

Blocks apoptosis, in part via activation of the 
bcl-2 oncogene

Induction of adhesion molecules LFA-1, LFA-
3, and ICAM-1, which promote interaction 
between B and T lymphocytes

LMP-2 Colocalizes with LMP-1
Prevents reactivation of EBV-infected B cells
Not essential for virus-induced transformation

EBER-1, -2 EBV-encoded nonpolyadenylated RNAs (most 
abundant RNA in latently infected B cells); 
function unknown/not required for 
transformation

Note: The following are required for transformation in vitro: EBNA-1, 
EBNA-2, EBNA-3A, EBNA-3C, and LMP-1.
EBER, Epstein-Barr virus–encoded RNA; EBNA, Epstein-Barr nuclear 
antigen; ICAM, intercellular cell adhesion molecule; LFA, leukocyte 
function–associated antigen; LMP, latent membrane protein; LP, leader 
protein.
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transgenic mouse models.30,31 In addition, LMP-2 also 
rescues human B-cell receptor–defi cient B cells after 
infection by EBV.

In Vivo Epstein-Barr Virus Infection

Primary infection with EBV in vivo results from intimate 
contact via oral secretions. Recent studies indicate that 
intraepithelial B cells rather than oropharyngeal epithe-
lial cells are the primary site of infection and the origin 
of infectious virions shed in saliva. When infection is 
delayed until at least adolescence, the resultant clinical 
condition is called infectious mononucleosis. The primary 
EBV infection is controlled by both humoral and cellular 
(cytotoxic) immune systems. The humoral response 
against viral proteins is important for the serologic diag-
nosis of different phases of infection. The CTL response 
constitutes the atypical lymphocytosis seen in primary 
EBV infection. In healthy carriers most of the infected B 
lymphocytes generated in the initial infection are cleared 
through immune surveillance. However, circulating 
resting memory B cells serve as the reservoir for lifelong 
latent infection.

Persistence of Infection

During an acute primary infection, the EBV-infected 
cells transform and express all 10 viral proteins, resulting 
in recognition and elimination by the CTLs and natural 
killer cells of the immune system. The main mechanism 
of surveillance of viral infection is through the HLA class 
I–restricted CD8-positive lymphocytes, with limited activ-
ity by CD4-positive HLA class II–restricted cells. In an 
immunocompetent state, the memory CTL activity is 
maintained and manages to keep the infection under 
control; however, it is unable to completely eradicate it 
because of the evasive mechanisms the virus employs. 
The limited expression of viral genes (EBNA-1 and LMP-
2) in latently infected memory B cells prevents them from 
being noticed and subsequently destroyed by CTLs. The 
CTLs have the ability to target all of the EBV encoded 
viral proteins except EBNA-1, which they cannot recog-
nize. In addition, LMP-2A prevents the reactivated state, 
which would subject the cell to additional undesired 
immune surveillance.

Serologically, the healthy EBV carrier state following 
a primary EBV infection is demonstrated by the presence 
of antiimmunoglobulin G to EBV viral capsid antigen 
(VCA) toward the gp350 protein complex, low titers of 
anti-EA (early antigen), and EBNA-1 antibodies. During 
the lifespan of the immunocompetent host, the titers of 
these antibodies remain stable, consistent with a latent 
infection. In an immunocompetent person, any infected 
cell entering a lytic phase expresses many viral proteins 

recognizable to CTLs, and the infected cells are effec-
tively removed. Hence, there is a dynamic equilibrium 
during the lifespan of the host, with CTL cells controlling 
the random EBV-infected cells that enter the lytic phase 
and spew many infective viral particles, adding to the 
circulating virion pool (viral load). In a carrier state, the 
intraepithelial B cells of the oropharynx are thought to 
be not only the site of infection but also the reservoir for 
the infectious virions shed in saliva. If the population of 
CTLs is compromised (e.g., in acquired or congenital 
immunosuppression), the balance of viral control can be 
tipped in favor of the infected cell population being 
allowed to live as a transformed cell or enter the lytic 
phase. As one can imagine, this would result in a higher 
viral load and has the potential to spawn lymphoprolif-
erative disorders such as PTLD.

Before we explore the model of in vivo EBV infection 
of the B cells, it is important to review what is known 
about normal B-cell activation and maturation. Naïve B 
cells are small, round lymphocytes some of which orga-
nize into primary follicles within tissue. Immunopheno-
typically, they are CD20-positive B cells that also express 
immunoglobulin (Ig) M and IgD. Because they function 
as guardsmen waiting for any future passing antigen, they 
need to be long lived and therefore are Bcl-2 positive. 
Upon presentation of antigen by dendritic and antigen-
specifi c T cells (through CD40), the naïve B cell trans-
forms to become a large activated cell. The conglomeration 
of these cells forms the germinal center that pushes the 
residual primary follicle naïve B cells into a mantle for-
mation cuffi ng the newly formed germinal center. The 
large activated cells within the germinal centers are called 
centroblasts. These cells enter into the survival of the 
fi ttest competition in which the majority of the popula-
tion loses Bcl-2 expression and most express c-Myc, 
CD10, Bcl-6, and CD77. During this step, the variable 
region of the immunoglobulin genes, as well as the Bcl-6 
gene, undergoes somatic hypermutation and isotype 
switching. This results in marked intraclonal diversity and 
alters the affi nity of the antibody to various antigens. 
Centroblasts differentiate into smaller cells called centro-
cytes. The Bcl-6 protein is a nuclear zinc fi nger transcrip-
tion factor that is expressed by centroblasts and 
centrocytes. The Bcl-6 protein is not expressed by naïve 
B cells, memory cells, and plasma cells. The centrocytes 
express proapoptotic genes such as Fas, Bax, and p53. The 
least fi t centrocytes (with decreased affi nity for antigen) 
lose Bcl-2 and undergo apoptosis, while only those few 
centrocytes with increased affi nity for the specifi c antigen 
retain Bcl-2 and avoid apoptosis. These rescued centro-
cytes interact with T cells through the CD40 ligand, which 
detects the cell’s superior fi t to the antigen and allows it 
to differentiate into a memory B cell or plasma cell. This 
system provides for only the B cell with the blueprint for 
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the best matching antibody to be chosen to differentiate 
into a plasma cell or a memory cell and prevents a deluge 
of mediocre antibodies within the plasma.

A model for viral-induced transcription programs to 
establish and maintain infection has been outlined by 
Thorley-Lawson and Gross, consisting of the growth, 
default, latency, division, and lytic programs, and is helpful 
in the discussion of the pathogenesis of EBV infection.32 
Intraepithelial B lymphocytes are resting cells that are 
either IgM-positive memory B cells or naïve B cells. The 
present model for in vivo EBV infection holds that the 
virus enters the oropharyngeal epithelium and targets 
resting B cells, most likely naïve B cells (Table 31.3 and 
Figure 31.3).32 These infected naïve B cells initiate a tran-
scription program to become centroblasts through the 
germinal center reaction, some of which eventually are 
chosen to become memory B cells. What happens when 
EBV infects naïve B cells in vivo is not precisely known 

but is assumed to reiterate the well-studied similar mech-
anism in vitro. The virus infects B cells through CD21, 
which is a receptor for the C3d component of the comple-
ment system. The viral gp350/220 receptor binds to CD21 
and its coreceptor major histocompatibility complex 
(MHC) class II molecule. This changes the B cell from a 
resting to an activated state using the same motif as if it 
were activated by complement. The resting naïve B cells 
enter a program of proliferation, called the growth 
program, as centroblasts. During this time, the infected B 
cells express all 10 of the latent proteins. These EBV-
infected centroblasts are morphologically and phenotypi-
cally similar to normal B cells activated by antigen and 
T-cell priming and parallels this activation in the sequence 
of cell maturation. The activation of naïve B cells under 
the infl uence of antigen and T cells occurs through the 
CD40 ligand and associated lymphokines. To avoid reli-
ance on the tightly controlled T-cell system, EBV pro-

Table 31.3. Transcription programs used by Epstein-Barr virus to establish and maintain infection.

Type of infected B cell Program Genes expressed Function of the program

Naïve B cell Growth EBNA-1—EBNA-6 LMP-1, LMP-2 Activates B cells
Germinal center cell Default EBNA-1, LMP-1/2 Differentiates activated B cells into memory 

B cells
Peripheral blood memory B cell Latency None Allows lifetime persistence
Dividing peripheral blood memory B cell EBNA-1 EBNA-1 Allows viral DNA in latency program cell to 

divide
Plasma cell Lytic All lytic genes Replicates virus in plasma

Source: Thorley-Lawson and Gross,32 with permission.

Figure 31.3. In vivo model of Epstein-Barr virus (EBV) infec-
tion paralleling the normal B-cell pathway with a virally infected 
(antigen and T-cell independent) pathway ending with a persis-

tent infection in memory B cells. EBNA, Epstein-Barr nuclear 
antigen; GC, germinal center. (From Thorley-Lawson and 
Gross,32 with permission.)
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vides its own functional homolog of CD40 in the form of 
LMP-1 (as discussed earlier). Latent membrane protein-1 
contains a carboxy-terminal domain that is functionally 
similar to the cytoplasmic domain of CD40. This provides 
a constitutive surrogate T-cell signal to infected B cells. 
Thus EBV does not need the help of T cells to activate 
B cells. When B cells are activated through antigen-spe-
cifi c T cells, they undergo a limited set of divisions before 
they either undergo apoptosis or differentiate to memory 
cells. In contrast, when EBV infects naïve B cells, the 
proliferating lymphoblasts continue to proliferate inde-
fi nitely rather than differentiate or die. This is called 
immortalization, a term most often used for in vitro 
infection. In a pure sense, they are not transformed cells 
(like other DNA viruses such as adenoviruses) because 
there are no true mutations. They are better considered 
to be lymphoid cells with the ability to proliferate indefi -
nitely and, with continued unchecked continuation, can 
acquire DNA mutations that may result in a malignant 
cell line.

In contrast to the in vitro process of immortalization, 
the in vivo proliferation in a healthy state does not pro-
liferate unchecked because of the recognition of the 
expressed latent proteins by CTLs. A more covert cell 
population is the memory cell, and, because the virus has 
a brief window of time to establish a persistent infection, 
there is a switch from the growth program to differentia-
tion into a memory B cell (called the default program) 
while within the germinal centers. Later the memory cells 
exit the cell cycle and enter the peripheral blood, where 
expression of all latent proteins is turned off. This is 
known as the latency program and provides for lifetime 
persistence of the viral pool. To maintain a consistent 
circulating pool, rare divisions of memory B cells occur. 
These dividing memory cells transiently express only the 
EBNA-1 protein, which is unrecognizable to CTLs, and 
therefore are undetected. Under unknown mechanisms, 
a few memory B cells differentiate into plasma cells 
and produce antibody responsible for producing 
antibodies to EBV proteins. The presence of virus within 
these antibody-producing plasma cells reactivates viral 
replication, and infectious virions are produced in these 
cells.

Summarizing the model discussed, EBV presence in 
memory B cells is a result of differentiated naïve B-cell 
infection and not direct memory cell infection. The dif-
ference between the immune-activated B-cell–driven 
reaction and the EBV-driven reaction is that in the latter 
the viral genes activate the growth program (in place of 
antigen) and provide transcription signals that transition 
the cell to become a memory B cell. Thus, EBV utilizes 
normal B-cell development but without the requirement 
of antigen or T cell activation and uses the following 
strategies: (1) The LMP-1 protein functions as a T cell/
CD40 homolog. The EBV LMP-1 protein, by acting as 

CD40 ligand, drives the germinal center cell reaction 
independently. (2) Normally, the expression of B-cell 
receptor provides proliferative and survival signals to B 
cells, and the ablation of this protein leads to death within 
a few hours. In its quest for prolonged survival of infected 
cells, viral LMP-2A contains functional homology to B-
cell receptor and has been shown not only to replace the 
receptor in the development of B cells but also to rescue 
immunoglobulin negative B cells from death.

Normally memory B cells, when exposed to new anti-
gens and antigen-specifi c T cells, undergo a secondary 
response and eventually differentiate into plasma cells, 
while some remain as memory B cells. This mechanism is 
tightly regulated so that not all cells become only plasma 
cells. The circulating latently EBV-infected memory B 
cells have potential to undergo activation (like a second-
ary response) in mucosal lymphoid tissue. This activation 
may come from some cellular ligand–receptor interac-
tions (e.g., CD40 ligand by LMP-1, B-cell receptor by 
LMP-2A and lymphokines such as interleukin (IL)-10 
and transforming growth factor-β). Whatever the mecha-
nism, the infected memory B cells may undergo lytic 
replication in the mucosal sites, such as oropharynx, by 
differentiating into plasma cells. The new virions pro-
duced can infect more naïve B cells and subsequently 
form new memory B cells or spread to infect other indi-
viduals via shared oral secretions. Because, as was pre-
viously mentioned, the latently infected EBV pool of 
approximately 1–50 B cells per 1 million in the peripheral 
circulation remains stable over years, a steady-state pro-
duction and killing of infected cells is obviously in effect.33 
The mechanisms of this tight regulation in vivo are not 
well understood.

Cellular Signaling Pathway

As discussed earlier, LMP-1 is a viral analog of the family 
of TNF receptors in human cells. Like the cellular TNFs, 
LMP-1 has a cytoplasmic domain that binds to intracel-
lular proteins called TNF-receptor–associated factors, 
which in turn activate nuclear factor-κB transcription 
factor, resulting in cellular proliferation. Another EBV-
encoded protein that is important for B-cell transforma-
tion is LMP-2A. Also, as discussed earlier, the loss of 
B-cell receptor leads to apoptosis of B cells. As a safe-
guard against abnormal B-cell proliferation, the germinal 
center cells found to have a dysfunctional B-cell receptor 
while undergoing somatic hypermutation are prone to 
apoptosis. In a proportion of PTLD cases a somatic V 
gene mutation has been identifi ed that results in a non-
functional immunoglobulin molecule. Despite this, B cells 
are rescued from apoptosis by the expression of B-cell 
receptor mimicking LMP-2A, which leads to the cell sur-
vival. The latter supports the role of EBV in the patho-
genesis of PTLD.
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Immunosurveillance and Evasion 
of the Immune System

There are two basic principles of the immune system. 
First is the presence of an effective and functionally 
capable surveillance mechanism (such as the cellular 
response, ligands, cytokines, lymphokines), and second is 
the need for effective processing of antigens or peptides 
by antigen-presenting cells so that threats may be recog-
nized and eliminated by the immune system. In a healthy 
physiologic state there is a constant dynamic equilibrium 
between these two. In vivo infection with EBV results in 
a potent humoral and cellular response. The cellular 
response, composed of CTLs (CD8-positive cells), is the 
most important for control of EBV infection. This CTL 
response, although strong, is not fully capable of clearing 
all EBV-infected cells, demonstrated by the greater than 
90% carrier state. Hence, EBV-infected B cells persist in 
an immunocompetent host and can undergo reactivation 
if the immunity is dampened. The virus, by minimizing its 
pathogenic effects, has evolved the following strategies to 
evade the immune system:

1. Restricting gene expression during latent infection
2. Interfering with cytokines
3. Affecting cytotoxic activity

Restricted Gene Expression 
During Latent Infection

In vivo infection with EBV results in an interaction 
between viral evasion strategies and host immune 
response. An intense T-cell response includes high levels 
of EBV-specifi c CD4- and CD8-positive lymphocytes. 
During an acute EBV infection, only a small number of 
infected B cells express many viral genes, produce virions, 
and undergo lytic infection. These cells are immediately 
recognized and destroyed by cytotoxic T cells. However, 
in immunocompromised individuals, there is an absence 
of effective CTL function, and the growth-transforming 
properties of EBV may act in conjunction with genetic 
and environmental factors to result in various malignan-
cies (e.g., lymphoproliferative disorders). The persistence 
of EBV in memory B cells by averting the body’s immune 
surveillance (CTLs) and the mechanism of maintaining 
the pool of EBV-infected memory B cells in a carrier 
state are not fully understood. It is accepted that in an 
EBV-seropositive healthy state, the memory B cells have 
a restricted viral gene expression, although there is no 
agreement regarding which viral proteins are expressed 
in memory cells. It has been postulated that no proteins 
are expressed; however, some studies show the presence 
of EBNA-1 and LMP-2A, as well as EBER transcripts, 
in these cells. Epstein-Barr virus nuclear antigen-1 is 

required for maintenance of the viral genome; therefore, 
the expression of this protein in memory B cells is a pro-
jected postulate that seems logical. Also, the EBNA-1 
protein protects the genome from cellular proteasomal 
processing, thereby preventing the presentation of viral 
proteins to CTLs. However, the search for cells express-
ing solely EBNA-1 in vivo has not been successful despite 
continued effort. Additionally, LMP-2A is a known CTL 
target, and LMP-2A mRNA has been demonstrated in 
memory B cells. However, it should be noted that the 
LMP-2A protein is not expressed in these cells, which 
may aid in avoiding recognition by CTLs.

Interference with Cytokines

Interference with cytokines is another mechanism used 
by EBV to evade immunosurveillance (Figure 31.4).34 
One of the gene products of EBV, BCRF1, has more than 
80% homology to human IL-10,35 the cytokine that inhib-
its the synthesis of interferon-γ (IFN-γ) by mononuclear 
cells in vitro.36 The IFN-γ produced by lymphocytes and 
natural killer cells inhibits the outgrowth of EBV-trans-
formed B lymphocytes. Thus IFN-γ inhibition by BCRF1 
or IL-10 is advantageous to the survival of the virus. The 
BCRF1 also impairs T-cell proliferation, thus affecting 
the immune system’s ability to clear the virus. Hence 
BCRF1 or IL-10 promotes B-cell growth, differentiation, 
and transformation. Another EBV protein, BARF1, func-
tions as a soluble receptor for colony-stimulating factor-1 
(CSF-1). Colony-stimulating factor-1 normally enhances 
the expression of IFN-α by monocytes that in turn inhibit 
the growth of EBV-infected B cells in vitro. The BARF1 
protein functions as a decoy receptor so the CSF-1 will 
bind to it instead of its normal receptor, thereby blocking 
the upregulation of IFN-α.37 As IFN-γ and IFN-α inhibit 
the growth of EBV-infected B cells in vitro; the BCRF1 
and BARF1 proteins help the virus to survive and evade 
the immune system. In addition, LMP-1 and BHRF1 con-
tribute to longer cell survival through Bcl-2–related 
mechanisms. Latent membrane protein-1 upregulates the 
expression of Bcl-2 and other proteins, such as A20, that 
inhibit apoptosis,21 and the BHRF1 protein directly func-
tions as a homolog of the Bcl-2 protein, both utilizing the 
cellular mechanisms to prevent infection.38

Cytotoxic Activity

Cytotoxic T lymphocytes are predominantly CD8-posi-
tive T lymphocytes that, in concert with MHC class I 
molecules, recognize viral peptides on the cell surface. 
The binding of CTLs to infected cells is enhanced by 
intercellular cell adhesion molecule-1 and leukocyte 
function–associated antigen-3 and results in the eventual 
killing of a targeted cell by the CTLs’ cytotoxic proteins. 
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When the immune status is compromised, the activity of 
CTLs is reduced, leading to increased numbers of EBV-
infected B cells and setting the stage for the development 
of lymphoproliferative disorders.

Aside from the aforementioned EBNA-1 linked block-
age of proteosomal degradation in the cell that prevents 
the presentation of viral antigens to CTLs,39 other mecha-
nisms of CTL evasion are evident. Epstein-Barr virus–
positive Burkitt lymphoma cells avoid recognition by 
expressing only EBNA-1, which, as stated earlier, is not 
recognized by CTLs.40 In addition, Burkitt lymphoma 
cells have low expression of transporter proteins needed 
for antigen processing, have a reduced amount of cellular 
adhesion molecules that allow cells to contact each other, 
and also less MHC class I molecules, which affects CTL 
activity.41 Burkitt lymphoma cells grown in cell culture, 
in contrast, usually express all of the transformation-
associated genes and high levels of MHC class I and 
adhesion molecules on the surface.41,42 Population-based 
genetic differences have demonstrated the infl uence 
of HLA variations in CTL effectiveness. Many CTL 
responses are directed against the viral EBNA-3 protein, 
and this recognition is HLA-A11 restricted.43 However, 
EBV may undergo antigen variation to evade CTL killing. 
For example, B cells infected by EBV isolates from 

Southeast Asia are often resistant to killing by HLA-
A11–restricted CTLs. The HLA-A11 phenotype is 
common in Southeast Asia, and the EBV in this region 
has a mutation of the EBNA-3 epitope recognized by 
CTLs. On the contrary, in Europe and Africa, where 
HLA-A11 is infrequent, the virus is not mutated in this 
region.

Patterns of Epstein-Barr Virus Latency 
and Related Diseases

In vitro EBV infection transforms resting B cells into 
permanent latently infected lymphoblastoid cells lines. In 
these cell lines, every cell carries multiple extrachromo-
somal copies of the episomal form of the virus and 
expresses all 10 latent proteins (described previously). 
The infection of B cells results in three different patterns 
of EBV protein expression categorized as latency I, 
latency II, and latency III. In latency I, EBNA-1 and 
EBER are expressed, whereas in latency II EBNA-1, 
EBER, LMP-1, and LMP-2 are expressed. In latency 
III, all the latent genes are expressed. Therefore, lympho-
blastoid cell lines are an example of a latency III 
infection.

Figure 31.4. (A) Mechanisms of maintenance, proliferation, 
and differentiation by Epstein-Barr virus (EBV) latent proteins. 
(B) Mechanisms of host immune response evasion by EBV. 

EBNA, Epstein-Barr virus nuclear antigen; LMP, latent mem-
brane protein. (From Cohen,34 with permission.)
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Another nomenclature of latency programs have been 
developed based on the behavior of the virus in normal 
B cells during persistent in vivo infection. According to 
this hypothetical model, EBV infection of the naïve B 
cells (IgD positive, CD27 negative) express all latent pro-
teins and undergo proliferation to become centroblasts. 
This is called the growth program or latency III infection. 
The EBV-infected cells undergo a germinal center reac-
tion in which somatic mutation of V region genes and 
differentiation to centroblasts and centrocytes occur. 
During this differentiation process, the pattern of EBV 
gene expression is called the default program or latency 
II infection. Mutated B cells expressing antigen receptors 
with high affi nity for the immunizing antigen subsequently 
differentiate into plasma cells or are selected into the pool 
of memory B cells. The memory B cells show another type 
of latency called latency program or latency I during which 
EBER and EBNA-1 (and perhaps LMP-2A) are 
expressed. This type of latency results in the evasion of 
the immune surveillance. Neoplastic cells seen in EBV-

associated malignancies can have different patterns of 
latency, indicating the cell of origin of these disorders (see 
Table 31.4). Latency I type is seen in Burkitt lymphoma, 
whereas Hodgkin lymphoma, peripheral T-cell lym-
phoma, and nasopharyngeal carcinoma are the latency II 
type. Latency III is seen in PTLDs, infectious mononu-
cleosis, and X-linked lymphoproliferative disorders.

Molecular Histogenesis

Under the current WHO classifi cation of hematopoietic 
neoplasms, PTLDs are divided into four broad categories 
(see Table 31.1).5 These lesions are morphologically, 
molecularly, and clinically heterogenous disorders (Table 
31.5). Most are B cell in origin and EBV positive (Figure 
31.5) and express type III latency (growth program). 
Based on correlative studies of morphologic and molecu-
lar features, specifi c categories of PTLD have been shown 
to be of clinical relevance.44–46 In recent years, our greater 

Table 31.4. Types of Epstein-Barr virus latency in various disease states.

EBNA-1 EBNA-2 EBNA-3 LMP-1 LMP-2 EBER Latency Disease

+ − − − − + I Burkitt 
lymphoma

+ − − + + + II CHL, NPCA, 
PTCL

+ + + + + + III PTLD, IM, XLPD

Note: CHL, classical Hodgkin lymphoma; EBER, Epstein-Barr virus–encoded RNA; EBNA, 
Epstein-Barr nuclear antigen; IM, infectious mononucleosis; LMP, latent membrane protein; 
NPCA, nasopharyngeal carcinoma; PTCL, peripheral T-cell lymphoma; PTLD, posttransplanta-
tion lymphoproliferative disorder; XLPD, X-linked lymphoproliferative disorder.
Source: Cohen.34 with permission.

Table 31.5. Immunoglobulin H (IgH) gene rearrangement and Epstein-Barr virus 
(EBV) clonality patterns of B-cell posttransplantation lymphoproliferative disorder 
(PTLD).

Early lesions Polymorphic PTLD Monomorphic 
PTLD

Morphology IM-like Plasmacytic B-cell population with 
full range of 
maturation

Monomorphic B-cell 
population

IgH rearrangement Polyclonal Oligoclonal or 
monoclonal

Monoclonal

EBV clonality Polyclonal Clonal Clonal
Genes None None c-Myc, p53 or N-ras
Clinical response Regress Can regress or progress Progress

Note: The monoclonal subtype often has alterations of oncogenes and tumor suppressor genes. 
It is notable that synchronous lesions can have variable subtypes by morphology. It is uncertain 
whether these subtypes progress or evolve from one another. In myeloma and plasmacytoma-like 
monomorphic PTLD it may be diffi cult to demonstrate IgH or EBV clonality; therefore, mono-
typic light chain demonstration by immunophenotypic methods is most useful in this setting. 
Hodgkin lymphoma-like PTLD is rare and the response to reduced immunosuppression alone is 
unknown. IM, infectious mononucleosis.
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understanding of the histogenesis of B-cell lymphomas 
has resulted in categorizing them as arising from various 
B-cell compartments that include naïve B cells, germinal 
center B cells, and post–germinal center B cells.47–49 We 
know that somatic hypermutation of immunoglobulin 
variable (IgV) genes occurs within the germinal center B 
cells under the infl uence of T-cell–dependent immune 
reactions. Thus, the absence of an IgV mutation suggests 
an origin from naïve B cells, whereas the presence of IgV 
mutation indicates a germinal center or post–germinal 
center origin of lymphoma. Furthermore, the presence of 
ongoing IgV mutations with intraclonal heterogeneity 
suggests the neoplastic cells’ origin from centroblasts, 
whereas the absence of intraclonal heterogeneity is con-
sistent with a derivation from late centrocytes or post–
germinal center cells.47–49 In addition, a mutation of the 
Bcl-6 protooncogene occurs at the time of germinal 
center transit.50,51 De novo cases of diffuse large B-cell 
lymphomas using gene array technology have shown two 
major patterns (i.e., germinal center B-cell-like and acti-
vated B-cell-like). Patients with the germinal center B-
cell-like array pattern had a signifi cantly better overall 
survival than those with the activated B-cell profi le.52

Phenotypic markers by immunohistochemistry have 
been identifi ed that correlate well with genotype markers 
of B-cell histogenesis. These include CD10, Bcl-6, multi-
ple myeloma oncogene-1 protein (MUM-1), and CD138. 
The expression of CD10 and Bcl-6 correlates with the 
germinal center stage of B-cell differentiation; MUM-1 
expression correlates with B cells exiting the germinal 
center and with post–germinal center cells, and CD138 is 
a marker of preterminal B-cell differentiation.53–55

When studied with the immunohistochemical panel 
(CD10, Bcl-6, CD138, MUM-1) and IgV mutations, PTLD 
can arise from the broad range of B-cell differentiation 
and not solely from the pool of memory cells that harbor 
EBV in healthy carriers. The fi rst molecular histogenetic 
category of PTLD shows IgV mutations with the Bcl-6+/
MUM-1−/+/CD138− phenotype, suggesting germinal center 
B-cell derivation. A second category shows the Bcl-6−/
MUM-1+/CD138− phenotype, indicating an origin from B 
cells that have concluded the germinal center reaction 
(late germinal center). A third category of PTLD shows 
the BCL-6−/MUM-1+/CD138+ phenotype consistent with 

post–germinal center B-cell derivation. Most PTLDs 
have a late germinal center phenotype (second category) 
followed by a post–germinal center phenotype (third cat-
egory) and, rarely, a germinal center phenotype (fi rst 
category).56

Both polymorphic and monomorphic subtypes can fall 
into any of these categories. It is uncertain whether these 
categories have any affect on prognosis and clinical 
behavior. One recent small study has suggested a correla-
tion between the histogenetic phenotype of B-cell PTLD 
and the allograft type, with HSCT-associated PTLD 
showing a post–germinal center phenotype more fre-
quently than solid organ transplant–associated PTLD.57 
This post–germinal center phenotype has been suggested 
to explain the poorer prognosis with HSCT-associated 
PTLD, although in this study the phenotype did not cor-
relate with prognosis. Other studies have not validated 
these results.

Genetic Profi le

Several genetic features have been studied in PTLD 
cases. These include immunoglobulin and T-cell gene 
rearrangement clonality, EBV clonality, cytogenetic anal-
ysis, and oncogenes such as Myc, ras, p53, and Bcl-6. In 
early lesions of PTLD, the immunoglobulin genes are in 
the germline, and no mutations of Myc, ras, p53, and Bcl-6 
are seen. In polymorphic PTLD, immunoglobulin genes 
are clonally rearranged along with clonal EBV genomes; 
however Myc, ras, p53, and Bcl-6 show no mutation. 
Monomorphic lesions of PTLD often show clonal immu-
noglobulin rearrangement with mutation of Myc, ras, p53, 
and Bcl-6 oncogenes. Mutations of the Bcl-6 oncogene 
are seen in 40% of polymorphic and 90% of monomor-
phic PTLD cases and have been associated with a poor 
response to reduced immunosuppression. Therefore, it 
has been demonstrated that the classifi cation of PTLD 
into separate morphologic and genetic categories is clini-
cally relevant.4

Some studies have evaluated deletions and mutations of 
the LMP-1 oncogene in EBV-positive PTLD cases. A 
small 30-bp deletion in the carboxy-terminal domain of 
LMP-1 has been described. However, no signifi cant differ-

Figure 31.5. Images from a 58-year-old patient with a history 
of lung transplantation for chronic obstructive pulmonary 
disease 18 months prior to presentation with multiple lung 
nodules. (A) Hematoxylin and eosin–stained sections (×200) of 
dense atypical large monomorphic lymphoid cells. (B) Hema-
toxylin and eosin–stained (×400) sheets of large atypical lym-
phoid cells admixed with plasma cells—polymorphic 
posttransplantation lymphoproliferative disorder (PTLD). (C) 
CD20 immunostain (×400) shows atypical cells are B cells 

strongly positive for CD20. (D) CD138 immunostain (×400) 
shows plasma cells are strongly positive for CD138. (E) Kappa 
light chain immunostain (×400) shows most cells are negative. 
(F) Lambda light chain immunostain (×400) shows plasma cells 
are predominantly positive for lambda stain, indicating lambda 
light chain restriction or a clonal process. (G) Epstein Barr–
encoding RNA in situ hybridization with strong positivity, con-
fi rming an Epstein-Barr–driven PTLD of polymorphic but 
monoclonal type.
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ences in morphologic features, clinical outcomes, or prog-
noses have been demonstrated in the deleted cases when 
compared to patients with wild-type LMP-1 genes.58,59

Diagnosis and Evaluation

The early clinical manifestation of PTLD is usually non-
specifi c, including such symptoms as fever, weight loss, 
and malaise. In the pediatric population, infectious mono-
nucleosis may be the initial presentation. The highest 
incidence of PTLD is in the fi rst year after any allograft 
transplantation. Although PTLD has been reported as 
early as 1 week and as late as 9 years posttransplantation, 
the median onset of disease is 6 months after solid organ 
transplantation and approximately 10–13 months after 
HSCT. Because early diagnosis and treatment affect the 
prognosis, serial monitoring of EBV DNA viral load 
(whole blood, peripheral blood mononuclear cells, or 
plasma), EBV serology and diagnostic imaging are rou-
tinely used to monitor transplant recipients.

Epstein-Barr virus serology includes the detection of 
antibodies to VCA (IgG and IgM), EBV-EA, and EBNA 
(Table 31.6). Only in a primary infection are IgM anti-
bodies to VCA present, and a reactivated infection causes 
a fourfold or higher increase in anti-VCA IgG and anti-
EA. A chronic infection is defi ned as a combination of 
low titers of anti-VCA IgG and anti-EBNA. Although 
some studies have suggested the clinical utility of using 
EBV serology in predicting PTLD (perhaps in conjunc-
tion with EBV viral load), other studies have de-
monstrated its limitations.60,61 Transplant recipients are 
immunosuppressed, and their humoral immune system is 
not capable of reacting like that of immunocompetent 
individuals. Thus, the pattern of EBV serology may not 
be an optimal assay for predicting or confi rming the diag-
nosis of PTLD.

Quantitative polymerase chain reaction (PCR) is com-
monly used in monitoring the EBV viral load in trans-
plant recipients.62–64 It has been demonstrated that EBV 
transcripts are increased signifi cantly in immunosup-
pressed individuals. Many PCR-based assays are clinically 
available, such as the EBV viral load assay performed on 

whole blood/peripheral blood mononuclear cells as the 
analyte or an EBV viral load assay using serum or plasma.65 
In evaluating PCR-based assays and to assess the positive 
or negative predictive value, it becomes important to 
understand the methodology (e.g., primer set used, sensi-
tivity, and specifi city) and defi ne the threshold limit 
deemed as a positive result in the patient population 
tested. For example, increased specifi city can be seen 
when evaluating EBV viral load results from a cohort of 
patients in whom PTLD is clinically suspected and com-
pared with results obtained from patients undergoing sur-
veillance in the absence of the disease. The EBV serostatus 
may affect both the sensitivity and specifi city of the assay. 
Pediatric patients becoming seropositive after transplan-
tation are most likely to become chronic asymptomatic 
carriers with high baseline EBV viral load than patients 
who are seropositive before transplantation. Conversely, 
adult patients who are seropositive prior to transplanta-
tion are most likely to have low baseline EBV viral load. 
Therefore, a subsequent measurement of a high EBV 
viral load refl ects a greater change in the latter patients 
and is more predictive of the development of PTLD.

Common assays are those using peripheral blood 
mononuclear cells and plasma for EBV viral load assess-
ment. Although PCR assays are very sensitive in detect-
ing EBV transcripts, they lack the clinical specifi city in 
predicting the development of PTLD. Also, as one might 
expect, the EBV viral load has limitations in predicting 
the occurrence of EBV-negative PTLD cases. Recently, 
the role if IL-10 has been emphasized in PTLDs, and high 
levels of IL-10 have been detected in the plasma of PTLD 
patients. Some studies have suggested the IL-10 assay in 
conjunction with the EBV viral load has clinical diagnos-
tic utility for the early diagnosis of PTLD. Unfortunately, 
this assay also has a limitation in EBV-negative cases, as 
IL-10 levels are not elevated in EBV-negative cases. This 
assay is not currently routinely used.

A defi nitive diagnosis of PTLD is rendered on a tissue 
biopsy. Tissue sections show whether the lesion is poly-
morphic or monomorphic, which may predict the clinical 
course and help guide therapy. Epstein-Barr virus–
encoded RNA in situ hybridization can be performed on 
paraffi n-embedded tissue sections, as EBER transcripts 

Table 31.6. Patterns of Epstein-Barr virus (EBV) serology in different phases of infection.

EBV serostatus Anti-VCA (total) VCA IgM Anti-EA Anti-EBNA

Naïve − − − −
Early infection + + −/+ −
Convalescent infection + +/− −/+ −/+
Recent past infection + +/− −/+ −/+
Remote infection + − Low level/− + (EBNA > EA)
Reactivation ≥4-fold increase −/Weak + ≥4-fold increase No increase

Note: EA, early antigen; EBNA, Epstein-Barr nuclear antigen; VCA, viral capsid antigen.
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are seen in almost all EBV-positive cases of PTLD. Clon-
ality of the lesion can be assessed by demonstrating 
kappa or lambda light chain restriction using either fl ow 
cytometric or immunohistochemical methods. Molecular 
genetic studies can be performed for B-cell or T-cell clon-
ality by IgH and T-cell receptor rearrangements. In addi-
tion, EBV clonality can be performed on fresh or frozen 
tissue using Southern blot analysis.

Treatment and Management

Because PTLD is a clinically heterogeneous disorder, it 
is a major challenge for treating physicians. At present, 
there is no consensus in managing patients with PTLD 
due to many reasons. First, the pathogenesis of PTLD is 
not well understood; second, there is an absence of large 
randomized controlled treatment trials; and third, as 
mentioned in the previous discussion, there is an absence 
of reliable assays to predict the development of PTLD. 
Identifying the population at risk and prevention by 
immunosurveillance play important roles in the manage-
ment of these disorders.62,66,67 Advances in the morpho-
logic and molecular genetic categorization of PTLD with 
clinical relevance has been useful in predicting the clini-
cal outcome in patients.46 As an example, the category of 
early lesions, which are not clonal, have been shown to 
present with localized disease and frequently respond to 
reduced immunosuppression alone. On the other hand, 
monomorphic lesions that are monoclonal, especially 
those with Bcl-6 mutations, are unlikely to respond to 
reduced immunosuppression alone and usually require 
aggressive therapy, including conventional lymphoma 
chemotherapy.45,68

The therapeutic options fall into fi ve major categories: 
(1) reduction of immunosuppression, (2) conventional 
chemotherapy, (3) anti–B-cell monoclonal antibodies 
(e.g., rituximab), (4) antiviral drugs, and (5) adoptive 
immune therapy. The initial treatment of PTLD, irrespec-
tive of the morphologic subtype, is to reduce immunosup-
pression with the hope of partially restoring the host CTL 
function, which could result in the elimination of infected 
cells. Also, if the patient needs conventional chem-
otherapy, reduced immunosuppression helps decrease 
infectious complications. This needs to be carefully indi-
vidualized, as reducing the immunosuppression poses a 
risk of allograft rejection. The guidelines for reducing 
immunosuppression are not well established, and common 
dilemmas concerning the amount and length of time 
required are still not well established. The response to 
reduced immunosuppression is typically seen in 2–4 
weeks and is usually monitored by following the reduc-
tion in the EBV viral load and/or tumor size by imaging 
studies.62,63,69 It is interesting to note that some cases of 
EBV-negative PTLD respond to reduced immunosup-
pression alone. The mortality rate is 50%–80% in cases 

of PTLD that failed to respond to reduced immunosup-
pression alone. In some studies, the regression of poly-
clonal and monoclonal lesions after a reduction of the 
immunosuppressive dose ranges from 23% to 50%.70–72 
In solid organ transplant recipients, a reduction of 
immunosuppression has been benefi cial; however, the 
withdrawal of immunosuppression in HSCT recipients is 
precarious, as these patients are dependent on donor 
engraftment to restore immune competence.

Conventional chemotherapy is used for patients who 
do not respond to reduced immunosuppression alone or 
for patients who have a higher stage of disease with 
monomorphic or monoclonal PTLD lesions. When che-
motherapy is administered, it is always in combination 
with reduced immunosuppression. Although a clinical 
response to chemotherapy is usually observed, the dura-
tion of remission is unpredictable.73,74 Rituximab, a mono-
clonal anti-CD20 (mature B-cell) antibody, has been used 
relatively successfully as an adjunct to reduced immuno-
suppression with and without chemotherapy. As most 
PTLD lesions are B cell in origin, the use of rituximab 
may be a rational treatment approach. The results of 
patients treated with rituximab are promising, and the 
response rate can be as high as 90%, with a durable 
remission lasting several months. However, the experi-
ence of using rituximab in the PTLD setting has been less 
than 10 years in duration, and more studies are needed 
to evaluate the long-term remission rate. Rituximab may 
be given along with lower doses of chemotherapy to 
avoid the toxic side effects of higher doses, especially in 
the pediatric population. It is important to understand 
that rituximab essentially depletes all mature B cells 
(normal and tumor cells) and does not have any known 
effect on CTL function. Thus long-term EBV control and 
late relapse could be a potential problem.75–78

Transfused EBV-specifi c CTLs have been used in 
clinical trials with some success. This therapeutic ap-
proach is also called adoptive T-cell therapy. Epstein-Barr 
virus–specifi c CTLs can be harvested from the donor 
(allogeneic) or from the recipient (autologous). Post-
transplantation lymphoproliferative disorders arising in 
an HSCT setting are often donor in origin, and allogeneic 
EBV-specifi c CTLs has been used successfully.79–83

Autologous EBV-specifi c CTLs can be generated from 
EBV-seropositive recipients prior to transplantation. This 
approach is helpful for solid organ transplant recipients, 
because PTLDs arising in this setting are mostly recipient 
in origin. However, this approach cannot be taken for 
patients who are EBV seronegative at the time of solid 
organ transplantation, precisely the population with an 
increased risk of PTLD. Closely HLA-matched allo-

geneic EBV-specifi c CTLs have been used in these 
cases with variable success.84 In contrast to stem cell 
transplant recipients, the allogeneic EBV-specifi c CTLs 
do not survive long enough in recipients of solid organ 
transplans.85,86
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A retroviral gene transfer methodology (introducing 
EBV viral product–specifi c T-cell receptors) is another 
interesting approach to generate autologous EBV-
specifi c CTLs from seronegative recipients.87 Surgical 
resection or local radiation has also been used in PTLD 
cases with a goal to relieve local symptoms and/or reduce 
the tumor burden. In rare cases of a localized lesion, a 
surgical excision may be curative. Other adjunct thera-
peutic modalities include cytokine-based therapies such 
as IFN-α and anti–IL-6. At present, there is insuffi cient 
evidence to support their use.

Prophylaxis

Because EBV infection is often the etiology of PTLD, 
prophylaxis should be focused on prevention of reactiva-
tion in seropositive individuals and controlling and/or 
minimizing the clinical consequences of primary infection 
in seronegative recipients. Several approaches have been 
used, including avoidance of overimmunosuppression, 
continuous immunosurveillance, the use of prophylactic 
antiviral medications, an EBV vaccine and in vitro–
generated EBV-specifi c CTLs.

The incidence of PTLD varies even among institutions, 
probably because of the amount and type of im-
munosuppression regimen used, the type of allograft 
transplanted, and the patient population (pediatric vs. 
adult) at a particular transplant facility. Pediatric patients 
(who are seronegative at the time of transplantation) who 
undergo liver transplantation or seronegative patients 
who undergo heart–lung transplantation are most likely 
to receive a more intensive immunosuppressive regimen 
than are patients who are EBV seropositive and undergo 
renal transplantation. Thus the degree of immunosup-
pression needs to be carefully considered when treating 
different patient populations. There are no standard pro-
tocols/guidelines for reducing immunosuppression, and 
the clinical judgment depends on the patient’s clinical 
status, the EBV viral load, graft function, and the histol-
ogy and clonality of the lesion. Continuous immunosur-
veillance means prospective monitoring of the EBV viral 
load in transplant recipients and commencing therapy 
when a predetermined threshold is reached. A legitimate 
concern is that only a fraction of patients with a high EBV 
viral load develop PTLD, and some patients with EBV-
positive PTLD have a low viral load.88,89

Antiviral agents are often given along with reduced 
immunosuppression; however, the clinical effi cacy of this 
approach is undetermined. These agents have no effect 
on latently infected EBV-positive B cells but do limit 
the lytic replication of EBV-infected cells.90,91 An EBV 
vaccine using the gp350 EBV protein is currently under 
development with the hope that a vaccine given to EBV-
seronegative individuals prior to transplantation will 

induce seroconversion and the formation of EBV-specifi c 
antibodies. Preliminary data have shown success with a 
good immune response in healthy EBV seronegative 
individuals92; however, the antibody responses in EBV 
seronegative immunosuppressed individuals need to be 
evaluated.

Epstein-Barr Viral Load in 
Immunocompromised Hosts

As mentioned above, the CTL response is important for 
the control of EBV infection, and in healthy carriers 
most infected B lymphocytes are cleared through im-
munosurveillance. However, 1–50 B lymphocytes per 1 
million remain infected and serve as the reservoir for 
lifelong latent infection. In immunocompromised indi-
viduals or transplant patients receiving immunosup-
pressive therapy, the balance between EBV replication, 
latency, and CTL control is deranged, and decreased 
EBV-specifi c CTL activity results in increased virus rep-
lication and increased numbers of circulating latently 
infected B cells. Therefore, immunosuppressed patients 
have an increased EBV viral load, but all these pati-
ents do not necessarily develop PTLD and retain the 
restricted transcription pattern seen in healthy carriers 
(EBER, EBNA-1, and LMP-2A). As EBNA-2 and LMP-
1 proteins are not expressed, the increased viral load 
is not due to cellular proliferation but rather to the 
increased number of EBV-infected cells gaining entry to 
the B-cell memory compartment. Therefore, the pres-
ence of high EBV viral load in transplant recipients is a 
very sensitive but not a very specifi c assay for the diag-
nosis of PTLD. In other words, as mentioned previously, 
the presence of a high EBV viral load does not always 
mean the person has PTLD; however, the absence of a 
high viral load argues against the development of PTLD. 
Of course, the EBV-negative PTLD cases would also 
have either negative or low EBV viral load. Therefore, 
an increased EBV viral load and the presence of a slight 
increase in the number of EBER-positive cells on the 
tissue sections needs to be interpreted with caution and 
morphologic features need to be correlated with clinical 
manifestations.

Epstein-Barr Virus–Negative Disease

About 15%–20% of PTLD are EBV negative and are 
often seen in renal transplant recipients (up to 50% of 
renal allograft recipients developing PTLD are EBV 
negative). Knowledge of the etiology, behavior, and 
optimal treatment for EBV-negative PTLD remains 
limited, partly because of the rarity of these lesions. It 
is uncertain whether EBV-negative PTLD represents a 
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distinct entity. In one study, the morphologic, immuno-
phenotypic, genotypic, and clinical features of the EBV-
negative and EBV-positive PTLD cases were compared.23,93 
Epstein-Barr virus–negative PTLD occurred a median of 
50 months posttransplantation compared with 10 months 
for EBV-positive cases.

Although any morphologic subtype of PTLD can be 
seen, the EBV-negative cases are often monomorphic 
and can demonstrate B-cell and less often T-cell clonality. 
Some of the B-lineage monomorphic lesions have c-Myc 
and/or Bcl-2 rearrangements. The EBV-negative PTLD 
cases often require chemotherapy and are typically more 
aggressive than the EBV-positive cases; however, some 
cases do respond to reduced immunosuppression alone. 
Irrespective of their morphologic pattern, reduced immu-
nosuppression should always be considered before start-
ing chemotherapy.

Prognosis

Prognosis is variable given the heterogeneity of the clini-
cal and morphologic features. The data about prognosis 
are mainly based on case reports and retrospective studies. 
Most of the early lesions and some cases of polymorphic 
PTLD tend to regress with reduced immunosuppression; 
however, most cases of polymorphic and monomorphic 
subtypes fail to regress and require conventional chemo-
therapy. Although the overall survival rates range be-
tween 25% and 35%, the prognosis varies with many 
factors, such as the age of the patient, extent of the disease, 
performance status of the patient, morphologic diagnosis, 
presence of clonality, and involvement of allograft by the 
disease. The mortality caused by PTLD in solid organ 
transplant recipients can be as high as 60% and in HSCT 
recipients as high as 80%. Monoclonal PTLDs, T-cell 
lymphomas and EBV- negative PTLD cases have the 
worse prognosis. The International Prognostic Index, 
which is useful for determining the prognosis of patients 
with de novo non-Hodgkin lymphoma, is less useful in 
this setting.94
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cells either as isolated scattered cells or as nodules within 
the center of sclerosing hemangioma were detected 
(chromogranin, Leu-7, synaptophysin positive) in three 
cases. The expression of TTF-1 in the absence of surfac-
tant proteins A and B and Clara cell antigens in the round 
cells of sclerosing hemangioma suggests that they are 
derived from primitive respiratory epithelium. The alveo-
lar pneumocytes and neuroendocrine cells may either 
represent phenotypic differentiation of a primitive respi-
ratory epithelial component or they correspond to non-
neoplastic entrapped or hyperplastic elements. The latter 
is favored. The concomitant positivity of both cell types 
in sclerosing hemangioma for TTF-1 and epithelial mem-
brane antigen, and the negativity of round cells for pan-
cytokeratin and neuroendocrine markers, provide useful 
clues for histogenesis. It also provides a panel of immuno-
phenotypic markers aiding in the diagnosis of this lung 
neoplasm in small biopsy or fi ne-needle aspiration speci-
mens. The round cells/polygonal tumor cells in sclerosing 
hemangioma coexpress TTF-1 and epithelial membrane 
antigen without cytokeratin immunoreactivity.3,5

Ultrastructural and immunophenotypic studies6 have 
demonstrated that cuboidal cells of sclerosing hemangi-
oma resemble reactive proliferating type II pneumocytes, 
which can fuse into multinuclear giant cells. On the other 
hand, polygonal cells, which are true tumor cells, likely 
originate from multipotential primitive respiratory 
epithelium and possess the capability for multipotential 
differentiation.

A recent study suggested that neoplastic cells of scle-
rosing hemangioma are undifferentiated “stromal cells.”5 
The nuclei of the tumor cells stained positive for hepato-
cyte nuclear factor-3α and -3β as well as TTF-1; the 
latter was further confi rmed by in situ hybridization 
staining.

In summary, pulmonary sclerosing hemangioma is a 
proliferation of fetal/primitive type II pneumocytes. 
Therefore, pneumocytoma or pneumoblastoma appears 
to be a more appropriate name for this lesion.

Sclerosing Hemangioma

Pulmonary sclerosing hemangioma is a unique lung neo-
plasm. It occurs sporadically in middle-aged patients, 
although cases have been reported in the pediatric popu-
lation and may be associated with familial adenomatous 
polyposis.1,2 Sclerosing hemangiomas are typically periph-
eral and involve lung parenchyma. However, they rarely 
present as endobronchial polypoid masses resulting in 
clinical symptoms of bronchial obstruction.3 The lesions 
have sclerosis and hemorrhagic cystic spaces lined by 
surface/cuboidal cells thought to be reactive and solid 
areas consisting of round/polygonal cells thought to be 
neoplastic. For many years sclerosing hemangioma was 
thought to be a vascular tumor because of its microscopic 
appearance, hence the name.

The histogenesis and origin of sclerosing hemangioma 
of lung were uncertain for many years. Many immunohis-
tochemical, ultrastructural, and recent molecular studies 
provide interesting insights. One of the largest cohort 
studies of sclerosing hemangioma study was performed 
by the investigators at the Armed Forces Institute of 
Pathology.4 The authors studied 100 cases of pulmonary 
sclerosing hemangioma that presented as peripheral 
(95%), solitary (96%) masses of less than 3 cm in diame-
ter (74%) in asymptomatic patients who were mostly 
women (83%) with a mean age of 46.2 years. Immuno-
histochemistry for multiple epithelial, mesothelial, pneu-
mocyte, neuroendocrine, and mesenchymal markers was 
performed on 47 cases to investigate the histogenesis of 
this neoplasm. Both surface/cuboidal and round/polygo-
nal cells stained with epithelial membrane antigen and 
thyroid transcription factor-1 (TTF-1) in more than 90% 
of cases. However, the round cells were uniformly nega-
tive for pan-cytokeratin and positive for cytokeratin-7 
and CAM 5.2 in only 31% and 17% of cases respectively. 
Surfactant proteins A and B as well as Clara cell antigen 
were positive in varying numbers of surface cells, but they 
were negative in the round tumor cells. Neuroendocrine 
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Recent loss of heterozygosity (LOH) studies have pos-
tulated that sclerosing hemangioma may be a neoplasm 
originating from the cells of the terminal lobular unit, 
similar to the nonmucinous variant of bronchoalveolar 
carcinoma. In this study, a number of overlapping features 
of sclerosing hemangioma and bronchoalveolar carci-
noma were noted. Dacic et al. examined a potential rela-
tionship between the two entities.7 They analyzed the 
patterns of allelic loss of tumor suppressor genes in scle-
rosing hemangioma and bronchoalveolar carcinoma 
by microdissection-based LOH analysis using a panel of 
seven polymorphic microsatellite markers located on 1p, 
5q, 9p, 10q, and 17p. They showed similar patterns of allelic 
loss between bronchoalveolar carcinoma and sclerosing 
hemangioma. A statistically signifi cant difference in allelic 
loss between sclerosing hemangioma and bronchoalveo-
lar carcinoma was located only on chromosomal arm 5q 
(p = 0.04). Microsatellite marker D5S615 was signifi cantly 
more frequently affected in sclerosing hemangioma than 
in bronchoalveolar carcinoma (66.7% vs. 28.6%; p = 0.04). 
The new molecular data support the hypothesis of a 
common origin of sclerosing hemangioma and bronchoal-
veolar carcinoma. A putative tumor suppressor gene that 
might play a role in tumorigenesis of sclerosing heman-
gioma may be located on the chromosomal arm 5q.

Sclerosing hemangioma of the lung shows a predilec-
tion for middle-aged women. This prompted investigators 
to examine sclerosing hemangioma for the expression of 
ERα (human estrogen receptor) and ERβ (a second 
isoform of estrogen receptor). To investigate the staining 
patterns of these tumors, Wu et al. stained lung tissues 
from patients with non–small cell lung carcinomas and 
nonneoplastic type II pneumocytes for comparison. In 
their study, 37 pulmonary sclerosing hemangiomas and 
301 non–small cell lung cancer specimens were examined 
immunohistochemically. There was no ERα expression. 
The overall frequency of overexpression for ERβ was 
91.9%. It was detected in both female (in 91.4% of 
35 cases) and male (in 100.0% of 2 tumors from men) 
patients. There was ERβ overexpression in all 9 tumors 
of solid pattern, 6 of 7 tumors of papillary pattern, all 4 
tumors of sclerotic pattern, 12 of 13 tumors of hemor-
rhagic pattern, and 3 of 4 tumors of mixed pattern. The 
staining pattern of the neoplastic cells of the sclerosing 
hemangioma was similar to that of type II pneumocytes 
adjacent to the tumor rather than that of non–small cell 
lung cancers, in which the frequency of ERβ overexpres-
sion was 45.8%.

Lymphangioleiomyomatosis

Lymphangioleiomyomatosis is a rare progressive disease 
of women predominantly of child-bearing age that is char-
acterized by a proliferation of abnormal smooth muscle-

like cells (lymphangioleiomyomatosis cells, perivascular 
epithelioid cells) around airways, vessels, and lymphatics 
that leads to cystic lung lesions and lymphatic abnormali-
ties.9 Lymphangioleiomyomatosis presents insidiously 
with progressive breathlessness or dramatically with 
recurrent pneumothorax, chylothorax, or sudden abdomi-
nal hemorrhage. Computed tomography scans show 
numerous thin-walled cysts throughout the lungs with no 
air trapping and abdominal angiomyolipomas in up to 
35% of cases. Pulmonary function tests show reduced fl ow 
rates (forced expiratory volume in 1 sec) and diffusing 
capacity for carbon monoxide. Exercise testing shows 
gas-exchange abnormalities, ventilatory limitation, and 
hypoxemia that may occur with near-normal lung func-
tion. Tissue biopsy material with immunoreactivity for 
HMB-45 positivity establishes the diagnosis. There is no 
effective treatment for lymphangioleiomyomatosis, but 
on-going therapeutic trials with rapamycin appear prom-
ising, and, fi nally, lung transplantation is available.

Lymphangioleiomyomatosis occurs sporadically. 
However, a signifi cant minority of cases are associated 
with tuberous sclerosis complex, an autosomal dominant 
syndrome characterized by hamartoma-like tumor 
growths. Rarely, lymphangioleiomyomatosis is associated 
with multiple soft tissue tumors, including a large solitary 
fi brous tumor of the lung, a huge cavernous hemangioma 
of the liver, a meningioma of the right pontocerebellar 
angle, and a focus of nodular stromal hyperplasia of the 
ovary, in addition to endocrine tumors, including a 
papillary carcinoma of the thyroid gland and a parathy-
roid adenoma, indicating a possible tumor syndrome.10 
However, no familiar cases have been reported thus far.

At the molecular level, the tumor suppressor genes 
TSC1 and TSC2 (tuberous sclerosis complex 1 and 2) 
have been implicated in the pathogenesis of lymphangi-
oleiomyomatosis, with mutations and LOH in TSC2 in 
lymphangioleiomyomatosis cells. TSC1 encodes hamar-
tin, with a postulated role in actin cytoskeleton reorgani-
zation.9 TSC2, which may play a central role as a tumor 
suppressor gene in tumorigenesis of lymphangioleiomyo-
matosis, encodes tuberin, a protein with roles in cell 
growth and proliferation, transcriptional activation, and 
endocytosis. Lymphangioleiomyomatosis cells, as defi ned 
by TSC2 LOH, have been detected in blood and body 
fl uids and can metastasize. Studies have further indicated 
that TSC2 may play a putative tumor suppressor role 
in aberrant growth of smooth muscle-like cells in 
lymphangioleiomyomatosis.11

Solitary Fibrous Tumor

Solitary fi brous tumors are rare neoplasms that typically 
develop in the pleura but have been reported in lung 
parenchyma as well12 and at a variety of other locations. 
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A rare familial case has been documented.13 The tumor 
was fi rst described by Klemperer and Rabin in 1931.14 It 
was initially termed localized mesothelioma, because the 
tumor was believed to arise from mesothelial cells and 
were circumscribed. However, immunohistochemical evi-
dence reveals that these fi brous lesions originate from the 
submesothelial mesenchyme rather than from mesothe-
lial cells. Solitary fi brous tumors of the pleura express 
vimentin, which is a marker of mesenchymal cells, and do 
not express cytoplasmic keratins, which are found in 
mesotheliomas. Electron microscopy has confi rmed that 
these tumors are of mesenchymal rather than mesothelial 
origin.15 Solitary fi brous tumors of the pleura typically 
present in the sixth and seventh decades of life, and occa-
sionally in the pediatric population.16 Clinically, benign 
solitary fi brous tumors of the pleura may be associated 
with paraneoplastic syndromes, especially clubbing and 
hypoglycemia. Although a solitary fi brous tumor is usually 
a slow-growing tumor with favorable prognosis, recur-
rence with malignant progression after complete resec-
tion rarely occurs; a small number of de novo malignant 
cases have been reported. Histologically, all the tumors 
are characterized by a proliferation of patternless bland 
spindle cells with variable amounts of thick, often hyalin-
ized or keloid-like collagen bundles. Highly cellular areas 
may be focally observed and accompanied by frequent 
mitoses and cellular pleomorphism. Most if not all tumors 
show characteristic immunoreactivity for CD34. Immu-
noreactivity to Bcl-2 protein is also common. The labeling 
indices of p53, MDM2 protein, and Ki-67 are generally 
low. Although most benign solitary fi brous tumors of the 
pleura are small, some are huge pedunculated tumors.17 
These tumors may be present for many years and do not 
cause symptoms until they are quite large. The malignant 
tumors are often >10 cm on presentation.

A recent report documented the presence of solitary 
fi brous tumors of the pleura in a mother and daughter.13 
The event may be due to chance, exposure to a common 
environmental agent, or a germline mutation that was 
genetically transmitted. The gene or chromosome respon-
sible for solitary fi brous tumors of the pleura has not yet 
been identifi ed. Different cytogenetic studies of solitary 
fi brous tumors of the pleura have been reported,18–20 
including trisomies 8, 21, and 5. Miettinen and coworkers, 
using comparative genomic hybridization (CGH), showed 
that changes in DNA copy number occurred more com-
monly in those solitary fi brous tumors that were >10 cm 
and in those with greater mitotic activity.17 We analyzed 
15 solitary fi brous tumors and 11 hemangiopericytomas 
by CGH, a powerful molecular cytogenetic tool that can 
be applied to DNA extracted from formaldehyde-fi xed 
and paraffi n-embedded tissue. All of these tumors were 
immunohistochemically similar and showed reactivity for 
CD34 antigen but not for keratins, desmin, or muscle 
actins. Only one solitary fi brous tumor <10 cm showed 

DNA copy number changes (a single loss in chromosome 
13), but seven of eight solitary fi brous tumors >10 cm 
(including all four tumors with more than 4 mitoses per 
10 high power fi elds) showed changes, mostly chromo-
somal gains in 5q 7, 8, 12, and 18. Four cases showed 
losses, two of them in chromosome 13 and two others in 
20q. These fi ndings suggest that CGH might be useful in 
the evaluation of malignant transformation of solitary 
fi brous tumors. The most common change, gain of the 
entire chromosome 8, seen in two cases as the only change, 
suggests trisomy 8 and parallels a similar fi nding previ-
ously described in other fi brous tumors, such as subsets 
of desmoid fi bromatosis and infantile fi brosarcoma. In 
contrast, hemangiopericytomas, including large and 
mitotically active tumors, showed no DNA copy number 
changes on CGH. This suggests that hemangioperi-
cytomas are genetically different from solitary fi brous 
tumors.

Other complex translocations in solitary fi brous tumors 
have been identifi ed. A breakpoint in chromosome 4 was 
found in case reports of solitary fi brous tumors in both 
pleural and peritoneal locations.20 Debiec-Rychter et al. 
reported a malignant solitary fi brous tumor with a 
47,XY,t(4;9)(q13;p23), +5 karyotype.18 This chromosome 
4q13 breakpoint and pleural solitary fi brous tumor with 
a 46,XY,t(4;15)(q13;q26) karyotype was further charac-
terized by fl uorescence in situ hybridization analysis and 
localized within the 5-cm interval that was fl anked by 
regions specifi c to YAC clones 761A7 and 886C11. Chro-
mosome translocations involving chromosome 4q13 may 
characterize a separate cytogenetic subgroup of solitary 
fi brous tumors. Dal Cin et al. have also reported a special 
chromosome abnormality in a solitary fi brous tumor.19 
They found trisomy 21 as the sole chromosome abnor-
mality in a solitary fi brous tumor. Nevertheless, these 
are individual case studies that need confi rmation. Given 
that no consistent chromosomal abnormality has been 
reported, further cytogenetic or molecular genetic inves-
tigations of solitary fi brous tumors are in order.

In a polymerase chain reaction–single strand confor-
mational polymorphism analysis of solitary fi brous tumors 
and a subsequent sequence analysis of the p53 gene dis-
closed a point mutation at codon 161 in exon 5 in 1 of the 
13 cases analyzed. According to follow-up information, 
none of the patients had developed local recurrence or 
distant metastasis even in a higher histologic grade group. 
Complete surgical excision and long-term follow-up are 
advisable for patients with solitary fi brous tumors.

Lipomatous Neoplasms 

Various morphologic features of lipomatous neoplasms 
are associated with specifi c chromosomal patterns and 
clinical features such as age, sex, and tumor site, location, 
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and size. Simple lipomas are known to be karyotypically 
heterogeneous, but this has not been correlated with 
clinicopathologic features. Willen and coworkers, in the 
Soft Tissue Tumor Study Group, systemically examined 
165 cases of solitary soft tissue lipomas; short-term cul-
tures were analyzed cytogenetically.21 The karyotypes 
were divided into the following groups: normal karyo-
type; 12q13–15 aberrations; 6p rearrangements; 13q 
rearrangements, 8q11–13 aberrations; and ring or giant 
marker chromosomes or both. An abnormal chromo-
somal pattern was observed in 129 of 165 cases (78%). 
Apart from the fi nding that normal karyotypes were 
more common in patients younger than 30 years, there 
was no signifi cant association between cytogenetic pattern 
and patient sex or age or tumor localization, size, or 
depth. Although the pathogenetic basis and clinicopatho-
logic relevance (if any) of the cytogenetic subtypes among 
benign lipomas remain unexplained, more evidence 
suggests that a 12q13–15 aberration may play a role in 
tumorigenesis of lipomatous lesions.

Chromosome segment 12q13→q15 recombines with 
many different chromosome bands in lipomas, and a 
dozen recurrent translocations have been identifi ed. The 
HMGA2 gene is often rearranged. Fusion genes between 
HMGA2 (12q14→q15) and LPP (3q27→q28), LHFP 
(13q12), and CMKOR1 (2q37) have been reported. Most 
recently, Nilsson and colleagues systematically studied 
eight lipomas with rearrangements involving chromo-
some bands 12q14→q15 and 5q32→q33.22 They demon-
strated that in chromosome 5, fi ve of the cases had a 
breakpoint in the 5′ part of EBF in 5q33, while three cases 
had breakpoints located about 200 kb 3′ of EBF. In chro-
mosome 12, the breakpoints clustered to the region of 
HMGA2. Four cases had breaks within the gene and four 
had breaks 5′ to HMGA2, where the gene BC058822 is 
located. Two versions of an HMGA2/EBF fusion tran-
script were detected in one case; one transcript was in 
frame and the other out of frame. Identical EBF/BC058822 
fusion transcripts, seen in two cases, one of which also 
had the HMGA2/EBF transcript, were out of frame and 
resulted in truncation of EBF. Because EBF and HMGA2 
have different orientations, the fi ndings must be explained 
by complex aberrations including multiple breaks. The 
combined data indicate that the pathogenetically signifi -
cant event that contributes to the tumor development 
is fusion, truncation, or transcriptional activation of 
HMGA2.

Myxoid Liposarcoma

Myxoid liposarcomas are characterized cytogenetically 
by a t(12;16)(q13;p11).23 It is reasonable to assume that 
this translocation corresponds to the consistent rear-
rangement of one or two genes in 12q13 and/or 16p11 

and that the loci thus affected are important in the normal 
control of fat cell differentiation and proliferation. An 
elegant study was performed with the Southern blot tech-
nique to test whether a gene of the CCAAT/enhancer 
binding protein (C/EBP) family, CHOP, which maps to 
12q13 and is assumed to be involved in adipocyte differ-
entiation, could be the 12q gene in question.24 Using a 
cDNA probe that spans the CHOP coding region, Aman 
et al. detected one rearranged and one wild-type allele in 
nine of nine myxoid liposarcomas with t(12;16).23 With 
polymerase chain reaction–generated, site-specifi c probes 
corresponding to the noncoding exons 1 and 2 and intron 
2 of CHOP, rearrangements in fi ve of seven tumors 
mapped to the 2.4 and 1.6 kbp PstI fragments that contain 
the fi rst two exons and introns of the gene and the 
upstream promoter region. In contrast to the fi ndings in 
myxoid liposarcomas, no tumor without a t(12;16) exhib-
ited aberrant CHOP restriction digest patterns.

Chondroma and Chondrosarcoma

Myxoid chondrosarcoma is a soft tissue neoplasm 
cytogenetically characterized by the translocations 
t(9;22)(q22;q11–12) or t(9;17)(q22;q11), generating EWS/
CHN or RBP56/CHN fusion genes, respectively.25 
However, genetic aberrations in other cartilaginous 
tumors have not yet been well characterized. Early data 
showed that nonrandom chromosome loci are aberrantly 
affected in cartilaginous lesions and that these ab-
normalities may be of signifi cant histopathogenetic 
consequence.26

A recent study performed by Ozaki and associates 
showed some interesting results and advanced our under-
standing of the tumorigenesis of cartilaginous tumors.27 
Particularly, the authors analyzed the molecular–chromo-
somal aberrations in 10 chondrosarcomas (4 grade III 
tumors, 4 grade II tumors, and 2 grade I tumors) and in 
three benign cartilaginous tumors. Genomic imbalances 
were detected in 9 of 10 cases of chondrosarcomas. The 
median number of changes was 7.0 per tumor (range 0–
23) and the gain-to-loss ratio was 1 : 1.4. The most fre-
quent gains involved 7q, 5p, or 21q and the most frequent 
losses were 17p, 13q, 16p, or 22q. The three benign carti-
laginous tumors each had two (zero gains and two losses), 
six (one gain and fi ve losses), and eight (one gain and 
seven losses) chromosomal aberrations. Both of the gains 
occurred on 13q21, and losses were frequently observed 
on chromosomes 19 and 22q in all three cases. Losses of 
chromosome 16p, 17p, 22q, or 19 were common in both 
chondrosarcomas and benign cartilaginous tumors. 
However, aberrations from chromosomes 2 to 11, 14, 15, 
18, or 21 were detected only in chondrosarcomas. There-
fore, although the number of aberrations between benign 
and malignant cartilaginous tumors appears to be similar, 
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these two entities may be differentiated by determining 
which chromosomes are affected. In addition, these chro-
mosome abnormalities appear to be diagnostically and 
prognostically valuable in classifying and grading chon-
dromatous neoplasms.

Vascular Lesions 

Many vascular lesions represent intriguing examples of 
developmental dysmorphogenesis. Their diversity refl ects 
the multiple factors involved in the proper regulation of 
vasculogenesis and angiogenesis. Molecular discoveries 
have indicted genes expressed in endothelial cells and 
involved in receptor signaling. These mutated genes 
encode tyrosine kinase receptors and intracellular signal-
ing molecules. It is clear that derangements in transform-
ing growth factor-β signaling are involved in formation of 
arteriovenous malformations, but only in hereditary hem-
orrhagic telangiectasia. There may also be a role for 
extracellular matrix components in the evolution of 
vascular anomalies. For example, endothelial-to-smooth 
muscle cell signaling could occur via extracellular matrix. 
This is corroborated by the fact that there are differences 
in supporting cells for venous and capillary–venous 
anomalies.28

Traditional strategies for treatment of vascular anoma-
lies are based on destroying the vascular spaces, using 
laser or intralesional injection of sclerosing agents, and 
surgical resection. Identifi cation of causative genes opens 
the door to biologic therapy. Transgenic animal models 
could be used to identify modifying factors, evaluate 
novel treatments, and devise ways to prevent evolution 
of a vascular malformation. Animal models of vascular 
anomalies will also facilitate the study of molecular 
pathways controlling vasculogenesis and angiogenesis. 
Already, vascular epithelial growth factor and angiopoi-
etin are known to be associated with developmental as 
well as tumor-induced angiogenesis. Other common dis-
orders involving dysregulation of vascular growth could 
be due to deranged signaling. Thus, identifi cation of these 
genes could expose therapeutic targets for a wide range 
of angiogenic disorders.

Using linkage analysis, Boon et al. established that 
some families with inherited venous malformations show 
linkage to chromosome 9p21; the mutation causes ligand-
independent activation of an endothelial cell-specifi c 
receptor tyrosine kinase, TIE-2.29 The authors have dem-
onstrated that vascular malformations with glomus cells 
(known as glomangiomas), inherited as an autosomal 
dominant trait in fi ve families, are not linked to 9p21 but, 
instead, link to a new locus, on 1p21–p22, called VMGLOM 
(lod score 12.70 at recombination fraction). It is likely 
that venous tumors (i.e., glomangiomas) are caused by 
mutations in a novel gene that may act to regulate angio-
genesis, in concert with the TIE-2 signaling pathway.

Glomus Tumors

Glomus tumors typically have a solid pattern of sharply 
demarcated, round glomus cells with prominent, mildly 
dilated pericytoma-like vessels. Vascular invasion and 
focal atypia are relatively common, and low mitotic ac-
tivity (less than 4 mitoses per 50 high power fi elds) is 
occasionally seen. Immunohistochemically, tumors are 
typically positive for α-smooth muscle actin and calponin, 
and nearly all had a net-like pericellular laminin and col-
lagen type IV positivity. Tumors are usually negative for 
desmin and S100 protein. Miettinen et al. studied 34 
gastric glomus tumors and found that all tumors lacked 
Kit expression and the gold-intensifi ed staining tech-
nique–specifi c mutations in the c-Kit gene.30

Epithelioid Hemangioendothelioma 
and Angiosarcoma

Pulmonary epithelioid hemangioendothelioma is an 
intermediate-grade vascular tumor with a distinctive epi-
thelioid character and intraalveolar and intravascular 
growth. Epithelioid angiosarcoma is high-grade epitheli-
oid vascular malignancy. Epithelioid hemangioendo-
theliomas arise from endothelial cells. They are readily 
immunoreactive with endothelial markers such as CD31, 
CF34, and factor VIII. Ultrastructurally, conspicuous 
100–150 μm thick cytofi laments are present, and Weibel-
Palade bodies are usually seen. However, little is known 
regarding the genetics of epithelioid hemangioendothe-
lioma. In two cases, an identical chromosomal transloca-
tion involving chromosomes 1 and 3 (t 1:3) was noted.

Other Sarcomas

Pulmonary Synovial Sarcoma

Pulmonary synovial sarcoma is a malignant mesenchymal 
tumor that displays varied epithelial differentiation. 
Although it is commonly seen as a metastatic tumor, it 
rarely occurs in the lung. The histogenesis of pulmonary 
synovial sarcoma is unknown. It is postulated that it arises 
from a totipotential stromal cell. The cytogenetic charac-
teristics of synovial sarcoma is the t(X,18)(p11;q11) 
translocation.31 This translocation, identifi ed by fl uores-
cence in situ hybridization or reverse transcriptase poly-
merase chain reaction using paraffi n-embedded tissue, 
gives rise to the fusion of the SYT gene on 18p11 to the 
SSX1/SSX2 gene on Xq11.

Pulmonary Artery Sarcoma

Pulmonary artery sarcoma is a sarcoma arising from 
the large pulmonary arteries. It can display fi broblastic, 
myofi broblastic, or smooth muscle differentiation. Com-
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parative genomic hybridization revealed frequent gains 
or amplifi cation of 12q13–q15 with amplifi cation of 
SAS/CDK4, MDM2 and GLI. In addition, there was 
amplifi cation of platelet-derived growth factor receptor 
A on 4q12. Less consistent alterations have been iden-
tifi ed, including losses on 3p, 3q, 4q, 9p, 5p, 6p, and 
11q.32

Alveolar Soft Part Sarcoma 

Alveolar soft part sarcoma is a rare soft tissue tumor of 
unknown origin and pathogenesis. Alveolar soft part 
sarcoma was fi rst described by Christophersen in 1952. It 
frequently occurs in people aged 15–35 years and shows 
a female preponderance. The most common site is in the 
lower extremities. These tumors are usually indolent in 
behavior but have a high propensity to recur locally after 
excision and to metastasize early. The lungs, brain, and 
bone are common sites of metastatic disease. The charac-
teristic histopathologic features of an alveolar pattern 
and diastase-resistant periodic acid–Schiff positivity and 
rhomboid crystals are diagnostic. Renal cell carcinoma 
occasionally mimics alveolar soft part sarcoma but often 
shows a focal tubular pattern of growth and lacks the 
crystals. Extraadrenal paraganglioma can also simulate 
alveolar soft part sarcoma because of its organoid pattern, 
but it too lacks the characteristic crystals. There are no 
pathognomonic molecular markers for alveolar soft part 
sarcoma to date, although recent studies have shown that 
the crystals are immunoreactive to protein MCT1 (mono-
carboxylate transporter) and to CD147.33 However, the 
signifi cance of this fi nding is not known. The histogenesis 
of this tumor is the subject of extensive research, which 
has yielded results varying from skeletal muscle to neural 
origin. To date, none of the histogenetic hypotheses has 
been accepted.

Investigators clinicopathologically analyzed 16 cases of 
alveolar soft part sarcoma. They examined the expression 
of hMSH2/hMLH1 of DNA mismatch repair genes by 
immunohistochemistry and the promoter hypermethyl-
ation of these DNA mismatch repair genes by methyla-
tion-specifi c polymerase chain reaction to elucidate any 
possible association between mutation status of these 
genes and inactivation of the hMSH2/hMLH1 genes.34 
Furthermore, microsatellite instability analysis and LOH 
on chromosome 5q analysis were used for some cases 
of alveolar soft part sarcoma in which DNA derived 
from normal tissue was available. Three of eight (37.5%) 
alveolar soft part sarcomas showed low microsatellite 
instability, and two of these three cases showed immuno-
histochemical lack of expression for either hMSH2 or 
hMLH1. Loss of heterozygosity on 5q was present in two 
of six (33.3%) informative cases, and both cases showed 
LOH on the D5S346 marker, a microsatellite marker 
near the APC locus. Thus, inactivation of hMSH2/hMLH1 
of DNA mismatch repair genes seems to have an impor-

tant role to play in the mutagenesis of the tumor-suppres-
sor genes in alveolar soft part sarcoma.
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remain of unknown or equivocal origin based with these 
modalities.

Background: Value of 
Immunohistochemistry

Immunohistochemistry has proven useful for many cases 
of lung masses of unknown primary. Specifi c markers 
such as thyroid transcription factor 1 (TTF-1) for lung or 
thyroid primary and prostate-specifi c antigen for meta-
static prostate cancer are the most useful if positive. Cyto-
keratins 7 (CK7) and 20 (CK20) have been useful in 
distinguishing primary lung carcinoma (CK7 positive, 
CK20 negative) from common metastatic colon carci-
noma (CK7 negative, CK20 positive). The exception to 
this is that a primary mucinous carcinoma of the lung 
assumes the same CK7 and CK20 profi le as the colonic 
carcinoma. Immunohistochemistry is also very valuable 
when the morphology is ambiguous in small fi ne-needle 
aspiration specimens. We have found a combination of 
TTF-1, renal cell carcinoma Ma (RCC Ma), and CD10 
very valuable in distinguishing metastatic renal cell car-
cinoma to the lung from a lung primary.16,17 Renal cell 
carcinoma Ma is a monoclonal antibody generated against 
a fraction of normal human renal proximal tubule. Renal 
cell carcinomas are RCC Ma and CD10 positive, whereas 
only a small fraction of lung tumors are positive for CD10 
and none are positive for RCC Ma. Conversely, all renal 
cell carcinomas are negative for TTF-1, whereas 75% of 
lung non–small cell carcinomas are positive for TTF-1. 
However, even with immunohistochemistry, the primary 
site is not identifi ed in many cases.10–15 Using an algorithm 
and a panel fi rst with 27 immunohistochemical markers 
and then with 10 immunohistochemical markers, some 
12% of primary and paired metastatic carcinomas were 
still not correctly identifi ed.15

General Comments

Accurate identifi cation of the primary site of a cancer is 
important to predict prognosis and select appropriate 
therapy. Approximately 10%–15% of cancers initially 
present as metastases to solid organs, body cavities, or 
lymph nodes. However, the primary site of the metastatic 
cancer is not always clinically apparent. About 3%–5% 
of all cancers are carcinomas of unknown primary, making 
this type of tumor one of the 10 most frequent cancers in 
the world.1–9 Even with autopsy, in a series published 
in 2005 by Al-Brahim et al., a primary site was identifi ed 
in only 51% of 53 cases of metastatic cancer of unknown 
origin.9

Primary lung carcinoma is a common cancer and 
the most frequent cause of cancer death, but the lung 
is also rich in vasculature through which the entire 
systemic blood supply fl ows for oxygenation. As a 
result, metastatic carcinoma is even more common in 
the lung than is primary lung carcinoma. In most 
cases, the primary site is already known clinically 
when a metastasis appears in the lung, and biopsy and 
histopathologic diagnosis of the metastatic tumor are 
not necessary. However, the patient with a cancer of 
unknown primary in the lung is a classic and rela-
tively common diagnostic dilemma in clinical pulmo-
nary medicine, clinical oncology, surgical pathology, 
and cytopathology.10–15

The combination of clinical, radiologic, and histopa-
thologic fi ndings have been traditionally used to assess 
whether a mass or masses in the lung are from a primary 
lung cancer or nonpulmonary metastatic cancer and, if 
the latter, to assess the probable primary site of the 
metastasis. However, a metastatic cancer can potentially 
mimic a primary carcinoma of the lung in all of these 
traditional evaluations and vice versa, and many cases 
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Molecular Markers in the Differential 
Diagnosis of Primary Versus Metastatic 
Tumor to the Lung: Are We There?

Similar to the phenotypic markers detected by immuno-
histochemistry, hypothetically, some molecular genetic 
markers might differentiate between primary sites of 
tumors provided that the genetic markers are unique to 
a specifi c primary site. Many common abnormalities of 
the genes and gene products of the cell cycle, signaling 
pathways, and transcription factors are similar or the 
same in primary carcinomas of the lung and in metastatic 
carcinomas from various sites and therefore are not 
useful in differentiating the primary site of a tumor. Only 
those molecular genetic markers that are specifi c or rela-
tively restricted to specifi c primary sites are candidates 
for identifi cation of a primary site.12,13

Microarray platforms allow investigation of the expres-
sion of thousands of genes at one time to identify mole-
cular genetic markers of potential diagnostic utility. 
Examples of molecular markers that have been reported 
to be specifi c or restricted for a primary site of an adeno-
carcinoma are listed in Table 33.1.18,19 Diagnostic genes 
detectable by reverse transcription polymerase chain 
reaction (RT-PCR) are recognized for several sarcomas 
that might metastasize to the lung and are only rarely 
primary in the lung, including the SYT/SSX fusion genes 
in synovial sarcomas and the EWS/ETS fusion genes 
in the Ewing family of sarcomas (see Chapters 32 and 
35).20,21 The testing for a specifi c molecular marker on 
rare occasion requiring extended times to obtain results 
is not a practical approach for most pathology or molecu-
lar diagnostics laboratories. As molecular diagnostics has 
grown into a regular participant in routine clinical diag-
nostics, platforms for rapid, high throughput molecular 
diagnoses of the sites of origin of cancers have been 
explored.

Gene expression profi ling, using microarray platforms 
(cDNA or oligonucleotide) as described in Chapter 12, is 
a new approach to the molecular diagnosis of the primary 
sites of cancers.18,22–30 In theory, gene expression profi ling 
involves detecting a pattern of gene expressions from a 
tumor sample of unknown type and site of origin that 
matches the expected gene expression pattern of a known 
type of tumor from a known primary site. The investiga-
tor collects tumors that can be classifi ed as being from a 
known primary site, for example, adenocarcinomas of the 
lung, colon, breast, and prostate. These groups of tumors 
representing the different primary sites are used as a 
“training set.” Genes that correlate with tumors from 
each of the primary sites are known as informative genes 
or predictor genes, and identifi cation of a threshold 
number of these informative genes in a tumor indicates 
the probable primary site of the tumor. Simplistically, one 
can think of this as follows: if a tumor expresses 8 out of 
10 genes for lung cancer and only 1 or 2 for colon, breast, 
or prostate, that tumor has a higher probability of being 
a lung cancer. A computer is trained to recognize the 
gene profi les that correspond to a particular primary site 
using the training set of tumors, and the patterns are vali-
dated using a “test set” of tumors, which are of unknown 
primary site (“blinded”) to the computer. Because the 
investigator knows the primary site of the tumors in the 
test set, the accuracy of prediction by gene expression 
profi ling can be calculated. In reality, the number of 
potential informative/predictor genes examined, deter-
mination of the relative weight to give to each of these 
many genes, and the calculations of the probable primary 
site from this information for each of many tumors are 
complex.

Recently, an expression profi le of lung adenocarcino-
mas showed two distinct subgroups of primary lung ade-
nocarcinomas. One group had a specifi c profi le of terminal 
respiratory unit and was associated with higher incidence 
of EGFR (epidermal growth factor) mutations, while the 
other group was classifi ed as a nonterminal respiratory 
unit type of adenocarcinoma associated with nonspecifi c 
cell cycling and proliferation markers. The former group 
with the lung-specifi c profi le related to normal lung func-
tion and could be exploited in distinguishing primary 
lung from metastatic carcinoma.31 The process involves 
the use of algorithms, statistics, software programs, and 
sophisticated “site of origin classifi ers” such as support 
vector machines and artifi cial neural networks, as dis-
cussed later.

Because many thousands of genes can now be probed 
with microarray technology, the number of data points to 
be evaluated is extremely large in each experiment. For 
example, Su et al. hybridized RNA from 100 tumors from 
10 different primary sites in their training set to oligonu-
cleotide microarrays containing probe sets for 12,533 
genes, which resulted in 1.25 × 106 data points from which 

Table 33.1. Markers for specifi c primary sites of 
adenocarcinomas.

Primary site Marker

Prostate Prostate-specifi c antigen, lipophilin B
Breast Mammoglobin 1, lipophilin B
Pancreas thyroid transcription factor 2, prostate stem 

cell antigen, metallothionein-IL, 
glutathione peroxidase 2

Stomach Pepsinogen C
Bladder Uroplakin II
Colon Mucin 2, A33, glutathione peroxidase 2 
Ovary Lipophilin B
Lung Thyroid transcription factor 1 (provided 

thyroid primary excluded)
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they selected 110 genes that most accurately predicted 
origin from 1 of the 10 primary sites.18

Several investigators have reported on the feasibility 
of gene expression profi ling as a molecular diagnostic 
tool. In 1999, Golub et al. reported success in differentiat-
ing between acute myeloid leukemia and acute lympho-
blastic leukemia based on global gene expression analysis 
of patient samples using DNA microarrays.23 From 6,817 
genes, they found that 1,100 genes were more highly cor-
related with distinguishing between acute myeloid leuke-
mia and acute lymphoblastic leukemia class than would 
be expected by chance. They selected 50 informative 
genes that they thought were the best predictors of diag-
nosis on the basis of 38 samples with known diagnosis of 
acute myeloid leukemia or acute lymphoblastic leukemia. 
This was applied to an independent collection of 34 leu-
kemia samples and made strong predictions for 29 of the 
34 samples, reporting an accuracy of 100%. Their work 
demonstrated the feasibility of cancer classifi cation based 
solely on gene expression.

Khan et al. used gene expression profi les or “signa-
tures” and artifi cial neural networks (ANNs) to classify 
cancers in specifi c diagnostic categories.24 Artifi cial neural 
networks are computer-based algorithms that imitate the 
behavior of neurons in the brain that can closely approxi-
mate any nonlinear function and are trained to recognize 
and classify complex patterns. Beginning with a cDNA 
microarray containing 6,567 genes, they found that they 
could correctly classify small, round, blue cell tumors into 
one of four diagnoses with 96 genes and ANN. They used 
the ANN models calibrated with the 96 genes on 25 
“blinded” samples and were able to correctly classify all 
20 samples of small, round, blue cell tumors and rejected 
5 samples that were not in this category.

In their test set, Su et al., as mentioned earlier, pre-
dicted the correct site of origin in 71 of 75 cases, including 
11 of 12 metastases.18 Ramaswamy et al. used microarrays 
containing 16,063 oligonucleotide probe sets to identify 
the gene expression profi les of 144 primary tumors from 
14 common cancer categories.25 They reported an overall 
classifi cation accuracy of 78% with gene expression pro-
fi ling compared with an accuracy of 9% by random clas-
sifi cation. However, poorly differentiated cancers were 
not accurately classifi ed according to their site of origin, 
suggesting that poorly differentiated cancers have signifi -
cantly different gene expression patterns compared with 
better differentiated cancers from the same site. Gior-
dano et al. used oligonucleotide microarrays with 7,129 
gene probe sets to obtain gene expression profi les of 57 
pulmonary, 51 colonic, and 46 ovarian adenocarcinomas.26 
Using statistical analyses, they state that they were able 
to correctly classify the site of origin of 152 of 154 of 
the adenocarcinomas. These early studies demonstrate 
the feasibility of gene expression profi ling for diagnosing 
the site of origin of a cancer of unknown origin.

Bloom et al. reported high levels of accuracy that they 
thought were acceptable for clinical application by using 
an ANN-based classifi cation technique that was capable 
of classifying both cDNA platform and oligonucleotide 
platform data as well as mixed platform data, derived 
from multiple tumor types.27 They constructed a cDNA-
based tumor classifi er, an oligonucleotide-based tumor 
classifi er, and a mixed platform, multitissue classifi er 
to exploit both types of data. They reported that their 
classifi ers were capable of evaluating 21 different tumor 
types with up to an 88% accuracy rate using as few as 400 
genes.

Rather than a complex classifi er based on support 
vector machines and ANNs, Shedden et al. proposed a 
simplifi ed method for the molecular classifi cation of 
primary sites using a tree-based framework based on 
tumor morphology, progressing sequentially from coarse 
to fi ne classifi cation with each sequential decision using 
a nearest neighbor predictor.28 This approach is very 
familiar to surgical pathologists and, indeed, resembles 
how histopathologic diagnoses are made routinely. These 
investigators used microarray data sets from three previ-
ous studies mentioned earlier, those of Ramaswamy 
et al.,25 Giordano et al.,26 and Su et al.18 The authors stated 
that they were able to correctly classify 157 of 190 cancers 
using as few as 45 genes, comparable to the results 
obtained with sophisticated site of origin classifi ers using 
thousands of genes.

In 2005, Tothill et al. reported generating gene expres-
sion data using both a quantitative PCR platform and 
a microarray platform.29 These were used to train and 
validate a cross-platform support vector machine. They 
indicated that their microarray support vector machine 
classifi er was able to make high confi dence predictions of 
site of origin in 11 of 13 cancers of unknown origin.

In 2006, Ma et al. investigated an RT-PCR–based 
expression assay involving 92 genes using routine forma-
lin-fi xed, paraffi n-embedded tissue samples to accurately 
and objectively identify the sites of origin of cancers.30 
They measured expressions of 22,000 genes in a microar-
ray database of 466 frozen and 112 formalin-fi xed, paraf-
fi n-embedded samples of both primary and metastatic 
cancers. Using an algorithm, they determined gene com-
binations that were optimal for multitumor classifi cation. 
They designed a 92-gene RT-PCR assay to generate a 
database for 481 frozen and 119 formalin-fi xed, paraffi n-
embedded tumor samples. Their microarray-based classi-
fi er showed 84% accuracy in classifying the site of origin 
for 39 tumor types via cross-validation and 82% accuracy 
in predicting the site of origin for 112 independent for-
malin-fi xed, paraffi n-embedded samples. Ma et al. were 
able to successfully translate the microarray database to 
the RT-PCR platform, permitting an overall success rate 
of 87% in correctly classifying the site of origin for 32 
different tumor classes in the validation set of 119 tumor 
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samples.30 Because their system uses RT-PCR and forma-
lin-fi xed, paraffi n-embedded tissues, the authors con-
cluded that their platform was suitable for rapid clinical 
adoption.

Molecular Markers in the 
Differentiation of Synchronous and 
Metachronous Lung Lesions Versus 
Recurrence/Metastases

Patients with pulmonary neoplasms are at an increased 
risk for a second tumor in the lung either at the same time 
or later in their life.32–34 The incidence of multiple sepa-
rate primary tumors of the lung has been reported to 
range from 0.2% to 2.0% of patients with lung carcino-
mas.35,36 It is important to determine whether the second 
tumor represents a true independent primary or recur-
rence/metastasis, because it will signifi cantly change the 
staging of the tumor and therefore management and 
prognosis of the patient. Histology is often the same 
in the two tumors, which makes it diffi cult to distinguish 
the two possibilities based on morphologic examination 
alone.37–39 More than 30 years ago, Martini and Melamed 
proposed criteria for the diagnosis of independent 
primary tumors of the lung (the so-called synchronous 
and metachronous tumors).38 These criteria have been 
widely used for patient management. In 1995, Antakli 
et al. proposed modifi ed criteria for distinguishing syn-
chronous/metachronous primaries from recurrence or 
metastases.40 These criteria included anatomically distinct 
lesions with associated premalignant lesions, with no 
systemic metastases, mediastinal spread, and a different 
DNA ploidy. However, the survival for these patients 
with supposedly stage I diseases (especially synchronous 
tumors) showed large variations in different series,36,41–43 
which may be explained by the arbitrary nature of the 
conventional criteria and their lack of biologic and 
molecular basis. In addition, the criteria proposed include 
parameters such as morphology, location, presence or 
absence of in situ lesion, and vascular invasion, which can 
only be applied to resection or autopsy specimens but not 
at the time of biopsy when this information would be 
most useful clinically. Technical advances have been made 
in recent years that allow microdissection of nearly pure 
populations of tumor cells. As a result, we can analyze 
tumor cells in detail to determine their clonality. Mole-
cular study of oncogenes and tumor suppressors and 
X-chromosome inactivation are some of the commonly 
used methods for clonality analysis.44–55

Loss of heterozygosity (LOH) analysis in tumor cells 
has been widely used with success.56–62 Tumor cells that 
are clonal often show similar patterns of LOH when 
multiple genes and chromosomal loci are analyzed.56,59–62 

Using microdissection and LOH analysis, we studied 
specimens from patients with multiple pulmonary neo-
plasms to determine if modern techniques can help us 
distinguish true independent primary from recurrence/
metastasis.63 We approached this problem by microdis-
secting malignant cells and comparing patterns of LOH 
of multiple genes and chromosomal loci between paired 
tumors. We found that primary tumors of the lung and 
their metastasis share nearly identical patterns of LOH. 
In contrast, most synchronous and metachronous tumors 
as defi ned by the current arbitrary criteria appeared to 
be genetically different; therefore, they likely represented 
independent primary tumors. Rare synchronous tumors 
had similar genetic profi les, raising the possibility of 
recurrence/metastasis. Our data suggest that molecular 
analysis can help fi ngerprint tumors and has the potential 
to signifi cantly impact management and prognosis of 
patients.63 The LOH studies need to be further investi-
gated and confi rmed by more elaborate gene profi ling.

Although the use of gene expression profi ling to iden-
tify a primary lung cancer from a nonpulmonary metas-
tasis, and, if the latter, to identify the site of origin is 
promising, it has not yet received clinical application. The 
use of platforms that are established and readily available 
in the clinical laboratory and that provide meaningful 
turnaround time in the clinical setting will make mole-
cular classifi cation of cancers of unknown or equivocal 
origin much more practical in the future.
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Diffuse Malignant Mesothelioma: Genetic 
Pathways and Mechanisms of Oncogenesis 
of Asbestos and Other Agents That 
Cause Mesotheliomas

Françoise Galateau-Sallé and Jean Michel Vignaud

Mechanisms of Oncogenesis 
in Mesothelioma

Asbestos-Induced Oncogenesis

Asbestos is a generic name for fi bers belonging to the 
family of fi brous silicates, which have different carcino-
genicities. Animal model experiments have shown that 
the long and thin asbestos fi bers (>8 μm in length and 
<0.25 μm in width) are strongly carcinogenic, inducing 
pleural MM, whereas shorter and thicker fi bers are at low 
or no risk of causing MM, according to the Stanton 
hypothesis.3 The concept that the pathogenicity of fi bers 
is based on their length has recently raised some contro-
versy and has been the subject of several publications 
suggesting that it is not prudent to take the position that 
short asbestos fi bers convey little risk of disease.4 More 
recent studies have proposed the classifi cation of fi bers 
according to their biopersistence. Long fi bers cannot be 
phagocytosed by alveolar macrophages, whereas short 
fi bers are easily engulfed and removed from the lung but 
can also be retained if the dosage exposure is high enough. 
Specifi c physiochemical characteristics of fi bers, such as 
surface charge and structure, and their in situ biopersis-
tence are also suspected to have a role in the transforma-
tion of mesothelial cells.

The early molecular events induced by asbestos in the 
pleura that ultimately lead to mesothelioma are unclear. 
We know that asbestos may cause damage to macromol-
ecules by direct physical interaction or by the indirect 
action of reactive oxygen species produced by infl amma-
tory cells in response to asbestos. Studies of animal 
models and cell cultures have demonstrated that, in situ, 
asbestos fi bers generate reactive oxygen and reactive 

Introduction

Malignant mesothelioma (MM) is an aggressive neo-
plasm caused by exposure to asbestos fi bers in 80% of 
cases.1,2 Although asbestos has been banned in most 
developed countries, the incidence of mesothelioma is 
still rising because of the long latency period from the 
time of exposure to development of the disease (20–40 
years). Asbestos fi bers interact with the mesothelial cells 
from which these tumors arise in several different ways 
and generate reactive oxygen species (see Chapter 44), 
cytokines, and growth factors secondary to infl ammatory 
responses from the host, resulting in DNA damage. Pro-
tooncogenes may be activated, leading to cell prolifera-
tion and susceptibility to mutations. Over time, structural 
alterations and numerical losses and gains to chromo-
somes occur, producing genomic instability and altera-
tion of the role of tumor suppressor genes. These complex 
cytogenetic and molecular events in MM development 
attest to the multistep process from a benign prolifera-
tion to a malignant neoplasm.

During the past several years, evolving molecular tech-
niques have yielded insight into mesothelioma oncogen-
esis, diagnosis, prognosis, and potential therapy. This 
chapter reviews the mechanisms of asbestos-induced 
oncogenesis, the abnormal expression of oncogenes and 
growth factors, the chromosomal damage including chro-
mosomal deletion and polysomy (both refl ecting genomic 
instability), and the roles of three well-established tumor 
suppressor genes (p16INK4A, p53, and NF2) and their inter-
actions with Simian virus (SV) 40. The profi le of methyla-
tion of other tumor suppressor genes possibly involved, 
the role of metabolic polymorphisms, and the results of 
microarray gene profi ling are also considered.
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nitrogen species, both of which target critical biologic 
macromolecules such as DNA, signal transduction pro-
teins, and lipid membranes.5 Types of asbestos-induced 
DNA damage identifi ed thus far include altered DNA 
bases, DNA single-strand breaks,6 chromosomal altera-
tions, and sister chromatid exchanges.7

Additionally, reactive oxygen species and asbestos 
DNA damage, through phosphorylation of the epidermal 
growth factor receptor, can trigger signal transduction 
cascades. Asbestos can activate mitogen-activated protein 
kinase signaling pathways,2,8 and crocidolite more specifi -
cally triggers the extracellular-regulated kinase cascade. 
Several of the transcription factors in these pathways, 
such as nuclear factor (NF)-κB, activator protein-1, (c-fos, 
c-Jun), and c-Myc, are highly expressed in mesothelioma 
and encode transcription factors that activate various 
genes critical in the initiation of DNA synthesis.9 In con-
trast, hydroxyl radicals and asbestos fi bers, unlike nonfi -
brogenic particles, induce apoptosis in normal mesothelial 
cells, whereas mesothelioma cell lines are highly resistant 
to apoptosis. The mechanisms leading to this resistance 
are unclear but not linked to a Bax/Bcl-2 imbalance. 
Recently, aberrant regulation of the phosphatidylinosi-
tol-3 kinase (PI3K)/Akt signaling pathway has been 
shown to be responsible for resistance to cell death in 
human mesothelial cells after exposure to amphibole 
fi bers (amosite).10 Akt signaling regulates cell prolifera-
tion and survival, cell growth, glucose metabolism, cell 
motility, and angiogenesis.11 Caciotti et al. have also 
reported that the PI3K/Akt pathway is activated in 
response to growth factors in the presence of Tag (large 
T antigen of the SV40 virus), conferring progressive resis-
tance to apoptosis.10 Recently, Yang et al. demonstrated 
that, in human mesotheliomas, tumor necrosis factor 
(TNF)-α released by macrophages activates NF-κB and 
that NF-κB activation leads to mesothelioma cell survival 
and resistance to the cytotoxic effects of asbestos.12 
Further investigations are necessary for a better under-
standing of the balance between proliferation and apop-
tosis in mesothelial cells. Finally, it has also been suggested 
that the net balance of the lymphokines and cytokines 
produced by macrophages after phagocytosis of asbestos 
fi bers creates local immunosuppression.13 Although 80% 
of MM develop in individuals with high levels of expo-
sure to asbestos, only a fraction of those exposed to asbes-
tos develop mesothelioma, suggesting that additional 
factors play a role in individual susceptibility.

Viruses

Simian virus 40 was implicated in the etiology of MM in 
1993, when Ciccala et al. reported that 100% of mesothe-
liomas developed in hamsters after intracardial injec-
tion.14 Despite a large body of data suggesting that SV40 
is implicated in different human tumors, there is still con-

troversy regarding the exact role of SV40 in mesothe-
lioma development (see later discussion). It has been 
reported that the transforming potency of SV40 results 
from the activity of two viral proteins, Tag and small t 
antigen (tag). However, a recent statement by the British 
Thoracic Society characterized the evidence in favor of 
SV40 as a cofactor for mesothelioma as “weak.”15

Radiation

There have been several reports implicating either radia-
tion (Thorotrast) or thoracic and abdominal radiotherapy 
as causes contributing to the development of mesotheli-
oma.16 Recently a European and North American cohort 
of 40,576 patients who underwent radiotherapy for tes-
ticular cancer were assessed for incidence of second solid 
tumors. For the fi rst time, among 10-year survivors, a sta-
tistically signifi cantly elevated risk was observed for 
cancer of the pleura (MM; relative risk [RR] = 3.4, 95% 
confi dence interval [CI] = 1.7–5.9) that interestingly was 
higher when compared with cancers from other sites.17,18

Other Etiologic Factors

Other etiologic factors, such as chronic pleural irritation 
(chronic empyema, plombage therapy for tuberculosis), 
for which the degree of proof is weak, have been sug-
gested as causes of MM. Genetic susceptibility has been 
recently reported.2

Cytogenetics, Deletion Mapping, and 
Gene Profi ling in Mesothelioma

Karyotypic Analysis Studies

Karyotypic analysis studies performed during the past 
several decades failed to identify a specifi c karyotypic 
change that may prove to be of diagnostic value and 
showed the complexity of the karyotypes in this malig-
nancy. Most MMs display multiple clonal chromosomal 
abnormalities.19,20 However, a number of recurrent anom-
alies have been found. These include deletions at multiple 
sites or loss of one entire copy of chromosomes 4 and, 
particularly, 22; polysomy for chromosomes 5, 7, and 20; 
and losses at 1p21–2, 3p21, 6q15–21, 9p21–22, 15q11.1–q15, 
and 22q12, suggesting that tumor suppressor genes critical 
to MM tumorigenesis may reside at these loci.19,21–24 Many 
of the tumors have several chromosomal losses in 
combination.

Comparative Genomic Hybridization Studies

Comparative genomic hybridization studies have con-
fi rmed the karyotype fi ndings and identifi ed even more 
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chromosomal losses and gains than either conventional 
cytogenetics or fl uorescence in situ hybridization.25 
Although considerable variability was reported from 
one laboratory to another, some recurrent imbalances 
were noted in most studies: underrepresentation of 1p21 
(21%), 6q22 (16%), 9p21 (34%), 13q12–14 (19%), 14q12–
24 (23%), and 22q (32%) and overrepresentation of 
7p14–15 (14%), 7q(19, 26–28), and 5p, which encodes 
SKP2(5p13), a protein involved in control of the cell 
cycle.

Statistically signifi cant correlations have been found 
between a high content of asbestos fi bers in lung tissue 
from MM patients and partial or total loss of chromo-
somes 1 and 4 as well as a breakpoint at locus 1p11–22 
(p = 0.009). This supports a role for high asbestos burden 
in mesothelial mutagenesis.29

Deletion Mapping

Recurrent losses from specifi c chromosomal regions are 
consistent with a recessive mechanism of oncogenesis 
and can be viewed as indicators of relevant tumor sup-
pressor genes. Deleted regions, defi ned in cytogenetic 
studies, have been mapped at the molecular genetic level 
by loss of heterozygosity (LOH) analysis using polymor-
phic DNA markers.

Allelic losses at 1p21–22 were observed in more than 
70% of MM cases.26 The shorter region of overlap (SRO) 
localized deletions to a 4 cM segment within 1p22. Losses 
at 1p36 were also detected, although with a lesser 
incidence (46%).

The highest frequency of allelic losses on chromosome 
3p occurs at the 3p21.3 locus D3F15S2 (69%) and the 
3p21.1 locus D3S2 (62%). The 3p21 region is a site of 
frequent deletions in lung carcinoma, and a region where 
the search for candidate tumor suppressor genes iden-
tifi ed RASSF1, β-catenin, and semaphorins SEM3A and 
SEM3F genes.26

Loss of heterozygosity studies at multiples sites on 
chromosome 4 detected losses at 4q33–34 (80%), 4q25–
26 (60%), and 4p15.1–15.3 (50%) regions,30 confi rming 
comparative genomic hybridization and cytogenetic 
studies.

Deletions of chromosome 6q fell into four discrete 
regions involving markers mapped within the 6q14–q21, 
6q16.6–21, 6q21–q23.2, and 6q25 regions.31 Altogether, 
allelic losses of 6q were observed in 61% of the cases. 
These genomic losses have also been described in breast 
cancer, ovarian cancer, and non-Hodgkin’s lymphoma. 
Suppression of tumorigenicity of breast cancer cells was 
obtained by microcell transfer of deleted 6q regions, sug-
gesting that tumor suppressive gene(s) are present in 
these regions.32

Loss of part or all of 9p, particularly the 9p21–22 region, 
is a frequent event in MM. The 9p21 region is homozy-

gously deleted in 43% of cell lines and in 22% of tumor 
samples.33 The SRO of this homozygous deletion is a 1 
Mb segment that contains two tumor suppressor genes: 
p16/CDKN2 and the alternatively spliced p14ARF.

Loss of heterozygosity on chromosome 13 was observed 
in 66% of cases with the SRO (7 cM) located at 13q13.3–
q14.2, which was found deleted in 42% of MM cases. This 
region is the site of the BRCA2 gene. Allelic losses at 14q 
(32%) in three distinct regions were also reported 
(14q11.2–13.2, 14q22.3–24.3, 14q32.12).34

Underrepresentation of 15q was demonstrated by 
comparative genomic hybridization. The minimal region 
of deletion involved 15q11.1–q15. Losses overlapping this 
region have been observed in other types of malignancy 
such as prostate and ovarian cancer, suggesting that this 
region contains a tumor suppressor gene. The RAD51 
gene, located at 15q15.1, participates in the repair of 
double-stranded DNA breaks and is potentially a candi-
date tumor suppressor gene.35

Gene Profi ling and Mesothelioma

Gene profi ling studies of MM36–42 have yielded confusing 
results, with many studies showing a myriad of known 
and unknown genes that are overexpressed and under-
expressed in mesothelioma. It is not possible here to com-
prehensively address all of the genes and associated 
molecular pathways discovered in this manner. We high-
light select studies pertaining to microarray analysis 
in MM.

A typical analysis by Singhal et al. reveals genes that 
participate in glucose metabolism, mRNA translation, 
and cytoskeletal remodeling and identifi es upregulated 
genes that have potential diagnostic, therapeutic, and 
prognostic implications for patients.39 Some of these 
upregulated genes are discussed. Adenotin (gp96) is 
closely related to Hsp90. This gene is considered to be an 
important factor in inducing tumor-specifi c immunity. 
Lung-related resistance protein gene may be partially 
responsible for resistance to chemotherapy. This protein 
acts as a transporter and removes cytotoxic drugs from 
the cell. Galectin-3 binding protein is a β-galactoside 
binding protein that participates in cell growth, differen-
tiation, adhesion, and malignant transformation. Increased 
expression in tumors has been linked to advanced tumor 
stage, progression, metastases, and poor outcome. The 
laminin receptor plays a role in tumor development, pro-
gression, and metastasis. It has been associated with 
decreased survival in breast, lung, and ovarian cancers. 
Voltage-dependent anion channel genes VDAC1 and 
VDAC2 participate in the apoptotic pathway through 
interactions with the Bcl-2 family of proteins. Mesothelio-
mas express high levels of Bax and Bcl-xL, and VDAC 
overexpression may be an attempt to suppress the anti-
apoptotic effects of Bax and Bcl-xL. The Ku80 gene 
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participates in DNA double-stranded break repair, and 
the protein from this gene opposes anticancer drug-
induced apoptosis.

A comparison (based on a series of 99 tumor samples) 
by Lopez-Rios et al. of the expression profi le of epitheli-
oid versus sarcomatous MM identifi ed many genes sig-
nifi cantly overexpressed among the former, including 
previously unrecognized ones such as uroplakins and kal-
likrein 11.40 The top genes specifi cally expressed in p16/
CDNK2A–deleted cases were RHOBT3, SHOX2, and 
DLCI, and in nondeleted cases they were B-factor (pro-
perdine) and MTAP (methylthioadenosine phosphory-
lase). More aggressive MM expressed higher levels of 
Aurora kinases A and B and functionally related genes 
involved in mitosis and cell cycle control (including 
CCDN1, encoding cyclin D1, BIRC5/survivin, CDC25C 
phosphatase, and BTG2, a transcriptional repressor of 
CCDN1). It is noteworthy that all these genes participate 
in a network of genes linked directly or indirectly to each 
other.

Several studies also reported that genes involved in 
intracellular signaling pathways are upregulated: the 
mitogen-activated protein kinase cascade (JNK1, NIK, 
PAK1, ERK5, and TRAF2 genes), notch signaling 
pathway (JAGGED1 and JAGGED2 genes), and Wnt-
frizzled signaling pathway (SARP1, FRIZZLED, Dick-
kopf-1, b-catenin, and n-cadherin genes), and the cell 
cycle (cyclin D1, cyclin D3, CDK phosphatase), cellular 
growth (FGF3), and drug resistance (Ku80) genes.

The gene profi ling study by Gordon et al. illustrates the 
role of gene expression in predicting outcome with meso-
theliomas, regardless of histologic type.41 From a total of 
46 genes that were identifi ed as being of prognostic value, 
four upregulated genes that had the highest statistically 
signifi cant values for a favorable outcome group (median 
survival of 35 months) and for a poor outcome group 
(median survival 7 months) were selected. Genes that 
were overexpressed in the favorable outcome group, 
as compared to the poor outcome group, were selenium-
binding protein, KIAA0977 protein, an expressed 
sequence tag similar to the L6 tumor antigen, and leuko-
cyte antigen-related protein. The upregulated genes in 
the poor outcome group, as compared to the favorable 
outcome group, were cytosolic thyroid hormone-binding 
protein, calgizzarin, insulin-like growth factor-binding 
protein-3, and GDP-dissociation inhibitor 1. Five expres-
sion ratios were identifi ed (level of expression of one 
gene overexpressed in the favorable outcome group/level 
of expression of one gene overexpressed in the poor 
outcome group) that independently placed the mesothe-
lioma cases into the correct favorable and poor outcome 
groups. However, Lopez-Rios et al.40 (40) evaluated three 
recently published microarray-based outcome prediction 
models37,40,41 and showed that their accuracies, about 65%, 
were consistently lower than the estimates in the original 
publication. Moreover, microarray-based prediction of 

prognosis was inferior to prediction of prognosis based 
on standard clinicopathologic variables and p16/CDNK2A 
status. The very limited overlap between prognostic gene 
lists obtained by the three groups emphasizes that such 
lists are “noisy,” and the signifi cance of individual genes 
on these lists should be viewed with great caution. (Dif-
ferences in array platforms, data analysis packages, or 
modifi cations in the fi ltering of the genes may result in 
differences in classifi er genes among reports). Nonethe-
less, supervised analyses of microarray data provide leads 
for new diagnostic markers and potential therapeutic 
targets.

Certain gene profi ling studies have also compared 
expression between mesothelioma and lung cancer.43 
Results obtained with such methods have been encourag-
ing in differentiating between mesothelioma and lung 
cancer. Using 15 ratios between genes overexpressed in 
mesotheliomas (fi ve genes, calretinin, VAC-b, MRX OX-2, 
PTGIS, hypothetical protein KIAA0977) and in adeno-
carcinomas of the lung (TACSTD1, claudin-7, TTF-1), it 
was possible to accurately categorize the tumors as meso-
theliomas or lung cancers in over 90% of cases using just 
a single expression ratio. When using a two or three gene 
expression ratio, it was possible to accurately classify 
mesotheliomas and adenocarcinomas of the lung in 95% 
and 99% of the cases, respectively.

Polymorphisms in Genes as Risk 
Factors for Asbestos-Related 
Malignant Mesothelioma

The role of xenobiotic metabolizing gene polymorphisms 
in the risk of MM from asbestos exposure has been 
reported in a few studies. Two studies of MM risk asso-
ciated with glutathione-S-transferase (GSTM1) and 
N-acetyltransferase 2 (NAT2) produced contradictory 
results. Hirvonen et al.44 showed an increased risk of MM 
in subjects occupationally exposed to asbestos and carry-
ing a homozygous deletion of the GSTM1 gene or the 
NAT2 slow acetylator genotype (individuals with either 
defect had a twofold risk of developing MM, and those 
with combined defects had a fourfold risk of developing 
MM), whereas Neri et al.45 did not observe any associa-
tion with the GSTM1 gene and found an increased risk 
of developing MM for NAT2 fast acetylators. These inves-
tigators also found that combination of GSTT1 null and 
GSTM1 null genotypes determined an increased risk of 
MM and reported an association of MM with microsomal 
epoxide hydrolase (mEH). Reduced activity of mEH, an 
enzyme involved in the detoxifi cation of oxidative com-
pounds, might increase susceptibility to oxidative stress. 
They also found that mEH interacted with both NAT2 
and GSTM1 genes, according to a multiplicative model. 
These preliminary results favor the hypothesis that meta-
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bolic gene polymorphisms involved in oxidation pro-
cesses have a role in modulating individual susceptibility 
to MM in subjects with different degrees of asbestos 
exposure.

Dianzani et al.46 studied the relationship between seven 
genetic polymorphisms of DNA repair genes, including 
XRCC1-R399Q, XRCC3-T241M, XPD, and OGG1, and 
the development of MM in a population-based study con-
ducted in an area with high asbestos exposure. Data 
showed an association between the XRCC1-399Q variant 
and MM among subjects with asbestos exposure, the risk 
increasing as a function of the number of Q alleles.

Tumor Suppressor Gene Inactivation 
in Mesothelioma

With the completion of the human genome project, it has 
been possible to identify many different oncogenes and 
tumor suppressor genes that are proposed to be involved 
in the multistep process from mesothelial proliferation to 
mesothelioma development. The oncogenes that have 
been identifi ed are not exclusive to mesothelioma but are 
shared with many other malignant human tumors. Simi-
larly, tumor suppressor genes that are deleted, altered, or 
inactivated in mesothelioma are those seen in other 
tumors as well. However, current knowledge confi rms a 
pathogenic role for cyclin-dependent kinase (Cdk) inhi-
bitor p16INK4A, p53, and NF2.

Loss of Cyclin-Dependent Kinase 
Inhibitor Function

A recurrent genetic abnormality in the development of 
cancer is the loss of the G1 to S checkpoint control locus. 
An important moderator of this control is the presence 
of pRb in an underphosphorylated state.47 (47). The phos-
phorylation of the retinoblastoma protein (pRb) is medi-
ated by Cdk4 and Cdk6, with the corresponding inhibition 
of the kinase activity regulated by the family of Cdk 
inhibitors (see Chapter 2). A high frequency of mesothe-
lioma cell lines exhibit homozygous deletion of the 9p21 
region. The CDKN2A locus, which encodes the alterna-
tive p16INK4A and p14ARF gene products, is located in this 
region, also encoding the Cdk inhibitor p15INK4B. The p16 
protein is an inhibitor of Cdk4/6. Thus loss/inactivation 
of p16INK4A would lead to cell cycle deregulation through 
the loss of a key inhibitor of G1/S progression. The most 
frequent modes of inactivation of p16 are homozygous 
deletions and methylation, whereas missense mutations 
are rare. More than 80% of mesothelioma cell lines have 
homozygous deletions of one or more p16INK4A exons, but 
only 22% of tumor specimens have these deletions.47–50 
Fluorescence in situ hybridization analysis has revealed 
a reduced copy number of the p16INK4A gene in most 
mesotheliomas, and immunohistochemistry studies 

suggest that loss of p16INK4A expression is a universal 
fi nding in mesotheliomas.47 Hirao et al. found that 8.8% 
of tumor specimens (4 out of 45) exhibited a methylated 
promoter region of the gene.49 Taken collectively, these 
data allow the conclusion that homozygous deletions and 
methylation of p16 occurs in MM in vivo and in vitro.

p14ARF is another tumor suppressor gene encoded at 
the same locus. The product of p14ARF is required for 
activation of p53 in response to the activation of onco-
genes such as ras and Myc and for loss of Rb. p14ARF 
rarely has independent loss of function from p16INK4A.49,51 
Thus homozygous loss of p16INK4A and p14ARF would col-
lectively affect both the p53 and pRb-dependant growth 
regulatory pathways and particularly permit evasion of 
G1 arrest. The burden of asbestos exposure and the loss 
of p16INK4A have been tied to development of mesotheli-
oma. Potentially, p16INK4A deletion allows for develop-
ment of mesothelioma with less asbestos exposure.49 
Moreover, the homologous Cdk inhibitor p15INK4B is 
absent in mesothelioma as well. p15INK4B has been found 
to be deleted in addition to p16INK4A in a high percentage 
of mesotheliomas.52 Experiments involving the reintro-
duction of p16INK4A and p14ARF into mesothelioma cell 
lines and xenografts were successful. The expression of 
p16INK4A in transfected mesothelioma cells correlated 
with decreased phosphorylation of pRb and resulted 
in cell cycle arrest and apoptosis, as well as inhibition of 
tumor formation and diminished tumor size.53 Similarly, 
after transduction of p14ARF, overexpression of p14ARF in 
mesothelioma leads to increased levels of both p53 and 
p21 and inhibition of mesothelioma growth in culture.54

The p53 Gene

Loss of heterozygosity at the 17p13 locus, where p53 
maps, is very rare in MM, and p53 mutations are rarely 
found.51,55 However, p53 stabilization as determined by 
immunohistochemistry was reported in 25%–70% of 
MM cases.56,57 This suggests the role of a protein partner 
that may associate with p53 to stabilize it. This lack of 
p53 mutations fails to explain the effect of p53 on the 
development of MM. Indeed, frequent loss of p14ARF 
(an in-hibitor of p53 and MDM2 interaction) leads to 
MDM2-mediated inactivation of p53. MDM2 induces 
proteasome-mediated ubiquitination of p53 and was 
found to be overexpressed in about 30% of MM cases.58–60 
However, it has been shown, using MM cell lines, that 
p53-induced apoptosis may occur in the absence of 
p14ARF.61 In this model, inhibition of MDM2 using nutlin 
(an imidazoline compound that disrupts the interaction 
between p53 and MDM2) induces G1 arrest but not 
apoptosis. Furthermore, SV40Tag complexes with p53, as 
well as with pRb, disrupting normal cell cycle control and 
antagonizing p53-induced apoptosis.62 A downstream 
target of p53 activation is the induction of p21 expression. 
p21, a multifunctional Cdk inhibitor, plays a critical role 
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in the G2/M cell cycle checkpoint. Increased expression 
of p21 in mesothelioma is associated with patients having 
an improved survival, whereas decreased expression 
of p21 has been associated with decreased patient 
survival.63

The NF2 Gene

Population studies have linked the autosomally dominant 
disease neurofi bromatosis type 2 to the loss of the func-
tion of the NF2 gene located on the long arm of chromo-
some 22. NF2 encodes a protein called schwannomin or 
merlin (meosin ezrin radixin-like protein) that connects 
the cytoskeleton to the plasma membrane. Merlin inacti-
vation is very frequent in sporadic vestibular schwanno-
mas, meningiomas, and MM. Extensive LOH analysis of 
chromosome 22 losses in MM has not been performed 
because an entire copy of chromosome 22 is lost in most 
cases, but LOH studies have documented allelic losses at 
the NF2 locus in more than 70% of MM cases. NF2 
somatic mutations were found in 55% of mesothelioma 
cell lines and in 41% of tumors.64,65 All mutations resulted 
in in-frame deletions or truncation of merlin and a non-
detectable protein by Western blot analysis, suggesting 
that truncated forms of the protein are unstable. All cases 
exhibiting mutations of NF2 showed allelic losses, imply-
ing that inactivation of NF2 in MM occurs via the classic 
Knudson “two-hit” model of tumor suppressor gene inac-
tivation.33 Re-expression of merlin in NF2-defi cient MM 
cells strongly inhibits mobility, migration, and invasive-
ness of the cells. This could be related in part to upregula-
tion of focal adhesion kinase activity, which is a key 
component of cellular pathways affecting migration and 
invasion. Expression of merlin attenuated focal adhesion 
kinase phosphorylation, and restoration of merlin expres-
sion in NF2 null MM cells overexpressing focal adhesion 
kinase resulted in signifi cantly decreased invasiveness.66 
Interestingly, an animal model (Nf2+/− knockout mice 
exposed to asbestos) recapitulating many of the molecu-
lar features of human mesothelioma has been recently 
described67,68 and is useful for preclinical testing of novel 
therapies.

Tumor Suppressor Gene Methylation 
in Mesothelioma

In addition to the well-characterized tumor suppressor 
gene p16INK4A, investigations have shown that many other 
confi rmed or putative suppressor genes potentially 
involved in MM oncogenesis display a promoter hyper-
methylation with a high frequency. Suzuki et al. investi-
gated the methylation of 12 tumor suppressor genes by 
methylation-specifi c polymerase chain reaction in 63 MMs 
and MM cell lines.69 Methylation of eight promoter genes 

occurred in over 20% of tumor samples: HIC1 (22%), 
RASSF1A (32%), cyclin D2 (35%), HPP1 (35%), DcR2 
(41%), RRAD (56%), DRM/gremlin (60%), and DcR1 
(74%). HIC1 (hypermethylated in cancer 1), a zinc-fi nger 
transcription factor gene, has a p53-binding site by which 
the gene is activated. HPP1 is silenced in hyperplastic 
colon polyps, colorectal carcinoma, and lung cancers. 
DcR1 and DcR2 are antiapoptotic decoy receptors that 
bind the tumor necrosis factor–related apoptosis-induc-
ing ligand. RRAD, a GTPase gene, plays a role in tumor 
growth in breast cancer. DRM/gremlin is silenced in many 
types of cancers and is a homolog to the rat drm gene. 
Interestingly, the frequencies of HPP1, RASSF1A, cyclin 
D2, and RRAD methylation and the value of the meth-
ylation index were signifi cantly higher in SV40 sequence-
positive MM than in SV40-negative MM.69 Methylation 
of TMS1 (a gene encoding a caspase recruitment domain 
[CARD] aberrantly methylated in breast and lung 
cancers) and HIC1 was associated with shortened sur-
vival. Of interest is the fi nding that SV40-infected human 
mesothelial cells showed progressive aberrant methyla-
tion of several genes—HIC1, RASSF1A, HPP1, DcR1, 
TMS1, CRBP1 (this gene participates in the retinoid sig-
naling pathway and is silenced by methylation in several 
cancers), and RRAD—during serial passages.

Recently Fischer et al. reported modest methylation 
frequencies for APC1A (14.3%), RASSF1A (19.5%), and 
DAPK (20.0%) in MM, whereas hypermethylation of E-
cadherin (71.4%) and FHIT (78.0%) occurred at a high 
frequency.70 Intermediate frequency values were seen for 
p16INK4A (28.8%), APC1B (32.5%), p14ARF (44.2%), and 
RARβ (55.8%). Combining RARβ status with either 
DAPK or RASSF1A status showed a signifi cantly shorter 
survival of those patients versus those with only one 
or no epigenetic alterations (p = 0.025 and 0.040, 
respectively).

The ability of SV40 infection to silence genes is shown 
by mammalian cell cultures infected with SV40. An 
SV40 infection induces expression of methyltransferase 
enzymes (DNMT1, DNMT3b) that lead to global genomic 
DNA methylation.71 Thus SV40 may inactivate tumor 
suppressor genes through epigenetic changes, suggesting 
a transformation mechanism more complex than simple 
inactivation of the p53 and Rb gene products by Tag 
antigen.

Simian Virus 40 and 
Human Mesothelioma

During the past three decades more than 60 original 
studies have reported the detection of SV40 in MM, 
primary brain tumors, and osteosarcomas, although with 
geographic differences. DNA sequence analyses and Tag 
protein detection have ruled out laboratory contamina-



34. Diffuse Malignant Mesothelioma 353

tion of tumor samples and have shown Tag protein in 
52%–90% of patients with mesothelioma from the United 
States, Germany, Italy, and France.72–74 The purpose of the 
metaanalysis of controlled studies by Vilchez and Butel 
was to analyze the extent to which SV40 may be associ-
ated with human MM.75 The analysis included 15 studies; 
the combined odds ratio (OR) of analysis was 16.8 (95% 
CI, 10.3–27.5) and was based on 528 patients with malig-
nant MM and 468 controls. Modifi ers detected were 
the type of control tissue and the method of detection 
of SV40. The adjusted OR was 15.1 (95% CI, 9.2–25). 
Finally, these results were confi rmed by an independent 
multilaboratory study organized by the International 
Mesothelioma Interest Group.76

There is only one known serotype of SV40, but genetic 
strains exist,77 and further studies are necessary to deter-
mine whether SV40 strains differ in pathogenic and/or 
oncogenic capacities. SV40 Tag is an essential replication 
protein that is required for initiation of viral DNA syn-
thesis and that also stimulates host cells to enter S phase 
and undergo DNA synthesis.75,78 Because of this ability to 
subvert cell cycle control, Tag represents the major trans-
forming protein of SV40. Human mesothelial cells are 
highly susceptible to SV40 infection and transformation 
(1,000 times higher than human fi broblasts), and addition 
of asbestos fi bers enhances their transformation.79,80 
Microdissection of human mesothelial samples followed 
by polymerase chain reaction analysis detected SV40 Tag 
only in cancer cells and not in adjacent stromal cells.81,82 
The Tag antigens bind and block important tumor sup-
pressor proteins, which include p53, pRb, p107, and p130/
Rb2.83 Simian virus 40 Tag sequesters p53, abolishing its 
function and allowing cells with genetic damage to survive 
and enter S phase, leading to an accumulation of Tag-
expressing cells with genomic mutations that may promote 
tumorigenic growth. Experiments have shown that Tag 
and p53 are often coexpressed.62 In addition, tumor cells 
expressing Tag failed to induce p21, indicating that p53 
was inactivated by its interaction with Tag.62

Finally, treatment of SV40-positive mesothelioma cell 
lines with Tag antisense restored the p53 pathway and 
induced p21 expression and growth arrest (84). Retino-
blastoma protein normally binds transcription factor 
E2F; Tag causes dissociation of pRb/E2F complexes, 
releasing E2F to activate expression of growth-stimula-
tory genes.83,85 Furthermore, the fi nding that SV40 infec-
tion induces telomerase activity in human mesothelial 
cells indicates that the presence of SV40 may result in 
cells prone to develop into malignancies when genetic 
damage is induced.86 Recent studies also showed that 
Notch-1, the hepatocyte growth factor, and insulin-like 
growth factor 1 are upregulated in infected human meso-
thelial cells, and the tumour suppressor gene RASSF1A 
is inhibited.79,81,87 Although in vitro studies have estab-
lished that SV40 disrupts critical cell cycle control path-

ways, defi nitive proof that in vivo Tag can inactivate 
p53 and Rb family genes is still missing, and it remains 
unknown whether these perturbations are suffi cient for 
the virus to induce the development of malignancies in 
humans. This explains the conclusion of the Institute of 
Medicine88 that “the biological evidence is of moderate 
strength that SV40 exposure could lead to cancer in 
humans under natural conditions.”

Wilms’ Tumor 1 Susceptibility Gene

The Wilms’ tumor 1 gene (WT1), originally described as 
a protooncogene in mouse mammary tumors, has been 
identifi ed as a tumor suppressor gene involved in the 
etiology of Wilm’s tumor, 10% of which carry mutations 
in the gene. Expression of the WT1 gene has also been 
observed in other tumor types such as MM and leukemia. 
WT1 is expressed in almost all MM but has not been 
found to be mutan.89 WT1 maps at locus 11p13. Exons 
5 and 9 alternatively spliced give rise to four different 
protein isoforms.

The WT1 proteins seem to perform two main functions. 
They regulate the transcription of a variety of target 
genes and may be involved in posttranscriptional pro-
cessing of RNA. Depending on the tumor type, WT1 
proteins might function as either tumor suppressor pro-
teins or survival factors. The WT1 protein represses tran-
scription from promoters of several growth response 
genes, including insulin-like growth factor (IGF) receptor 
(IGFR) and epidermal growth factor (EGF) receptor 
(EGFR), and it is known to bind to several other proteins 
(notably p53, p63, and p73).

In agreement with a role for WT1 in transcription re-
gulation, many of these proteins are also transcription 
factors that may alter the transcription regulation proper-
ties of WT1. For instance, binding of WT1 stabilizes p53, 
enhances binding of p53 to consensus sequence, and 
inhibits p53-mediated apoptosis.90 Association between 
WT1 and p73 diminishes their respective transcriptional 
activation properties, and p73 inhibits DNA binding by 
WT1.91 However, although WT1 is expressed in almost all 
MM and in most reactive mesothelial cells, no correlation 
between WT1 immunostaining and EGFR or IGFR 
expression was found, and no signifi cant correlation with 
p53 expression was found as well.92 Uematsu et al. sug-
gested that, in MM, WT1 signaling is activated through 
Disheveled overexpression and downstream β-catenin 
signaling.93 Inhibition of this signaling leads to signifi cant 
antitumor effects in mesothelioma cell lines. Recently, it 
has been shown that WT1 signaling inhibits apoptosis 
through β-catenin and that cells expressing WT1 resist 
apoptosis induction by chemotherapy.94,95 Thus the role 
of WT1 in mesothelioma development is still to be 
clarifi ed.
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Abnormal Expression of Growth 
Factors and Cytokines

By connecting stromal cells with tumor cells, the intra-
tumoral network of growth factors and cytokines pro-
duced by both types of cells tightly regulates tumor cell 
proliferation and migration and angiogenesis. Although 
rapid progress has been made in the understanding of 
how growth factors act in a complex environment, caution 
must be exerted in interpreting data, especially from in 
vitro experiments, because the overall growth factor–
cytokine balance is likely to strongly vary within and 
between tumors. However, among the multiple growth 
factors associated with mesothelial cell proliferation and 
migration, IGF, platelet-derived growth factor (PDGF). 
and EGF are important.96

Insulin-like growth factor, in an autocrine or paracrine 
fashion, can stimulate tumor growth and extracellular 
matrix development.97 Expression of the two tyrosine 
kinase IGF receptors IGFR1 and IGFR2 has been found 
to be present in all MM cell lines. In an array analysis 
with confi rmatory polymerase chain reaction testing, 
IGF-1, IGF-2, IGFR1, and IGFR2 were found to be over-
expressed in mesothelioma. Insulin-like growth factor 1 
was overexpressed 43.3-fold and the corresponding IGFR 
over 2.6-fold.98 Interestingly, the presence of a function-
ing IGFR has been shown to be necessary for SV40-
induced transformation of mesothelial cells, arguing for 
an important role of the IGFR in the development of 
mesothelioma.99 Moreover, inhibition of the IGFR1, 
using an antisense expression plasmid, resulted in 
decreased mesothelioma proliferation in hamsters. 
However, the IGF pathway needs further elucidation 
before the associations can be confi rmed.

Overexpression of PDGF proteins (A and B chains) 
and PDGF receptors (α and β) has also been reported, 
suggesting an autocrine loop of growth control in meso-
thelioma.100,101 However, this has not been confi rmed. 
Antisense oligonucleotides against PDGF A chain inhibit 
growth of some mesothelial cells, whereas antisense oli-
gonucleotides against PDGF B chain do not, and at least 
some mesotheliomas do not express β-receptor.

The EGFR was found to be overexpressed in most 
MMs, mainly in the epithelioid variant, as well as in reac-
tive pleuritis.102 Surprisingly, EGFR expression appeared 
to be a prognostic factor indicating better survival.103,104 
The ligand for this receptor is transforming growth factor-
α, which is often time overexpressed in mesothelioma.104 
Epidermal growth factor receptor has been associated 
with increased proliferation and angiogenesis and thus 
has been considered as a target for EGFR inhibitors. 
Interference with the autocrine loop may reduce cell pro-
liferation signifi cantly in mesotheliomas. However, treat-
ment of the patients with gefi tinib (an EGFR receptor 

tyrosine kinase inhibitor) had no effect on the relapse-
free survival, but the overall survival was more than 
doubled (from 3.64 to 8.1 months).102,105 Cortese et al., 
screening a series of 66 MMs, failed to detect the most 
common EGFR tyrosine kinase inhibitor mutations iden-
tifi ed in gefi tinib-responsive non–small cell lung carci-
noma (no size polymorphisms in EGFR exon 19 were 
detected, and no point mutations were found in any of 
the evaluated codons [858, 861, and 719]).106

Conclusion

We have described the current views on the genetics and 
molecular abnormalities of MM, showing multiple and 
complex connections between the deregulated pathways 
that contribute to the outcome of mesothelioma. Malig-
nant mesothelioma may be a cancer in which genetics, 
radiation, viruses, and environmental carcinogens such 
asbestos and erionite interact to cause malignancy. 
Future investigations are needed for a more advanced 
understanding of the stepwise process leading from 
increased mesothelial cell proliferation to mesothelioma, 
providing new effective therapeutics for curing this deadly 
disease.
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nephroma, sarcomas, medulloblastoma, thyroid dys-
plasias and neoplasias, malignant germ cell tumors, 
Hodgkin’s disease, leukemia, and Langerhans cell 
histiocytosis.2

Although originally regarded as a variant of the adult 
pulmonary blastomas, PPB is now considered to be an 
entirely distinct entity with only a superfi cial resemblance. 
The most signifi cant difference between the childhood 
and the adult types is the complete absence of a malig-
nant epithelial component in PBB, while the adult-type 
pulmonary blastomas are either biphasic tumors com-
posed of malignant glands and malignant mesenchyme 
(the so-called biphasic pulmonary blastoma) or tumors 
composed of malignant tubules with benign mesenchyme 
(the well-differentiated fetal adenocarcinoma).

In contrast to the adult types, PPB occurs exclusively 
in childhood, and most cases are diagnosed in the fi rst 4 
years of life. Tumors are intrapulmonary, mediastinal, or 
pleural-based masses ranging in size from 2 to 28 cm.3,4 
Clinical presentation is with respiratory diffi culty, fever, 
pain, and cough. The clinical course is aggressive, with 
high recurrence rates and frequent metastases to the 
brain, bones, and liver.5

In the largest study of this tumor (50 cases), patients’ 
ages ranged from newborn to 146 months, with the major-
ity being diagnosed in the fi rst 4 years of life.4 Tumors 
have been subclassifi ed into three types.6 Type I is exclu-
sively cystic without a grossly detectable solid compo-
nent, type II exhibits both solid and cystic areas, and type 
III is completely solid. Type I is the least common and 
occurs on average in the youngest group (median age, 9 
months).5 It is composed of peripherally located thin-
walled cysts. The neoplastic component is only recognized 
by microscopic examination and consists of a layer of 
primitive tumor cells beneath a benign epithelial surface. 
This layer may be discontinuous and subtle, making the 
distinction from a benign cyst diffi cult. Type II is the most 
common type and is diagnosed at a median age of 34 
months, whereas type III, which is slightly less common 

Introduction

Primary lung tumors, both benign and malignant, are 
overall rare in the pediatric population. Among 166 cases 
seen at the Armed Forces Institute between 1950 and 
1989, malignant tumors were more frequent than benign 
tumors, with a ratio of 1 : 1.68. Infl ammatory myofi bro-
blastic tumor, also known as infl ammatory pseudotumor 
or plasma cell granuloma, is the most common benign 
pediatric lung tumor and is discussed later. Epithelial 
lung malignancies are rare in childhood. Although histo-
logic subtypes are similar to those that occur in adults, 
the frequencies of types differ, with carcinoid tumors 
being the most common.1 There is no known association 
of environmental or genetic factors and the development 
of epithelial malignancies in children. Pleuropulmonary 
blastoma, discussed later, is truly a tumor of childhood 
and never occurs in adults. Thoracopulmonary small 
round cell tumor, also called Askin’s tumor, is not 
restricted to childhood but is most common in adoles-
cents and young adults and will therefore be discussed 
here as well.

Pleuropulmonary Blastoma

Pleuropulmonary blastoma (PPB) is an aggressive and 
rare dysontogenetic tumor of childhood. The term dyson-
togenetic denotes a lesion that resembles the develop-
mental anatomy of the organ of origin. Such lesions 
include PPB, Wilms’ tumor, hepatoblastoma, and pancre-
atoblastoma and are characterized by the proliferation of 
both mesenchymal and epithelial elements. Pleuropulmo-
nary blastoma is frequently associated with a predisposi-
tion to develop other childhood neoplasms as well as with 
dysplasias and developmental abnormalities, occurring 
either in the same patients or in their family members. 
This association has been found in about 25% of cases of 
PPB and includes other PPBs, pulmonary cysts, cystic 
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than type II, is diagnosed at a median age of 42 months. 
The solid areas of the types II and III tumors have mixed 
blastematous and sarcomatous features. Blastematous 
cells are small and primitive in appearance with little 
cytoplasm and oval nuclei with inconspicuous nucleoli 
and numerous mitotic fi gures. The sarcomatous areas are 
composed of spindle cells arranged in a fascicular pattern 
resembling fi brosarcoma. Foci of rhabdomyoblastic dif-
ferentiation are evident with hematoxylin and eosin stain 
in the form of rhabdomyoblasts and cross striations 
(Figure 35.1) or by immunohistochemistry and are identi-
fi ed in the majority of cases, including all subtypes. Car-
tilaginous differentiation and cellular anaplasia are 
frequently associated with types II and III.

Immunohistochemistry

Vimentin diffusely stains the spindle cell areas and focally 
blastematous areas. Staining with S100 is limited to foci 
of cartilaginous differentiation. Muscle-specifi c markers 
(desmin, myogenin) are positive in the cells with obvious 
rhabdomyoblastic features and less consistently in small 
primitive cell areas. Cytokeratin is positive in the epithe-
lium of cystic spaces but negative in tumor cells.

Cytogenetic and Molecular Studies

Cytogenetic analysis has been reported to date for at 
least 25 cases of PPB. A summary listing of the karyo-
types of 23 previously published cases and of 2 additional 
cases is provided by Quilichini et al.7 Most cases analyzed 

by cytogenetics had complex numerical and structural 
chromosomal abnormalities (Figure 35.2). The main 
recurrent abnormality was numerical gains of chromo-
some 8 (22 cases), and it has been speculated that this 
represents a primary event in the genesis of PPB.8 Struc-
tural abnormalities of chromosome 8 have been described 
in several cases (rearrangements of the long arm in three 
cases and of either the long, short or both arms in two 
cases). A candidate gene has not been identifi ed to date.

Two cases showed structural rearrangement of the 
short arm of chromosome 11. Given the reported occur-
rence of 11p alterations in other embryonal/dysontoge-
netic tumors (deletions of 11p in Wilms’ tumor, loss of 
heterozygosity at 11p13 in embryonal rhabdomyosar-
coma), a possible common genetic pathway involving the 
11p region has been suggested.2

In addition to conventional cytogenetics, other molecu-
lar techniques have been employed in some cases of PPB. 
Multicolor spectral karyotyping was used in one case,9 
and it showed trisomy 8 and unbalanced translocations 
between chromosomes 1 and X. Comparative genomic 
hybridization performed in one case10 showed multiple 
gains and losses, with a profi le overlapping that of embry-
onal rhabdomyosarcoma (gains of chromosomes 2, 7, and 
8 and loss on chromosome 10).11 Multiplex fl uorescence 
in situ hybridization (FISH) was performed in two cases 
mentioned earlier7 and confi rmed a structural aberration 
of chromosome 8 and also a TP53 deletion on der (17) 
in one of the two cases.

The nonneoplastic nature of the epithelial compo-
nent of PPB has been demonstrated by FISH studies 
that showed chromosome 8 gains in all mesenchymal 
elements (Figure 35.3), including undifferentiated 
blaste matous, rhabdomyoblastic, fi broblastic, and 
chondroblastic areas, whereas the epithelium did not 
show such alterations.12

Relationship of Pleuropulmonary Blastoma to 
Congenital Cystic Adenomatoid Malformation

One of the important differential diagnoses when consid-
ering PPB is congenital cystic adenomatoid malforma-
tion. Congenital cystic adenomatoid malformation has 
been classifi ed into four types,13 with type 4 being char-
acterized by large cysts lined by fl attened epithelium 
resting on loose mesenchymal tissue. It is this type that 
is most easily confused with the purely cystic form of 
PPB, given the histologic similarities and a similar age 
range. Both congenital cystic adenomatoid malformation 
type 4 and PPB type 1 contain cystic spaces lined by 
benign epithelium, and both contain mesenchymal tissue 
that may show skeletal muscle differentiation. A careful 
search for areas of dense subepithelial or septal spindle 
cell proliferation with or without thickening of the septum 
is necessary in such cases to prompt a diagnosis of PPB.5 

Figure 35.1. Type II solid/cystic pleuropulmonary blastoma 
with benign epithelial surface surrounded by primitive blastema 
and sarcomatous elements with rhabdomyoblastic features. 
Hematoxylin and eosin stain; magnifi cation, ×40. (Courtesy of 
Dr. Teresa Hayes.)
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Figure 35.2. Giemsa-banded karyotype in an example of pleuropulmonary blastoma. Arrows indicate clonal aberrations, including 
trisomy 8. (From Vargas et al.,12 with permission of Springer.)

Figure 35.3. Fluorescence in situ hybridization. Epithelial cell 
nuclei (arrowheads) show one or two fl uorescent signals for 
chromosome 8 per cell. Underlying primitive mesenchymal cells 
show multiple signals per nuclei, indicating polysomy. (From 
Vargas et al.,12 with permission of Springer.)
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A recent cytogenetic analysis comparing 11 cases of con-
genital cystic adenomatoid malformation to 2 cases of 
PPB showed normal karyotypes in all congenital cystic 
adenomatoid malformations and clonal abnormalities in 
both PPB, therefore emphasizing the biologic distinctive-
ness of these two lesions.14

Infl ammatory Myofi broblastic Tumor

Infl ammatory myofi broblastic tumor has been known in 
the literature under a number of designations, including 
infl ammatory pseudotumor, plasma cell granuloma, and 
infl ammatory fi brosarcoma. In adults, the lung is the most 
frequent site. In children, extrapulmonary sites including 
liver, spleen, mediastinum, central nervous system, and 
soft tissues are more common than the lungs.

Most infl ammatory myofi broblastic tumors behave in 
a benign fashion, but malignant behavior due to recur-
rences with local invasion and metastatic spread does 
occur. Infl ammatory myofi broblastic tumor is therefore 
considered a tumor of low malignant potential (of inter-
mediate malignant behavior in the 2002 WHO classifi ca-
tion of soft tissue tumors). Clinical features when the lung 
is involved include cough, dyspnea, fever, chest pain, and 
hemoptysis. Some cases are asymptomatic and are dis-
covered incidentally. Most tumors are peripheral, well 
circumscribed, and solitary, but endobronchial growth 
with formation of a polypoid mass or penetration through 
the pleura has also been observed.

Histologically, infl ammatory myofi broblastic tumor is 
composed of fi broblastic/myofi broblastic spindle cells, 
growing in fascicles set against a background of a plasma 
cell–rich infl ammatory infi ltrate (Figure 35.4). Mitotic 

activity is variable, but there are no atypical mitoses nor 
is there signifi cant nuclear pleomorphism. Immunohisto-
chemical stains are consistent with a myofi broblastic 
phenotype (muscle-specifi c actin/smooth muscle actin 
positive, and less frequently desmin and cytokeratin 
positive).

Cytogenetic and Molecular Studies

The question whether infl ammatory myofi broblastic tumor 
is a reactive or a neoplastic process had been a matter of 
controversy until the detection of recurrent cytogenetic 
abnormalities in infl ammatory myofi broblastic tumor, 
lending support to its neoplastic nature. Clonal aberrations 
involving the short arm of chromosome 2p23 were origi-
nally described in anaplastic large cell lymphoma, but 
subsequently similar abnormalities were found in infl am-
matory myofi broblastic tumor.15 Chromosome 2p23 is the 
site of a tyrosine kinase receptor gene, the human ALK 
(anaplastic lymphoma kinase) gene, that belongs to the 
insulin growth factor superfamily.16 Under normal circum-
stances, ALK expression is limited to rare neural cells in 
human tissues, implying a role in neural development and 
differentiation.17 ALK is abnormally expressed in translo-
cations involving the ALK gene at 2p23. Antibodies to the 
protein products of the ALK gene (ALK1 and p80) detect 
ALK expression associated with these gene rearrange-
ments and correlate well with the results of FISH and 
reverse transcriptase polymerase chain reaction (RT-
PCR). Monoclonal antibody ALK1 and polyclonal 
antibody p80 are the most commonly used immunohisto-
chemical markers for detection of ALK deregulation in 
formalin-fi xed, paraffi n-embedded tissues.

In anaplastic large cell lymphoma, ALK clonal ab-
normalities are associated with the characteristic 
t(2;5)(p23q35) resulting in the NPM/ALK fusion protein 
in the majority of cases.18 Several variant translocations 
have also been described in a smaller proportion result-
ing in fusion of alternate partner proteins with the ALK 
protein.19–25 The immunohistochemical ALK or p80 stain-
ing pattern is typically nuclear and cytoplasmic with the 
classic t(2;5)(p23q35) translocation, whereas variant 
translocations are associated with a predominantly cyto-
plasmic staining pattern.17

In infl ammatory myofi broblastic tumor, ALK rear-
rangements and/or ALK1 and p80 positivity have been 
reported in variable proportions ranging from 36% to 
60%.26,27 In one study of 47 infl ammatory myofi broblastic 
tumors,28 immunoreactivity for ALK1 and/or p80 was 
detected in 36% of cases and FISH was positive for ALK 
rearrangement in 47%. The ALK abnormalities occurred 
in both pediatric and adult patients.

Several fusion oncogenes partnering with the 
ALK gene have been identifi ed in infl ammatory 

Figure 35.4. Infl ammatory myofi broblastic tumor with spindled 
myofi broblasts in a loose myxoid and infl ammatory background 
containing lymphocytes and plasma cells. (Courtesy of Dr. 
Cheryl Coffi n.)
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myofi broblastic tumor. The partner proteins thus far 
identifi ed are TPM3 at 1p23,29 TPM4 at 19p13,28 ATIC at 
2q35,30 CARS at 11p15,31 CLTC at 17q23,32 RANBP2 at 
2q13,33 and SEC31L1 at 4q21.34

Rearrangements of the 2p23 region can be detected 
with FISH methods.

An NPM/ALK two-color FISH probe is used to spe-
cifi cally detect the t(2;5)(p23;q35) translocation, and it 
detects the characteristic translocation of anaplastic large 
cell lymphoma. In infl ammatory myofi broblastic tumor, 
the alternative rearrangements involving the ALK gene 
can be detected with a dual break-apart ALK probe that 
fl anks the ALK gene region at 2p23.16

Immunohistochemical markers ALK1 and p80 with a 
cytoplasmic staining pattern correlate with the results of 
RT-PCR and FISH methods and are an easy way to 
detect ALK rearrangements in suspected infl ammatory 
myofi broblastic tumor (Figures 35.5 and 35.6). One limi-
tation in the use of ALK1/p80 immunohistochemistry is 
its lack of specifi city among mesenchymal tumors. Among 
such neoplasms, abnormalities of ALK1 and p80 expres-
sion were found in malignant peripheral nerve sheath 
tumor, rhabdomyosarcoma, leiomyosarcoma, and malig-
nant fi brous histiocytoma.16 On the other hand, several 
benign fi broblastic lesions in the differential diagnosis 
with infl ammatory myofi broblastic tumor, including 
nodular fasciitis, desmoid tumor, myofi bromatosis, and 
leiomyoma, were negative for these markers. Some malig-
nant mesenchymal tumors, such as synovial sarcoma, 
infantile fi brosarcoma, and myofi broblastic sarcoma, 
were likewise negative. Previous studies had shown 
similar results with the addition of neuroblastoma, which 
was also positive in a few cases.35

In summary, the demonstration of ALK expression by 
immunohistochemical or molecular methods is of diag-
nostic utility when infl ammatory myofi broblastic tumor 

is a consideration. A positive result has to be interpreted 
with caution in the context of histologic and clinical data 
and after exclusion of anaplastic large cell lymphoma. 
Conversely, a negative result does not rule out infl am-
matory myofi broblastic tumor, given that a considerable 
proportion of histologically indistinguishable tumors are 
ALK negative.

Prognostic Signifi cance of ALK Expression

Although ALK expression has been associated with a 
better prognosis in anaplastic large cell lymphoma, its 
prognostic signifi cance in infl ammatory myofi broblastic 
tumor is less certain. Some studies36,37 have shown ALK-
positive infl ammatory myofi broblastic tumor to occur at 
a younger age and to have a better prognosis, whereas 
others38 did not show this advantage. Given the small 
number of cases in these studies, the role of ALK expres-
sion in infl ammatory myofi broblastic tumor as a prognos-
tic marker remains unclear.

Etiologic Role of Infectious Agents

Various infectious agents have been suspected to play a 
role in the pathogenesis of infl ammatory myofi broblastic 
tumor. This is not surprising given the overlap of clinical 
features of infl ammatory myofi broblastic tumor with 
those of infectious processes such as fever, anemia, 
increased erythrocyte sedimentation rate, and malaise.

Human herpesvirus 8 (HHV-8) DNA sequences with 
a spectrum of expressed viral genes different from those 
observed in Kaposi’s sarcoma have been reported in 
adult pulmonary infl ammatory myofi broblastic tumor.39 
Subsequent studies, including pediatric pulmonary in-
fl ammatory myofi broblastic tumor, did not confi rm this 
association. Specifi cally, HHV-8 immunostaining against 

Figure 35.5. Staining of ALK in an infl ammatory myofi broblas-
tic tumor showing a strong cytoplasmic pattern. (Courtesy of 
Dr. Cheryl Coffi n.)

Figure 35.6. Fluorescence in situ hybridization with the ALK 
probe showing a split probe signal in the cell on the left. 
(Courtesy of Dr. Cheryl Coffi n.)
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latent ORF73, which is usually present in other HHV-8–
associated diseases, was negative in that study.35

Epstein-Barr virus (EBV) has also been implicated in 
infl ammatory myofi broblastic tumor pathogenesis. Posi-
tive in situ hybridization results with the EBV–encoded 
RNA (EBER) probe were seen in several studies, mostly 
in splenic infl ammatory myofi broblastic tumor and a few 
cases of lymph node and hepatic infl ammatory myofi bro-
blastic tumor40,41 Only one of the four pediatric lung 
infl ammatory myofi broblastic tumors studied was posi-
tive in a recent study.35 The number of EBER-positive 
spindled tumor cells in this study was much greater inside 
the tumor than in the surrounding tissue, making a role 
of EBV in tumorigenesis more likely.

Malignant Small Round Cell Tumor of 
the Thoracopulmonary Region

Originally described by Askin et al.,42 the malignant small 
round cell tumor of the thoracopulmonary region is now 
considered a member of the Ewing family of tumors 
(EFTs), which encompasses osseous and extraosseous 
Ewing’s sarcoma and peripheral primitive neuroectoder-
mal tumor. Primitive neuroectodermal tumor is a highly 
aggressive primitive round cell tumor of uncertain histo-
genesis with variable degrees of neural differentiation. 
Despite its name, there is no evidence of neural crest 
origin. Given its most common occurrence in mesen-
chyme-rich organs (bone, soft tissue, visceral paren-
chyme), a mesenchymal origin appears most plausible.

Primitive neuroectodermal tumor of the thoracopul-
monary region, like those arising in other sites, affects all 

ages, with a predilection for the second to third decade. 
It typically originates in the chest wall with secondary 
infi ltration of the pleura and lungs, but purely intrapul-
monary examples also exist.

Histologic features are those of a primitive small round 
cell tumor with uniform undifferentiated tumor cells 
growing in patternless sheets (Figure 35.7). Hemorrhage 
and necrosis are common. Neural differentiation may 
be apparent in the form of Homer-Wright-like neural 
rosettes, but many tumors have a completely undifferen-
tiated phenotype.

Immunohistochemical stains are negative with most 
mesenchymal markers with the exception of vimentin. 
Neural markers S100, CD56, chromogranin, and synapto-
physin may be positive but often only focally or weakly. 
Cytokeratin positivity is rarely seen.

The most helpful marker is CD99 (O13, HBA71), 
which is positive in >90% of primitive neuroectodermal 
tumor with a characteristic membranous staining pattern 
(Figure 35.8). Given the lack of specifi city of CD99, it has 
to be interpreted in the context of a comprehensive panel 
of immunohistochemical stains aimed at ruling out tumors 
with a similar histologic phenotype, in particular the small 
round cell tumors of childhood. These include leukemia/
lymphoma, solid variant of alveolar rhabdomyosarcoma, 
mesenchymal chondrosarcoma, desmoplastic round cell 
tumor, poorly differentiated synovial sarcoma, metastatic 
neuroblastoma, and Wilms’ tumor.

Cytogenetic and Molecular Studies 
in Ewing’s Family of Tumors

The discovery of consistent genetic alterations in EFTS 
has made cytogenetic and molecular techniques an invalu-
able adjunct in the diagnosis of these tumors. In contrast 

Figure 35.7. Askin’s tumor with sheet-like arrangement of 
primitive tumor cells. Hematoxylin and eosin stain; magnifi ca-
tion, ×20.

Figure 35.8. Askin’s tumor diffusely positive for CD99 with 
membranous staining pattern.
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to adult epithelial malignancies, in which similar muta-
tions can be found in a variety of different tumor types, 
the EWS/ETS fusion gene appears to be specifi c for 
ESFT.43 In fact, these nonrandom translocations are cur-
rently considered to be the defi ning feature of ESFT. 
They are characterized by fusion of the EWS gene with 
one of the several members of the ETS family of tran-
scription factors.44

Because the EWS gene was only discovered in the 
context of fusion to FLI1, the normal function of EWS is 
still under investigation.43 A current hypothesis is that 
EWS gene products act as adapters between transcription 
and mRNA processing by interacting with components 
of the transcription apparatus and splicing factors.45,46 The 
ETS fusion partner belongs to the family of transcription 
factors that is defi ned by a conserved ETS domain that 
recognizes a certain DNA motif.47 Within this family, at 
least 30 different genes have been identifi ed and several 
of these (i.e., FLI1, ERG, E1AF, FEV, and ZSG) are 
involved in cancer-associated gene fusions. The EWS/
ETS fusion proteins appear to modulate the expression 
of target genes in a sequence-specifi c manner that is 
determined by the ETS component coming under the 
control of the EWS component.48 The most frequent gene 
fusion in ESFT is EWS/FLI1. It is found in up to 95% of 
ESFT and results from a t(11;22)(q24;q12) translocation. 
At a genomic level, different EWS/FLI1 fusions have 
been described, each with variable combinations of exons 
fl anking the fusion point.49–51 Results of a few recent 
studies suggest prognostic signifi cance of differences in 
fusion type.49,52 but confi rmation of these results through 
prospective studies is still required.

Although considered a traditional oncogene (“promot-
ing the proliferation and blocking differentiation of a 
committed neural crest cell”), EWS/FLI1 has been shown 
to not only inhibit tissue specifi c differentiation but also 
to promote Ewing’s-specifi c neuroectodermal differenti-
ation. This has been nicely demonstrated in an expe-
riment using a rhabdomyosarcoma cell line transfected 
with a tetracycline-inducible expression vector that 
induces expression of EWS/FLI1. The cell lines under-
went a change in phenotype from myogenic to primitive 
neuroectodermal as demonstrated by light microscopic 
features and immunohistochemical profi le of cultured 
cells and xenograft tumors.53

At a cytogenetic level, the t(11;22)(q24;q12) transloca-
tion leads to fusion of EWS at 22q12 to FLI1 at 11q24 
and the formation of EWS/FLI1 on der (22) comprising 
the 5′ end of EWS and the 3′ end of FLI1.54 The fusion 
gene encodes an oncoprotein consisting of the N-termi-
nal domain of EWS and the DNA-binding domain of 
FLI155. The second most common translocation is 
t(12;22)(q22;q12), found in approximately 5% of cases,56 
which leads to the fusion of EWS to ERG at 21q22. 
Other translocations are seen in less than 1% of cases 

and include t(7;22)(p22;q12),57 t(17;22)(q12;q12),58,59 
t(2;22)(q33;q12),60 and inv (22),61 leading to fusion of 
EWS with the ETS genes ETV1, E1AF, FEV, and ZSG, 
respectively.

Detection of translocations involving the EWS gene 
has become an important tool in the differential diagno-
sis of small round cell tumors. Both RT-PCR- and FISH-
based methods are available and offer certain advantages 
and disadvantages. The advantage of RT-PCR is its ability 
to identify precise fusion transcripts and specifi c chromo-
somal breakpoints involved in the translocation. There-
fore, this technique allows distinction between fusion 
types, which, as mentioned earlier, may be of prognostic 
signifi cance. Although RT-PCR works well with fresh 
frozen tissue, it is considerably less sensitive with paraf-
fi n-embedded, formalin-fi xed tissue.62 Fluorescence in 
situ hybridization probes, on the other hand, are highly 
sensitive and specifi c in fi xed tissue. Both “home brew” 
fusion probes and commercial break-apart probes can be 
used, and both are relatively easy to interpret. Fusion 
probes are typically designed to detect the EWS/FLI1 
fusion and would miss any of the variant ETS gene family 
rearrangements, whereas break-apart probes offer the 
advantage of detecting EWS fusion with different ETS 
genes (Figure 35.9).
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the inferior thyroid venous plexus. More importantly, 
the bronchial arterial supply is from the thoracic aorta, 
and the venous drainage from this artery is largely (∼70%) 
anastomosed to the pulmonary circulation in a preca-
pillary location3 in the sheep. This also likely occurs in 
humans. These anastomoses are signifi cant because 
neutrophils may be infl uenced by mediators from airway 
epithelium and then interact directly with the pulmonary 
capillaries, thus providing a connection with infl amma-
tion in the airway and in the alveolar capillaries. In this 
regard, the capillary diameter in the bronchial microcir-
culation is about 8.5 μm but only approximately 5.5 μm in 
the pulmonary capillaries.4 Neutrophils have to deform 
during passage through the pulmonary capillaries (Figure 
36.1) because of their relatively large diameter (10–
15 μm). In contrast, erythrocytes pass through those capil-
laries more readily because of their smaller diameters. 
Delay in the passage of neutrophils results in a relative 
increase in neutrophil concentration in the pulmonary 
capillaries.5 This may be an adaptive modifi cation for 
better control of any organisms breaching the extensive 
and exposed surfaces of the alveoli. The slowing and 
momentary stopping of neutrophils in the pulmonary 
capillaries under certain stimuli may allow selectin- and 
integrin-independent migration of these cells from the 
capillaries.6,7

The bronchial circulation is also unique in that airway 
injury can stimulate a fi vefold increase in bronchial 
blood fl ow in sheep.8 Although the increased blood fl ow 
during injury amounts to less than 3% of the cardiac 
output, neutrophils activated in the bronchial microcir-
culation may be directly delivered to the pulmonary 
capillaries to produce damage. In fact, bronchial artery 
ligation decreases lung edema in a sheep model of 
smoke and burn injury.9 The anatomy of the lung then 
potentially allows damage in the airway to produce 
infl ammatory changes in the lung that may enhance lung 
protection or lead to further damage under some 
circumstances.

Introduction

The myriad microbial pathogens encountered by the lung 
presents a daunting challenge to the human immune 
system. Nowhere else in the body is such a vast surface 
area (approximately 100 m2)1 directly exposed to airborne 
pathogens at about 20 times per minute. Not only is the 
area and exposure extreme, but the underlying blood 
circulation is only two cell layers, of about 0.5 μm each, 
removed from the alveolar surface. Furthermore, gravity 
and manifold branching of bronchioles and bronchi inter-
fere with the expulsion of these organisms and tissue 
debris that occurs during lung infection. It is not surpris-
ing, then, that pneumonias are among the most common 
infectious diseases in the United States.2

Understanding the susceptibility to lung infection 
requires a comprehension of (1) the anatomy and func-
tion of the lung, (2) environmental exposures, (3) 
systemic and mucosal immune functions, (4) virulence 
of pathogens, and (5) genetic variabilities of the host 
defenses. Numerous “experiments of nature” and identi-
fi cation of the molecular mechanisms of pathogen entry 
into lung cells especially have provided unique insights 
into understanding immune aspects of host susceptibility. 
More recently, rapid, high volume methods of analyzing 
potential genetic determinants for host susceptibility to 
specifi c pathogens have shown considerable promise. 
These considerations and their results are explored in 
some detail in this chapter.

Lung Anatomy and Function

Unique Aspects of the Lung Microcirculation

Three distinct circulations supply the lung and airways 
with blood. They are the tracheal, bronchial, and pulmo-
nary circulations. The tracheal arteries branch from 
the superior and inferior thyroid arteries and drain to 
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Epithelial Cilia and Airway Surface Fluid

The lumen of the airways of the human is lined with fl uid 
5–20 μm thick.10 Electron microscopy studies suggest that 
the fl uid is in two phases, a low-viscosity aqueous layer in 
contact with the tips of the cilia of respiratory epithelial 
cells and a second layer above this consisting of a mucous 
gel. The cilia beat semisynchronously to create a “con-
veyor” effect from the lower to the upper airways. Con-
sequently, secretions of airway epithelial cells and glands 
as well as debris may be expelled by coughing. The impor-
tance of ciliary motion is underscored by primary ciliary 
dyskinesia, an autosomal recessive heterogeneous disor-
der of ciliary function and movement.11 Approximately 
half of these individuals have Kartagener’s syndrome 
with situs inversus of the heart and abdominal organs 
likely caused by the necessity of ciliary motion in deter-
mining the asymmetric placement of those organs during 
embryologic development. Individuals with ciliary dys-
function may develop bronchiectasis if pulmonary toilet 
and control of infection are not maintained. Recurrent 
and chronic otitis media and sinusitis are also common.

An additional consequence of ciliary dysfunction is a 
defi ciency of airway nitric oxide. Although the specifi c 
mechanism for this defi ciency is not known, endothelial 

nitric oxide synthase (NOS3) is located in close proximity 
to the basal, intracellular portion of the cilia, suggesting 
that interaction of endothelial nitric oxide synthase with 
the ciliary body is necessary for production of airway 
nitric oxide.12 It is likely that control of ciliary motion 
is through nitric oxide–dependent effects on guanyl 
cyclase.12 Furthermore, nasal nitric oxide concentration 
was correlated with impaired ciliary clearance in the 
upper airways of patients with recurrent sinusitis and 
pneumonia,13 providing further support for the impor-
tance of mucociliary clearance and infection.

Cough Refl ex

Cough refl ex is a complex neural event that begins 
with activation of nonadrenergic, noncholingeric nerve 
fi bers utilizing neural transmitters such as neurokinins 
in the laryngopharyngeal area and larger upper airways. 
The afferents involved in the neural pathways are within 
the vagus nerve. This is consistent with observations that 
cough may be produced also by certain stimulations of 
the external ear, esophagus, and abdominal organs.14 The 
central controls of the cough refl ex, including voluntary 
and involuntary aspects, remain poorly understood. 
Although it seems obvious that this refl ex is important in 
protection of the airway, there are few studies to objec-
tively document this view. However, Addington et al. 
found that pneumonia in stroke victims with defective 
cough refl ex had signifi cantly more complications than 
did patients with an intact cough refl ex.15

Innate Immunity

Parsing immunity into innate and adaptive components 
is useful only if it is understood that the division is artifi -
cial and that there are numerous perturbations by each 
component on the other. This will be obvious in the fol-
lowing discussion.

Complement

The three known pathways that activate complement, the 
alternative, classic, and lectin pathways, converge at the 
C3 component. The serum proteins comprising the com-
plement system not only support opsonization by the 
activation of C3, chemotaxis by the activation of C5, and 
direct killing of microorganisms through the terminal 
lysis sequence but also are capable of modifying both 
T- and B-cell immunity.16,17 The general view is that the 
most important role of complement is as an opsonin sup-
porting enhanced phagocytosis in the blood. However, in 
the murine lung the clearance of pneumococci was com-
plement dependent for both blood-borne and aerosolized 
bacteria.18 The source of the C3 in the lung appeared to 
be from the serum rather than local production. It is not 

Figure 36.1. Confocal image of neutrophils in pulmonary alve-
olar capillaries in a sheep with a traumatic lung injury and cri-
teria for acute respiratory distress syndrome. Green is type IV 
collagen, red is myeloperoxidase, and blue is the nuclear stain 
DAPI. Many neutrophils are seen in the pulmonary capillaries, 
of which many demonstrate the extensive deformability neces-
sary to pass through the capillaries. (Magnifi cation, ×630.)
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clear whether the clearance was from increased phag-
ocytosis or by direct killing. Interestingly, C3-defi cient 
animals do not have decreased entry of neutrophils into 
the lung but do have increased infl ammation. The last 
point is important because it suggests that C3 may have 
an antiinfl ammatory effect in the lung. A possible expla-
nation for this effect may relate to the observation that 
phagocytosis of apoptotic neutrophils by alveolar macro-
phages results in less cytokine production by these mac-
rophages and less alveolar infl ammation.19 The C3 in the 
lung may increase phagocytosis of apoptotic neutrophils 
with the consequence of decreased cytokine production 
by the macrophages.

Therefore, the complement system may have infl am-
matory and antiinfl ammatory effects in the lung. Also, 
decreased concentrations of C3 are likely clinically rele-
vant for diseases such as systemic lupus erythematosus in 
which low C3 concentrations may lead to increased sus-
ceptibility to bacterial pathogens.

Surfactant

Surfactant proteins A and D (SP-A and SP-D) belong to 
a protein family known as collectins. These proteins have 
a collagen-like sequence in the N-terminal portion of the 
molecule and a C-type lectin moiety at the C-terminal 
end. These proteins are produced by alveolar type II cells 
and serve not only as surfactants to reduce surface tension 
and allow expansion of alveoli without excessive pres-
sures but also recognize pathogen-associated molecular 
patterns. They bind to oligosaccharide-containing pro-
teins (galactosylceramide for SP-A and glucosylceramide 
for SP-D) on pathogen surfaces and produce aggregation 
and arrest of these infecting organisms. Surfactant protein 
A binds to Staphylococcus aureus20 and Herpes simplex.21 
Opsonization is accomplished by interaction of the col-
lagen domain of SP-A and the C1q receptor on the alveo-
lar macrophage surface. Surfactant protein A oligomerizes 
into six trimeric subunits, which greatly resemble the 
overall topography of C1q. In addition to Staph. aureus 
and H. simplex, it is now clear that a wide range of both 
Gram-positive and Gram-negative organisms associate 
with SP-A and SP-D. In addition to opsonic activity, 
these molecules also have the ability to directly interfere 
with the growth and viability of certain microorganisms 
and viruses.22 In part this is accomplished through the 
ability of these molecules to permeabilize the membranes 
of microorganisms through interaction of the collagen 
domain with membrane lipids.23 Both SP-A and SP-D are 
able to increase the phagocytosis of apoptotic neutrophils 
by alveolar macrophages.24 As previously mentioned, 
alveolar macrophages that ingest apoptotic neutrophils 
produce less infl ammatory cytokines. The physiologic 
importance of these molecules is underscored by recogni-
tion of decreases in these proteins by severe viral and 

bacterial pneumonia. Individuals with cystic fi brosis (CF) 
exhibit a correlation between collectin defi ciencies and 
lung infl ammation.25 In addition, immunosuppressed 
mice defi cient in SP-A have increased susceptibility to 
Pneumocystis jiroveci pneumonia compared with SP-A-
competent controls.26

Lung Epithelial Cells

Lung epithelium is directly exposed to air containing sig-
nifi cant quantities of microorganisms and viruses. Not sur-
prisingly, these cells and their pathogen counterparts have 
evolved numerous attack and defense mechanisms. For 
example, rhinovirus enters airway epithelium by binding 
to the intercellular adhesion molecule-1. The epithelium 
responds with the synthesis of an array of cytokines, includ-
ing interferon-α and -β, proinfl ammatory cytokines, inter-
leukin (IL)-1β and tumor necrosis factor (TNF)-α, acute 
phase reactants IL-6 and IL-16, chemokines including 
IL-8, Gro-α, epithelial cell-derived neutrophil-activating 
peptide (ENA) 78, macrophage infl ammatory protein 
(MIP)-1α, RANTES, monocyte chemoattractant protein 
(MCP)-1, eotaxin, and granulocyte-macrophage colony-
stimulating factor (GM-CSF; reviewed by Message and 
Johnston27). More recently, IL-17, which is necessary for 
the coordinated release of GM-CSF and the CXC chemo-
kines and subsequent defense against Gram-negative bac-
teria, was found in airway epithelial cells.28 These mediators 
are able to attract and activate T cells, natural killer (NK) 
cells, macrophages, eosinophils, and neutrophils. More-
over, certain of these cells may remain in the systemic cir-
culation to have actions distant from the airway as was 
discussed earlier for neutrophils. Although these actions 
may aid in killing pathogens, they also may injure lung 
tissue by producing a cycle of defense, infl ammation, 
destruction, and repair.

It has been suggested that internalization of Pseudo-
monas aeruginosa occurs through the CF transmembrane 
conductance regulator (CFTR), which is defi cient in CF 
patients.29,30 This now seems largely discounted.31 Rather 
than acting as a portal of entry for Pseud. aeruginosa, it 
appears that this organism penetrates bronchial epithelial 
cells lacking the CFTR more easily and is able to repli-
cate within these cells. Thus, epithelial cells with an intact 
CFTR are more resistant to Pseud. aeruginosa uptake 
and produce more IL-8 upon challenge with these bacte-
ria. Therefore, the CFTR is an infection resistance factor 
for Pseud. aeruginosa in bronchial epithelial cells. A plau-
sible explanation for the persistence of Pseud. aeruginosa 
pulmonary infections in CF patients may be the failure 
to initially clear infections with this organism and the 
consequent development of a chronic infection and 
infl ammation characterized by intense neutrophil accu-
mulations and damage to the host defense mechanisms 
of the lung.
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Alveolar Macrophages

Alveolar macrophages are the fi rst-line defense of the 
lung against inhaled pathogens. Not surprisingly, they 
play a prominent role in the further orchestration of the 
ensuing infl ammatory response against these pathogens. 
In accomplishing this task, alveolar macrophages must 
assume a complex role of initiating the infl ammatory 
reaction and modulating the reaction to limit damage and 
aid in repair. Consistent with the role, these cells are 
much longer lived and more resistant to apoptosis than 
are blood monocytes. In part, these characteristics stem 
from a decrease in the phosphatase PTEN (phosphatase 
and tensin homolog, deleted on chromosome 10).32 This 
relative defi ciency compared with blood monocytes 
results in increased activity of the Akt pathway and sub-
sequent resistance to apoptosis through the action of 
AFX, a member of a subfamily of forkhead transcription 
factors.33 Furthermore, pneumonia induced by tracheal 
instillation of pneumococci in mice defi cient in one of the 
class A macrophage scavenger receptors have increased 
mortality.34 These pattern recognition receptors are 
trimeric glycoproteins with multiple functions (e.g., 
bacterial adherence and opsonization35) and possible par-
ticipation in phagocytosis of apoptotic cells. In this regard, 
knowledge of the alveolar macrophage surface molecules 
that promote phagocytosis of apoptotic neutrophils is 
incomplete. However, CD4436 and SP-A37 appear to play 
important roles. Not only do alveolar macrophages 
remove apoptotic neutrophils and thereby limit infl am-
mation but also the process of phagocytosis of these 
apoptotic neutrophils decreases proinfl ammatory cyto-
kine production by alveolar macrophages.38,39

Another series of pattern recognition molecules, the 
Toll-like receptors (TLRs), are present on alveolar mac-
rophages, and, in concert with CD14 (ligand for lipopoly-
saccharides and lipoproteins), they transduce signals 
resulting from the binding of these bacterial products 
to later components of the cell signaling pathway 
(Figure 36.2). Signaling of TLR-4 also upregulates the 
receptor for vitamin D3 and the products of the vitamin 
D1-hydroxylase genes, which in turn signals the induction 
of cathelicidin, an antibacterial peptide that kills myco-
bacteria,40 when vitamin D3 is present. Also, MyD88, an 
adaptor protein that mediates TLR signaling, appears 
to be very important in host defense against airway bac-
teria. The essential function of MyD88 in clearance of 
Pseud. aeruginosa in mice was recently demonstrated by 
MyD88 knockout mice and bone marrow reconstitution 
experiments.41

Experiments to quantitate the role of alveolar macro-
phages in in vivo infections have been problematic. 
However, numerous careful experiments with airway 
inoculation of Streptococcus pneumonia have begun to 
clarify the role of alveolar macrophages in airway-related 

infections. Instillation of large numbers of pneumococci 
result in severe disease, and survival depends on neutro-
phil clearance of the bacteria.19 Furthermore, depletion 
of alveolar macrophages in this model delayed removal 
of apoptotic neutrophils with resultant increased infl am-
mation. In contrast, when small numbers of pneumococci 
are administered, clearances of these bacteria occur 
within the fi rst 6 hr before neutrophil recruitment.42 
Depletion of alveolar macrophages delayed this process. 
Finally, in established pneumonia, neutrophils play a pre-
dominant role, and alveolar macrophages play a role in 
directing neutrophil recruitment.19 Therefore, alveolar 
macrophages contribute to bacterial clearance and killing 
of low concentrations of pathogens, whereas larger 
numbers of organisms and established lung infection 
require neutrophils. However, in these latter cases, regu-
lation of neutrophil infl ux and clearance of apoptotic 
neutrophils by alveolar macrophages are essential.

Neutrophils

“Experiments of nature” provide valuable insights into 
the role of neutrophils in host defense. The two congeni-
tal disorders that are most instructive are chronic gra-
nulomatous disease (CGD) and leukocyte adherence 
defi ciency-1 (LAD-1). In the fi rst case, the defect is in one 
of the known subunits of the neutrophil NADPH oxidase. 
It results in an inability of the neutrophils to produce 
superoxide anion and subsequent reactive oxygen species. 
The failure to produce superoxide anion greatly inhibits 
the ability of the neutrophils to kill phagocytosed cata-
lase-positive bacteria and fungi.43 These patients charac-
teristically have “deep” tissue infections, including lung 
abscesses. The reason for this tissue location of infection 
is related to the life cycle of this cell. Mature neutrophils 
are produced in the bone marrow in about 2 weeks. They 
remain in the circulation for 6 to 12 hr and then exit the 
microcirculation into the tissues. Because neutrophils are 
on an apoptotic program from the time they leave the 
bone marrow, these potentially toxic cells are disposed of 
once they become apoptotic by directed phagocytosis by 
resident tissue macrophages. This is an especially active 
process in liver sinusoids by Kupffer cells.44 Because 
phagocytosis by neutrophils is unaffected by defects in 
the NADPH oxidase complex, these neutrophils retain 
live catalase-positive bacteria or fungi they have ingested. 
Resident and elicited macrophages have the same defect 
in oxidative metabolism and are also defective in their 
ability to kill these organisms. The persistence of organ-
isms deposited by neutrophils and macrophages in deep 
tissue locations provides an explanation for the granulo-
matous reactions seen in various organs including the 
lung. These patients are especially susceptible to Staph. 
aureus and Aspergillus sp. (both catalase-positive organ-
isms) infections in the lung. Other troublesome infections 
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Figure 36.2. Schematic representation of Toll-like receptor 
(TLR) signaling. This diagram indicates the necessary role of 
CD14 in the interaction of bacterial lipoprotein (TLR2) and 
bacterial lipopolysaccharide (TLR4). The central role of MyD88 
protein (myeloid differentiation primary response gene 88), 
IRAK (interleukin-1 receptor–associated kinase), and TRAF6 
(tumor necrosis factor [TNF] receptor-associated factor 6) in 
subsequent signaling is indicated. Several intermediate signal-
ing events are not shown for clarity. However, the signaling 
through this pathway results in nuclear factor (NF)-κB, c-Jun 
and c-Fos (constituents of the activator protein-1 transcription 

factor complex), JNK1, and Elk-1. These nuclear transcription 
factors result in infl ammatory cytokines, including interleukin 
(IL)-2, IL-8, interferon-γ, and TNF-α. These mediators can mod-
ulate T cells, infl uence their polarization, cause apoptosis in 
various cell types, and produce direct antibacterial effects. These 
signaling pathways are active in macrophages, epithelial cells, 
and dendritic cells. IκBα, inhibitor κBα; LPS, lipopolysaccha-
ride; MAPK, mitogen-activated protein kinase; TIRAP, Toll-
interleukin 1 receptor domain-containing adapter protein; 
TOLLIP, Toll-interacting protein.

include the opportunistic organisms Nocardia sp. and 
Serratia marcescens. These observations implicate oxida-
tive metabolism in defense of the lung and provide insight 
into the mechanism of protection.

A second experiment of nature involving leukocyte 
function is also instructive. Leukocyte adherence defi -
ciency (type 1) is caused by defects in the common β-
subunit of β2-integrin.45 This defect results in greatly 
decreased emigration of neutrophils from the micro-
circulation. Study of this defect greatly clarifi ed the mech-
anism by which neutrophils move from the circulation 

into tissues utilizing sequential selectin-mediated slow-
ing of cells followed by activation of these cells by 
chemokine(s) with subsequent conformational change of 
neutrophil β2-integrins to allow binding to their counter 
structures. Finally, these cells emigrate into the intersti-
tium in response to a chemokine(s) gradient (Figure 
36.3). The same general paradigm pertains to other cells 
as well, including lymphocytes.46 Patients with these 
defects have frequent skin infections, perirectal abscesses, 
and severe gingivitis. More serious infections including 
pneumonia may occur but are less common. Death may 
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result in these patients because of overwhelming bacte-
rial invasion of the trachea and upper airway sometimes 
associated with a viral respiratory infection. Even a minor 
infection may cause an extraordinary number of neutro-
phils (>200,000/mm3) to appear in the peripheral blood 
with consequent obstruction of the mesenteric arteries 
and infarction of the bowel.

Why are there not more lung infections in LAD? A 
probable reason is the nature of the pulmonary microcir-
culation. Because neutrophil diameters exceed those of 
pulmonary capillaries, they must deform to pass through 
this circulation.4 Direct observations of these cells 
indicate that they frequently stop completely. Immobile 
neutrophils might be predicted to emigrate from vessels 
in a selectin-independent and β2-integrin–independent 
fashion. There is considerable evidence to indicate that 
this occurs in pneumococcal pneumonia but not in certain 
Gram-negative bacterial pneumonias.47 This behavior 
may also be part of the explanation why emigration of 
neutrophils in the pulmonary microcirculation occurs in 
the capillaries rather than in the postcapillary venules, as 
is the case with most microcirculations. Of course, the 
ability to emigrate from pulmonary capillaries is highly 
useful for the defense of the alveolus (and occasionally 
deleterious when neutrophils damage these structures). 

It is of interest that the neutrophils also express TLRs 
(with the exception of TLR3) and CD14. Signaling 
through these receptors can elicit both pro- and antiin-
fl ammatory changes in neutrophils.48

In summary, both neutrophils and alveolar macro-
phages are central to the defense of the lung. In general, 
small airborne inoculums of pathogens are likely dis-
posed of by alveolar macrophages. However, when the 
inoculum is larger from either hematogenous or airway 
sources, the neutrophil is essential for clearance of the 
infection. It is also clear that the alveolar macrophage has 
evolved to direct and terminate much of the neutrophil 
activity that occurs in the alveolus.

Adaptive Immunity

Congenital defects in adaptive immunity again provide 
important clues to the mechanisms of host defense in the 
lung. X-linked severe combined immunodefi ciency is the 
most common inherited form of combined T- and B-cell 
immunodefi ciencies. Patients with this disease have viral, 
fungal, and bacterial pneumonias with organisms that are 
usually cleared without diffi culty. Pneumocystis jiroveci 
(formerly Pneumocystis carinii), often in concert with 
parainfl uenza virus type 3 and/or adenovirus pneumonia, 
is especially troublesome for these patients.49 In contrast, 
patients with defects in humoral immunity, such as 
Bruton’s agammaglobulinemia (see later), have a more 
limited repertoire of troublesome infections that are 
principally respiratory bacterial pathogens that invade 
the upper and lower respiratory tracts.

It is also helpful to consider a unique form of X-linked 
severe combined immunodefi ciency secondary to a single 
missense mutation in the common γ-chain that allows 
some association of this signaling component of the IL-2 
receptor with its target Janus kinase 3.50–53 These patients 
have less diffi culty with Pneum. jiroveci pneumonia and 
other fungal infections of the lung, but do have diffi culty 
with viruses, especially human H. simplex. Although they 
have substantial quantities of immunoglobulins, these 
immunoglobulins do not exhibit specifi c affi nity for 
pathogens. Consideration of Bruton’s tyrosine kinase 
defi ciency (see later) and this variant of X-linked severe 
combined immunodefi ciency suggests that lung infections 
with Pneumocystis, fungal organisms, and human herpes-
viruses are chiefl y defended through T lymphocytes.

Another instructive human immunodefi ciency is the 
Mendelian determined susceptibility to weakly patho-
genic mycobacteria syndrome. This syndrome may be 
caused by defi ciencies in either a subunit of the interferon 
(IFN)-γ receptor, the p40 subunit of IL-12, the β2-subunit 
of the IL-12 and IL-23 receptors, and defects in signal 
transducers and activators of transcription (STAT) 
protein 1. Individuals with these defects have increased 

Figure 36.3. Emigration paradigm for neutrophils. This illustra-
tion demonstrates the necessary steps of capture of neutrophils 
from a rapidly fl owing microcirculation through interaction of 
selectin molecules and their ligands supporting rolling of the 
leukocytes along the vessel wall. Subsequently, an activation 
event mediated through a chemokine and its receptor occurs 
that results in “inside-out” signaling that causes a conforma-
tional change in the neutrophil integrins. The “activated” integ-
rins bind to their receptors on the endothelial cell, allowing 
spreading of the neutrophils to occur. Finally, the neutrophils 
move through the vessel wall in response to a chemotactic gra-
dient that may or may not involve the same chemokine creating 
the initial activation event. Although neutrophils are high-
lighted here, the same general steps apply to other migrating 
cell types, including lymphocytes.
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susceptibility to weakly pathogenic mycobacteria or 
Salmonella typhi. Signifi cantly, humans with these defi -
ciencies appear to have intact immune systems except for 
these lacunar defects.54 This is in stark contrast to the situ-
ation with mice in which IFN-γ–related defects result in 
widespread diffi culty in clearance of many intracellular 
organisms and resistance to lymphoma.55 The signifi cance 
of these observations is that the ideas of T-cell polariza-
tion (i.e., Th1/Tc1 and Th2/Tc2 cells) in the mouse draw 
heavily from these observations. Interferon-γ is a major 
factor in mice in producing CD4+ Th1 cells, whereas IL-4 
is a major infl uence for production of Th2 cells. An analo-
gous situation exists for CD8+ cytotoxic T cells. Although 
this paradigm has aided the past three decades of immu-
nologic discovery, the ability of the human to develop a 
near-normal immune system in the face of severe defects 
in IFN-γ indicate that the mechanism of polarization in 
the human may be considerably different from that in the 
mouse. Nevertheless, there is little doubt that T-cell polar-
ization is of great importance in both mice and humans. 
Some caution then must be exercised in the following 
discussion of human T-cell polarization with regard to 
host defense of the lung because parallels will be drawn 
from work with murine systems.

T Lymphocytes

T-cell function in the lung is interwoven with NK T cells, 
NK cells, and dendritic cells. For example, the initial 
driving forces for production of Th1 in vivo requires 
initial and rapid production of IFN-γ (or in the human 
perhaps other signals as well) that may be provided by 
NKT and NK cells. Dendritic cells may induce polariza-
tion of naïve αβ T cells to either Th1 or Th2 effector 
cells.56 In this regard, it is interesting that activated neu-
trophils adhere to naïve dendritic cells through a Mac-1 
and carcinoembryonic antigen–related cell adhesion mol-
ecule 1/dendritic cell–specifi c C-type lectin mechanism to 
strongly promote Th1 responses,57,58 further blurring the 
boundaries between innate and adaptive immunity. Th1 
cells produce IFN-γ, IL-2, TNF-α, and GM-CSF, whereas 
Th2 cells produce IL-4, IL-5, IL-9, IL10, and IL-13. The 
mediators from these two polarized phenotypes are 
capable of antagonizing the activities of each other, 
further driving polarization of each phenotype. Th1 
responses typically activate tissue macrophages to kill 
intracellular pathogens by a STAT1-dependent pathway 
involving nitric oxide. Macrophages require an exoge-
nous source of interferons to effectively stimulate this 
pathway. Not surprisingly, Th1 responses are critical for 
lung defense against mycobacteria and to some extent 
viruses. T helper 2 responses may antagonize Th1 
responses and serve as a dampening mechanism to limit 
lung damage in these processes. Th2 responses favor IgE 
and IgG4 class switching, mechanisms important in para-

sitic infections. It is not diffi cult to envision genetic infl u-
ences on these processes by certain antigenic stimulation 
that might result in inappropriate polarization affecting 
host defense adversely. Experimental examples of this 
putative behavior using inbred mouse strains are numer-
ous. One such example is the poor ability of the BALBc 
strain of mice to defend against Leishmania.59

Major histocompatibility complex I (MHC I)–restricted 
activities of CD8+ Tc1 or Tc2 cells are specialized and 
different from those of MHC 2 restricted function of 
CD4+ Th1 or Th2 cells. Tc1 and Tc2 cells must recognize 
molecular targets on pathogens through interaction of 
the αβ T-cell receptor in context with class I MHC, which 
results in cytolytic attack by these cells utilizing perforin 
and/or granzyme pathways. In general, Tc1 cells have the 
more vigorous cytolytic activity of the two cell types. 
These cytolytic T cells are of obvious importance in 
killing of virally infected cells in the lung. In addition to 
these effector T cells, a smaller population of long-
lived memory cells exists (as reviewed by Moser and 
Willimann60). These cells are less well characterized than 
their effector counterparts. They consist of central 
memory cells that are associated with lymph nodes and 
bear the lymph tissue address code of CCR7, CD62L, and 
α4β7, which determines their continuous recirculation 
among lymph nodes, spleen, and Peyer’s patches (Table 
36.1). Effector T-cell memory cells lack CCR7 but retain 
receptors for infl ammatory cytokines, allowing them to 
circulate in the blood and to be excluded from lymph 
nodes and prepared to participate in infl ammatory lesions 
(see Table 36.1). A third category of memory T cells, 
designated peripheral immune surveillance T cells, is 
characterized by chemokine receptors matching those 
cytokines produced by the specifi c tissues they occupy. 
Consequently, those cells remain in the tissues. The 
extent that these subsets of memory T cells can change 
to other types of memory T cells is not clear. However, 
it is known that effector T-cell memory cells may reac-
quire CCR7 expression, suggesting that there may be 
some interchange among these subtypes of memory T 
cells.61 It is then clear that chemokines along with adhe-
sion molecules defi ne migration patterns of T cells, some 
of which are specifi c for tissue locations.

In addition to the T-cell subsets previously discussed, a 
fundamentally different class of T cells characterized by 
CD4+CD25+ and by the presence of the forkhead, winged-
helix transcription factor Foxp3, must be included 
(reviewed by Gavin and Rudensky62). These cells differ 
from the other polarized T cells in that they arise from 
the thymus and are present without further antigenic 
manipulation. Insight into the function of these cells is 
provided by the IPEX (immunodysregulation, polyendo-
crinopathy, enteropathy, X-linked) syndrome. This rare 
X-linked immunodefi ciency is caused by defects in the 
Foxp3 transcription factor. The murine counterpart of 
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this disease is the scurfy mouse.63 In both the human and 
mouse, this defect results in widespread autoimmune 
disease. However, it is now clear that the TR cells also are 
essential for regulating the immune response to limit 
infl ammatory damage. This activity extends to innate as 
well as adaptive immunity.62 This activity is accomplished 
through the secretion of TGF-β and IL-10.

Tissue Distribution of Lymphocytes

As previously mentioned for neutrophils, emigration of 
other leukocytes from the circulation also follows a 
similar paradigm.46 Lymphocytes and other leukocytes 
are recruited from the circulation into specifi c tissue loca-
tions through a coordinated series of events mediated by 
interaction of the circulating cells with endothelium to 
slow the velocity of the leukocytes so that fi rm adhesion, 
a prerequisite for eventual exit from the circulation, can 
take place. The slowing of the cells is accomplished 
through interactions of proteins known as selectins, with 
O-linked fucose-containing polysaccharide ligands con-
taining many repeats of the oligosaccharide binding unit 
sialyl-Lewis X or sialyl-Lewis A. There are three known 
selectin molecules, L-selectin, P-selectin, and E-selectin. 
The mucin-like polysaccharide molecules that serve as 
ligands for the selectins include mucosal addressins and 
P-selectin glycoprotein ligand-1. Firm adhesion is pro-

vided by integrin molecules, which are αβ-heterodimers, 
and their ligands including vascular cell adhesion mole-
cule-1 and intercellular adhesion molecule-1. The latter 
molecules belong to the immunoglobulin superfamily of 
proteins. For the above series of events to work, integrins 
on the endothelial surface must be activated (an obvious 
requirement to limit leukocyte emigration), and a mecha-
nism for directed movement of the leukocytes must exist. 
The latter two requirements are served by chemokines 
and their receptors.

In the human, more than 50 chemokines are known 
with somewhat fewer receptors. Most chemokines have 
a signature motif of four cysteines that are in tandem 
(CC chemokines) or interrupted by a single amino acid 
fl anked on either side by two cysteines (CXC chemo-
kines). Exceptions to these variations are chemokines 
containing only one cysteine (XC chemokine, XCL1, 2) 
and a single example of a chemokine containing three 
uninterrupted cysteines (CX3CL1/fractalkine). These 
ligands interact with their receptors on leukocytes that 
belong to the seven-transmembrane spanning heterotri-
meric G protein–coupled receptor family (Figure 36.4). 
Because these receptors are sensitive to pertussis toxin, 
they utilize one or more of the Gi proteins. On combina-
tion of these ligand–receptor pairs, the Gi subunit sepa-
rates from the βγ subunits after the complex binds 
guanosine triphosphate, triggering intracellular signaling 

Table 36.1. Examples of emigration paradigms and involved molecules.

Cell Selectin/R Chemokine(1)/R Integrin/R Chemokine(2)/R Tissue

Neutrophil P-selectin/PSGL-1 IL-8/CXCR1,2 αLβ2/ICAM-1 ? Airway
L-selectin/PSGL-1 Gro-α/CXCR1,2 ?
E-selectin/PSGL-1 ENA78/CXCL5, GCP-2/CXC2 ?

Neutrophil P-selectin/PSGL-1 IL-8/CXCR1,2 α4β1/VCAM-1 ? Parenchyma
L-selectin/PSGL-1 αLβ2/ICAM-1
E-selectin/PSGL-1 α5β1

Monocyte ? CCL2/CCR1? αLβ2/ICAM-1 ? Airway
CX3CL1/CX3CR1

Monocyte ? ? αLβ2/ICAM-1 ? Parenchyma

T-Cell

Tcm L-selectin/PNAd ELC (CCL19)/CCR7 α4β7 ? Lymph node
Tem ? Variable ? ? Blood tissues
Tps ? CCL1/CCR8 ? ?
Th1 ? Mig/(CXCL9)/CCR3 ? ?

MCP-2 (CCL8)/CCR5 Periphery
Th2 ? Eotaxin (CCL11)/CCR3 ? ?
Dendritic Cell L-selectin/PNAd ELC (CCL19)/CCR7

SLC (CCL21)/CCR7
? ? Lymph node

Note: ELC, Epstein-Barr virus–induced-molecule ligand 1 chemokine; ENA78, epithelial neutrophil-activating protein 78; GCP-2, granulocyte 
chemotactic protein-2; Gro-α, growth-related oncogene-α; ICAM, intercellular cell adhesion molecule; IL, interleukin; VCAM, vesicular cell adhe-
sion molecule; MCP-2, monocyte chemoattractant protein-2); Mig, monokine-induced by interferon-γ; PNad, peripheral node vascular adressin); 
PSGL-1, P-selectin glycoprotein ligand-1; SLC, secondary lymphoid organ chemokine); Tcm, memory T cell; Tem, effector memory T cell; Tps, 
peripheral immune surveillance T cell.
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that results in activation of the integrin molecules 
(so-called inside-out signaling). The leukocytes follow a 
gradient of these chemokines, probably initially as a two-
dimensional gradient (haptotaxis) of the molecules 
arranged on the endothelial surface. This last point 
requires initial binding of the chemokine to the endothe-
lial surface through specifi c anchors. These anchors are 
matrix glycoproteins, including certain syndecans. After 
emigration from the vasculature, a three-dimensional 
gradient (chemotaxis) of chemokines may further local-
ize the leukocytes. More than one chemokine may 
participate in the movement of a leukocyte from the vas-
culature. These processes appear to control different 

lymphocyte subpopulations’ appearance in tissue loca-
tions, including the lung. The complexity of this system is 
illustrated by bronchial epithelial cells that can produce 
CCL5, a chemokine that binds CCR1, -3, and -5. This 
chemokine can activate not only lymphocytes but also 
macrophages and dendritic cells. Initial experiments with 
antibody against this chemokine appeared to decrease 
Th1 responses in mycobacterial infections in mice.64 In 
contrast, CCL5 knockout mice had increased Th1 
responses to Leishmania donovani compared with wild-
type mice.65 Furthermore, CCL5 appears to be important 
in the induction and maintenance of immunity against 
pneumococcal pneumonia.66

Figure 36.4. Simplifi ed schematic drawing of signaling path-
ways for interleukin (IL)-8. Interleukin-8 is depicted interacting 
with one of its receptors, CXCR2. This seven-membrane span-
ning G protein–coupled receptor is activated by ligation of IL-8 
with binding of guanosine triphosphate and uncoupling of the 
heterotrimer protein consisting of Gα-, β-, and γ-subunits. Phos-
pholipase c-γ (PLC-γ) is activated with production of inositol 
triphosphate and diacylglycerol (DAG) from membrane lipids. 

Calcium ions are released from the endoplasmic reticulum with 
activation of calmodulin-sensitive protein kinases, and protein 
kinase C (PKC) is directly activated by DAG. These signaling 
events cause intermediary molecules between the cytoskeleton 
and membrane integrins to be assembled with the result that 
the membrane integrins are activated. PIP2, phosphatidylinosi-
tol bisphosphate.
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Natural Killer and Natural Killer T Cells

Unlike Th1/Tc1 or Th2/Tc2 cells that must interact with 
specifi c antigens on pathogen surfaces, both NK and NKT 
cells do not require such interactions, although NKT cells 
have a limited repertoire of αβ T-cell receptor origin. 
Both of these cell types have inhibitory receptors that 
either recognize the lack of class I MHC expression or 
activating receptors that detect the expression of the non-
classic human leukocyte antigen (HLA) E molecule. In 
the case of decreased class I MHC expression, this is 
accomplished through polymorphic invariant receptors 
for HLA-A, -B, or -C antigens. For HLA-E, the CD95/
NKG2A protein recognizes this molecule. These mecha-
nisms are exquisitely sensitive, allowing these cells to 
recognize the loss of a single class of MHC. These mecha-
nisms are of considerable importance in clearance of 
those infections that cause the loss of MHC expression. 
The mechanism of killing of these cells is similar to the 
same perforin and granzyme pathways described for 
CD8+ cytolytic cells.

Dendritic Cells

Dendritic cells assume two different morphologies, plas-
macytoid or myeloid. Although it was once thought that 
these two morphologically distinct cells types presented 
antigen to different T cell compartments, more recent 
work indicates that presentation by these cells overlap. 
They are professional antigen presenting cells and have 
regulatory functions for both innate and adaptive immu-
nity. They express characteristic cell surface markers, 
including CD1a, Mac-1, HLA-DR, CD80, CD83, CD86, 
TLR2, and TLR4, that allow them to directly interact 
with bacterial products. In the lung these cells occupy a 
peripheral location and then migrate to the lymph nodes 
after contact with antigen. In comparison to alveolar 
macrophages, these cells probably provide the bulk of the 
antigen delivery to mediastinal lymph nodes utilizing the 
same CCR7 and CCR8 receptors to direct migration as 
do skin dendritic cells.67 Remarkably, deletion of alveolar 
macrophages greatly increases traffi c of lung dendritic 
cells to the mediastinal lymph nodes.67 Thus the presence 
of alveolar macrophages may serve as a governor to in-
appropriate antigen delivery to mediastinal lymph nodes. 
As mentioned previously, neutrophils may interact with 
these cells with mutual signaling. It was originally thought 
that bronchial-associated lymphoid tissue was part of the 
gut-associated lymphoid system. This more recent infor-
mation is most consistent with a distinct immunologic 
system for the lung.

These cells then play a fundamental role in the orienta-
tion and activation of the lymphocyte compartment of 
the lung. Because certain of these cells may retain antigen 
for long periods of time, initial contact with antigen and 

the state of the dendritic cells may determine the long-
term polarization and function of immune system as it 
relates to the lung. Interestingly, Vitamin D3 appears to 
limit activation of T lymphocytes by dendritic cells.68 
These events are well illustrated by work with Aspergillus 
sp. in the mouse.69

Humoral Immunity (B Lymphocytes 
and Antibodies)

The importance of B cells and antibody to susceptibility 
of the lung to infection is well illustrated by the previ-
ously mentioned congenital immunodefi ciency, Bruton’s 
tyrosine kinase defi ciency.70 Defects in Bruton’s tyrosine 
kinase results in arrest of B-cell maturation in the bone 
marrow at the pro-B-cell stage.71 These cells do not 
develop a B-cell receptor and do not proliferate. Although 
some small amounts of antibodies are produced, they 
lack specifi city. Individuals with this defect suffer from 
repeated sinopulmonary infections due to common respi-
ratory bacterial pathogens. They have less diffi culty with 
viruses with one notable exception, chronic echovirus 
infection. The latter virus may cause a disseminated infec-
tion that superfi cially resembles dermatomyositis.72 
However, chronic meningoencephalitis is the most dev-
astating characteristic of this infection. If IgG is not 
replaced, bronchiectasis will develop early in life with 
eventual destruction of their lungs. Comparison of Bru-
ton’s tyrosine kinase defi ciency with specifi c IgA 
defi ciency, the most common of the known congenital 
immunodefi ciencies (∼1 : 700 incidence) provides further 
insight. Although secretory IgA would be expected to be 
the major humoral defense of the lung surfaces because 
of its secreted nature, many people with IgA defi ciency 
are asymptomatic. This is a testament to the overlapping 
mechanisms of defense present in humans. It is some-
times suggested that secretory IgM in the lung is suffi -
cient to account for this observation. However, patients 
with Bruton’s tyrosine kinase defi ciency have signifi cant 
protection from sinopulmonary infections, although the 
replacement products contain only small amounts of IgA 
and IgM.

Part of the explanation for this behavior may be the 
hematogenous origin of many bacterial lung infections, a 
portal that would allow protection based on IgG. Both 
the antigen binding and constant, class determining 
regions of the immunoglobulin molecule are important 
in host defense. Binding and cross-linking the surface 
of bacteria by immunoglobulin to create aggregates of 
exposed Fc regions creates a powerful opsonin that 
directs phagocytosis and eventual killing of these organ-
isms. Interaction of the Fc receptors (FcI, FcII, and FcIII) 
also result in extensive cell signaling on both neutrophils 
and monocytes that vary with the context of the cell at 
the time of receptor ligation.
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Conclusion

Protection of the lung against invasion by bacteria, viruses, 
and fungi is multifaceted and complexly controlled. There 
is a carefully (or occasionally not so carefully) choreo-
graphed dance between pro- and antiinfl ammatory mech-
anisms. The control mechanisms are not unidirectional, 
but multidirectional, blurring the distinctions between 
innate and adaptive immunity. Another insight provided 
by this description of lung host defense is that even iden-
tical twins, depending on their antigenic exposure, might 
alter their immune systems as evidenced by subtle differ-
ences in T-cell polarization such that they respond differ-
ently to subsequent challenges.

Based on the CFTR knockout mice spontaneously 
demonstrating lung pathology in the absence of infec-
tion,73 it is likely that small, genetically determined dif-
ferences in expression of genes after infection or other 
insults play a signifi cant role in determining the outcome 
of lung infection in the individual. These associations are 
already being realized as evidenced by association of 
TLR4 polymorphism Asp299Gly with less carotid artery 
atherogenesis but increased risk of severe bacterial infec-
tions74 and by the effect of an IL-6-174 promoter poly-
morphism on clearance of Strep. pneumonia from the 
lung.75 In addition, certain polymorphisms in IL-1076 and 
the IL-1 receptor antagonist77 predispose the host to 
infection. As genomics and proteomics methods continue 
to advance and mature in their scope and speed, there is 
the prospect that it may be possible eventually to predict 
the response of individuals to pathogen challenge.
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bacterial viruses.9 The major stumbling block in the devel-
opment of animal virology was fi nding a satisfactory 
milieu or substrate for culturing human viruses. Initial 
success at growing viruses used animals or eggs, making 
human virology beyond the scope of everything but 
research laboratories. However, the development in the 
1950s of eukaryotic cell culturing techniques and cell 
lines that sustained viral growth and propagation enabled 
the rapid development of diagnostic virology.8

The fi rst human respiratory virus, infl uenza virus, was 
described in 1933 by Wilson Smith, Christopher Andrews, 
and Patrick Laidlaw.4 Interest in human infl uenza research 
had become stimulated over the devastation left by the 
Spanish fl u pandemic, but it was not until a suitable host 
was found that the virus could be studied in depth.8 
Studies to date have determined that this virus can 
undergo degrees of spontaneous mutation of some of the 
major proteins on its outer surface, the hemagglutinin 
(H) and neuraminidase (N) proteins, at a fairly regular 
rate.10 Minor changes to these proteins (antigenic drift) 
lead to localized epidemics, whereby the antibodies 
stimulated in response to the previous strain are not as 
protective as they should be. There is, however, enough 
immunologic memory in the population that the virus 
cannot fi nd a large group of unexposed individuals and 
cause a pandemic (worldwide epidemic). More profound 
changes in the composition of the H and N molecules can 
also occur (antigenic shift) in which the global immuno-
logic memory of these antigens has been lost or never 
stimulated and a pandemic ensues.11,12 The reason for the 
current concern over SARS and avian fl u is based not 
only on the rate of change of the H and N molecules over 
the last 100 years in the case of infl uenza viruses11 but 
also on the similarity both of these virus genomes have 
to their respective animal and avian counterparts3,11,13 as 
well as recent evidence pointing to the human infl uenza 
fl u virus family evolving from a crossover that occurred 
during the domestication of animals approximately 8,000 
years ago.14

Introduction

Virology has long been the gold standard by which 
advances in molecular biology and methodology have 
been measured.1 As new molecular tools have been 
developed, new viruses or variants of older, established 
taxons have been described. Recent advances in genetic 
sequencing and amplifi cation technologies were pivotal 
in detecting and describing the two newest agents with a 
tropism for the respiratory system, severe acute respira-
tory syndrome (SARS) and avian infl uenza virus,2–4 both 
of which have the potential to be pandemic agents with 
a high mortality and morbidity rate. The rapid develop-
ment of specifi c molecular tests led to effective public 
health measures to be put in place to successfully quar-
antine these agents thus far. The identifi cation of these 
two new agents underscores the fact that the major cause 
of nonbacterial epidemics in history has been viruses with 
a predilection for the respiratory system. The classic 
example is the global “Spanish fl u” pandemic of 1918, 
attributed to causing the deaths of 20–40 million people 
within 1 year, a mortality rate greater than that recorded 
for World War I and the 4 worst years of the Black Plague 
(AD 1347–1351) combined.4–7

The recognition of viruses as entities and as potential 
agents of infection has occurred only within a little more 
than the past 115 years.8,9 The Russian bacteriologist 
Dimitrii Ivanovsky presented evidence of small infective 
agents that could pass through unglazed porcelain fi lters 
that retained bacteria. Martinus Beijerinck, in 1898, 
hypothesized that these “fi lterable agents” could cause 
tobacco mosaic disease in a nondiseased plant. Similar 
fi lterable agents were described in 1901 by Walter Reed 
and James Carroll as the probable etiology of yellow 
fever, and soon thereafter there were descriptions of 
similar agents that caused malignancies in birds or that 
could eradicate bacteria.8 The actual isolation and propa-
gation of human viruses was a diffi cult process and lan-
guished behind the advances made in animal, plant, and 
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The intimate relationship of viral structure and extent 
and severity of infl uenza virus infections in humans has 
served as a benchmark for describing the relationship 
between the various macromolecules produced by other 
viruses and the course and pathology of their infec-
tions.4,7,10,15–17 This chapter focuses on recent discoveries 
in the macromolecular structures of respiratory viruses 
and their contribution in establishing infection and con-
comitant pathology. This includes sections on viral struc-
ture, genomics, replication, the molecular events leading 
to respiratory tropism and pathology, and a brief descrip-
tion of the viruses involved.

General Principles

Structure and Invasion

Viruses are nonliving macromolecular complexes made 
up of proteins and either DNA or RNA that, upon gaining 
access to the host cell’s energy and reproductive system, 
effectively redirect host cell metabolism and synthetic 
capabilities in order to replicate and transmit progeny 
virus (release).9,18 Their general structure consists of an 
outer protein shell (capsid) composed of subunits, which 
are single folded polypeptides that link together as the 
basic structural unit (protomer).8 These basic structural 
units may consist of one specifi c peptide type or multiple 
types, each with various functions relative to attaching 
and gaining entry into the cell as they condense to form 
the outer shell or, in the case of some viruses, that have 
condensed around a protein–genomic complex called the 
nucleocapsid.19 In the case of enveloped viruses, these 
protomers may also become surface structures (cap-
somers, peplomers) such as spikes, projections, or knobs 
that give a virus its characteristic shape and appearance 
in electron micrographs. Finally, the tertiary folding of 
single polypeptides and their quaternary interaction and 
folding as they condense around the genome (packaging) 
impart a characteristic symmetry to the resulting macro-
molecular complex.8 Viral symmetry is defi ned as either 
icosahedral or helical, and its geometry is directed by the 
steric interaction of folded structural units. In addition to 
their combined structure protecting the genome, the 
outer proteins function in binding the virus to specifi c 
receptors on the cell,20,21 helping to prepare the virus 
for entry into the host cells by having protease and/or 
nuclease activities, interaction with the host cell mem-
branes (budding) to develop the outer envelope,8,22 or, in 
some cases, eventually inducing fusion with host cell 
membranes.23–25

Viruses enter host cells by (1) uptake through attach-
ment to specifi c receptors or ligands (attachment) on the 
surface membrane of the target cells (receptor-mediated 
endocytosis)8,23,26–28 or (2) by being absorbed into the cell 

by the cellular vesicular/endosome system (pinocytosis, 
fl uid phase endocytosis, absorption).20,29–31 Receptor–
mediated or ligand entry is facilitated by the attachment 
of a specifi c epitope on the protein outer coat of the virus 
(capsid) with its corresponding receptor that gives a par-
ticular virus its characteristic tropism. For example, 
adenoviruses gain entry into respiratory epithelial cells 
by attachment of 1 of the 10 structural proteins with an 
integrin or immunoglobulin-like (Ig) receptor on the host 
cell surface, whereupon a second receptor (integrins αvβ5 
and αvβ5) binds with the penton base of the virus with 
further molecular events introducing the capsid to the 
endosome system for transport.10,32–34 The absorption 
form of viral entry is characterized by the presence of an 
outer envelope that is similar in structure to the host cell 
membrane, that is, coronavirus cold viruses (coronavi-
ruses, SARS virus, rhinoviruses)3,28,35 and the myxoviruses 
(infl uenza, measles, respiratory syncytial, human meta-
pneumovirus, and parainfl uenza viruses) with respiratory 
cells.20,36,37 The similarity in lipoprotein structures of the 
two lead to fusion of the viral envelope with the cellular 
membrane/endosome system, and the virus is transported 
into the cell.

Once the virus gains access to the endosome system, a 
series of early molecular events (incubation period), some 
of which are still under the direction of the infective 
virion, uncoats the virus and releases the naked genome 
or nucleocapsid into the cell.8,9 The uncoating process 
may be the result of changing internal pH-ionic concen-
tration or some other internal aspect of the host cell 
environment (lipids, proteins), virion-directed enzymatic 
activity, or multiple mechanisms in concert stimulating 
the unfolding of structural proteins away from the 
genome. At the same time, another set of coordinated 
events modifi es the reproductive and macromolecular 
synthetic capabilities of the host cell to become a factory 
for replicating the next generation of viruses (replica-
tion).38–41 The way in which viruses store structural com-
ponents in infected cells are released from infected cells 
or how their released components effect adjacent cells is 
what produces the characteristic changes in cells called 
cytopathic effects.23,42

Envelope

The envelope is not a structural component of all viruses, 
but its presence more than ensures the carrier virion’s 
predilection for certain organs, tissues, or cells and adds 
protective layer(s) to the capsid. It is a lipid membrane 
derived from the host plasma membrane with the inte-
gration of glycosylated viral proteins.8,9 These proteins 
carry covalently linked oligosaccharide (poly-sugar) 
chains that are added posttranslation as the peptides are 
being transported to the cell membrane assembly point. 
These glycoproteins span the lipid bilayer by one or more 
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transmembrane segments, providing an anchor point for 
the molecule at the interior side and the characteristic 
knobs, projections, bonding sites, and so forth, of a specifi c 
viral group, for example, the HA, NA, and M2 proteins 
of the infl uenza A viruses.12,13,43,44 Envelopes are devel-
oped by one of two mechanisms (1) they are assembled 
internally and sequentially with subsequent budding from 
the host cell at maturation, and (2) the progeny and enve-
lope are synthesized and assembled at the same time.9,45

Type 1 envelope formation is a feature of infl uenza A 
viruses and is characterized by the replication and assem-
bly of the ribonucleoprotein in the nucleus with subse-
quent M1 and NEP protein-dependent transport to the 
cytoplasm. At the same time, the viral glycoproteins (HA, 
NA) and the M2 membrane protein are synthesized and 
follow the cell secretory pathway and modify the outer 
host cell membrane.4 The M1 protein aligns the nucleo-
capsid and the inner layer of the modifi ed membrane, and 
assembly is completed. In type 2 envelope formation, a 
feature of retroviruses, the virus is assembled around the 
MA segment of the Gag polyprotein bound to the inner 
surface of the plasma membrane.8 The Gag appears to 
direct the assembly process and the enfolding of the 
plasma membrane around the maturing viruses. Both 
pathways complete progeny development and prepare 
them for release to infect adjacent cells.25

Genome

One of the most unique features of viruses is that they 
may contain either a DNA or an RNA genome. Every 
other replicating organism has both DNA and RNA, but 
DNA is the single source of genetic information for its 
reproduction. Moreover, the way and degree of compe-
tency with which progeny genomes are reproduced often 
govern the virulence and pathology characteristic of spe-
cifi c viral groups.8,9,40 Viral nucleic acids are defi ned as to 
whether or not they are single or double stranded, circu-
lar or linear, single or multiple copies, single or segmented, 
or ends are joined covalently or noncovalently. The sense 
of the viral polymerases is also considered an important 
characteristic of their respective genomes. Sense refers to 
the mechanism necessary for the genome to transcribe its 
genetic information to a functional messenger RNA (pos-
itive “+” strand mRNA). The complementing RNA and 
DNA strands would then be characterized as negative 
sense. This characteristic of strand complementarity rela-
tive to functional mRNA has been developed into a very 
effective schema for the molecular classifi cation of viruses 
as shown below.46

Recombination

The fact that there are a number of genotypes of the same 
virus as well as the emergence of new human viruses that 

share some fraction of their genome with similar animal 
viruses (avian infl uenza virus), provides de facto evidence 
that recombinant types of events can occur during viral 
replication.11,47–49 Some viruses exhibit rearrangements of 
nucleic acid sequences (genome copying errors, inser-
tions, inversions, tandem repeats, reassortments), whereas 
others show that there has been recombination between 
two different genomes. Reassortment is common among 
segmented RNA viruses, such as the infl uenza virus, 
whereby two different segmented viruses infect the 
same cell and exchange RNA by exchanging segments 
during packaging. Because RNA viruses form many pro-
geny with varying degrees of accurate template(s) repli-
cation, copying errors changing sequence information or 
exchanging of genetic information is not uncommon.50

DNA viruses exhibit two forms of recombination, 
homologous and site specifi c.8,9,40 Site-specifi c recombina-
tion takes place along short DNA sequences fl anked by 
codons recognized by catalytic recombination proteins 
and may occur with either or both nucleic acid strands. 
Homologous recombination occurs with all viral DNA, 
and it is an exchange between any pair of related 
sequences. These recombinant events are important in 
maintaining the virus in a changing environment, such as 
selection of a specifi c Infl uenza virus serotype or in per-
petuating the virus without destroying the host as in the 
latent or persistent phase of the Herpetoviridae.8,9,51,52

One occasional result of recombination is the enhance-
ment of virulence and/or lethality of an infection. In the 
case of SARS or avian infl uenza virus infections, a wild-
type human virus has exchanged (gained) genetic infor-
mation from an animal or avian counterpart.3,11,47,53 The 
recombinant virus was different enough that the human 
immune memory repertoire did not completely recognize 
the new viral capsid epitopes and a de novo immune 
response was mounted against the virus. Because there 
was no herd immunity or “immune braking” to halt the 
spread of the virus, resultant infections in the local 
immune naive populations had a high morbidity and 
mortality with the potential for wide spread. The most 
studied group of respiratory viruses that undergo recom-
bination-induced structural change is the infl uenza A 
viruses. The effects of such recombinant viral activity in 
human disease were discussed previously in the para-
graphs on antigenic drift and antigenic shift.

Viral Pathogenesis

Once gaining entry into the host, the virus must invade 
the host immune defense to establish the infection. This 
is accomplished by ligand attachment, followed by repli-
cation within the initial cell, and spread to contiguous 
cells. Once local infection is established, many viruses are 
spread further by one or more general disseminations via 
the lymphatics, reticuloendothelial cells, and/or the blood-



37. Viral Respiratory Diseases 385

stream (viremia)8 to other tissues or cells with receptors 
that bind to the capsid epitopes. Viruses are capable of 
causing acute infections (infl uenza, common colds),2,3,54–57 
persistent infections (cytomegalovirus, herpes simplex 
virus), or latent infections (Epstein-Barr virus, herpes 
simplex virus, varicella-zoster virus).25,36,58–60 Acute infec-
tions are characterized by a short incubation period, with 
a sudden explosion of symptoms (replication and release) 
that rise to a nadir and then descend as the host develops 
an adaptive immune response to the infection.4,8,61,62 Cel-
lular damage is usually the result of a combination of 
release by cell lysis and the infl ux of host cytokines, 
antibodies, and immune-activated cells, which limit the 
spread of the virus and destroys infected cells. The cells 
and effectors of the adaptive immune response begin to 
remove the virus particles, and the attendant antibodies 
and memory cells produced during this process provide 
immunity to reinfection.8 Persistent infections are chronic 
and have some intervals between periods of waxing and 
waning. After the initial infection and limited viral release 
(or steady low level viral release without host cell 
damage), the adaptive response limits the infection and 
it appears quiescent only to appear later with repeated 
wax and wane cycles.51 Latent infections are the extreme 
end of the persistent infection spectrum—longer periods 
between overt signs of infection and adaptive control.

Adaptive immune clearance is accomplished by at least 
two mechanisms: (1) similarity of viral epitopes to host 
antigens and (2) genomic changes leading to changes in 
viral surface structure. In the fi rst scenario, some viral 
epitopes are very similar to host cell surface epitopes, 
such that host immune clearance mechanisms do not rec-
ognize them as being non-self.18,26,56,63,64 These are usually 
viruses that attach near or are similar to antigens/
receptors of the major histocompatibility complex (HLA, 
MHC) such that their epitopes create a condition of tol-
erance by downregulating MHC expression, neutralizing 
host immune response. The second adaptive mechanism 
involves the mutation frequency of the genome, extent of 
copying errors in replication, or recombination frequency 
of the genome.65 In the fi rst scenario, small changes may 
occur in the structural peptides that do not interfere with 
the major mechanism of immune clearance, or small 
changes may occur in the viral structural peptides that 
slightly effect antibody or cytotoxic T-lymphocyte clear-
ance, but there is some degree of protection (antigenic 
drift). These are usually due to random mutations and/or 
copy errors during replication. There are, however, 
instances when major changes occur in viral surface pro-
teins, for example, when the capsid epitopes have changed 
so completely that the immune memory and clearance 
mechanisms directed against previous strains of the virus 
will not prevent infection (antigenic shift). These major 
changes in surface structure result from coinfection of 
two or more viral serotypes (same or different host origin) 

and subsequent recombination of their respective 
genomes.7,11,21,66

The classic example of such an abrupt change or shift 
in viral surface structure with devastating virulence is the 
1918 Spanish fl u.9,11,44,67 The above-mentioned SARS and 
avian infl uenza strains are considered contemporary 
viruses with equal potential for similar lethal pandemics. 
It was only through a Herculean effort to isolate and 
quarantine infected humans, exposed family members 
and friends, exposed health care workers, and exposed 
and infected birds that the latter two viruses, for the 
present, have been localized to the Far East.2–4

Thus far, there have been six major Infl uenza A 
antigen shifts since 1889.8,10,68 These long-term and dis-
crete changes in antigenic structure teamed with the more 
common copying error–induced drift result in a diversity 
of immune memory within the population and serves to 
explain why some ethnic or age groups appear more or 
less protected by the current vaccine than others.4

In summary, the type of pathology induced by a specifi c 
virus is a combination of several factors, including but not 
limited to its mode of attachment, where it attaches (the 
predilection for a specifi c organ, tissue), ease of cell-to-
cell spread, its mode of replication, frequency of genetic 
change (extent of mutation, copy errors during replica-
tion, recombination), whether or not it destroys the host 
cell upon release or buds off the plasma membrane slowly 
or quickly, the presence of a characteristic pattern of cell 
destruction (cytopathic effect), and the point at which 
some form of immunomodulation occurs. The acute infec-
tion may, with its intense protein load spread over several 
cells, stimulate the production of antibodies, release cyto-
kines, and attract cells that process and present viral anti-
gens specifi c to various components, leading eventually 
to lytic release as observed in hepatitis virus infections. 
In other instances, there may be a downregulation of the 
T-cell cytolytic response to cells presented viral antigens 
as observed in latent herpesvirus infections or slow and 
persistent infections such as measles.18,26,56,69

Finally, the virus may turn off some aspect of the 
immune system such as seen in the effect that human 
immunodefi ciency virus has on T-helper cells at the time 
of attachment.8 Once attached the T-helper response is 
downregulated, having a cumulative effect over a long 
period of time, and may only be suspected when the 
ratios of CD4+ competent cells to CD8+ cells becomes 
inverted and the patient begins to exhibit a variety of 
opportunistic infections.

Classifi cation

Traditional viral classifi cation was based on a variety of 
physicochemical parameters refl ecting the character and 
the geometry of the capsid as well as its size, structure, 
composition, organization, presence of an envelope, and 
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nucleic acid content.8,9 To take into account the unique 
aspects of replicating, transcribing, and translating viral 
genetic information, current classifi cation schemes use a 
combination of viral physical characteristics and those 
of its genome (Table 37.1). The molecular approach, 
described by David Baltimore in 1971,46 makes the 
assumption that all viruses have to replicate to the point 
of creating a positive (+) sense RNA (functional mRNA) 
in order for the message to be translated by cellular ribo-
somes into the proteins necessary for the production and 
packaging of progeny viruses. This divides the currently 
known viruses into six functional groups, with groups II 
and III not represented by agents causing respiratory 
infections.8,9,46

 I.  Double-stranded DNA (dsDNA): DNA separates 
into positive and negative strands, with the negative 
strand being translated to mRNA (adenoviruses, 
herpesviruses).

 II.  Single-stranded DNA (+ssDNA): A positive sense 
DNA strand replicates a −ssDNA intermediate that 
is then translated to mRNA.

 III.  Double-stranded RNA (dsRNA): The two strands 
separate, and the positive strand becomes the func-
tional mRNA and the negative strand is translated 
to a functional mRNA.

 IV.  Single-stranded RNA (+ssRNA), pathway (1): The 
+ssRNA is translated to a −ssRNA replicative 
intermediate that is converted to a functional 
mRNA (picornaviruses/enteroviruses, togaviruses, 
coronaviruses).

 V.  Single-stranded RNA (−ssRNA), pathway (2): The −
ssRNA directly replicates the functional mRNA (bun-
yaviruses, orthomyxoviruses, paramyxoviruses).

 VI.  Single-stranded RNA (−ssRNA), pathway 3: The 
+ssRNA is translated to a −ssRNA replicative inter-
mediate that is gives rise to mRNA. This method of 
replication appears an exclusive characteristic of the 
Retroviridae. None of the known retroviruses causes 
overt respiratory pathology, but they do suppress the 
immune system and permit those viruses capable of 
respiratory disease to gain a foothold.

Viral Respiratory Diseases

Orthomyxoviridae

The orthomyxoviruses are ubiquitous enveloped viruses, 
approximately 90–120 nm in diameter with helical sym-
metry and segmented, negative sense, ssRNA genome.4 
They are extremely stable in small droplet aerosols and 
are shed in large numbers, both characteristics adding in 
their effi cient spread among immunologically naïve indi-
viduals and young schoolchildren.8 The most important 

member of the Orthomyxoviridae family is the infl uenza 
A virus, which reaches its peak infection rate in winter. 
Infections are described in terms of being local severe 
respiratory epidemic respiratory disease due to small 
changes in the peptide structure of the H and N pep-
lomers on the envelope surface (antigenic drift) or severe 
pandemic respiratory disease due to major structural 
shifts in these same molecules (antigenic drift).1,10,14,37 The 
salient points of their replication, structure, and antigen 
changes were described earlier in this chapter. Infl uenza 
viruses attach to mucosal surfaces, whereupon they rep-
licate and spread in the respiratory tract leading to an 
acute, rapid-onset, febrile respiratory infection. There is 
a prodrome of fever, malaise, sore throat, and cough that 
progresses to croup, myositis, otitis media, abdominal 
pain, and vomiting or to viral pneumonia as the virus 
invades the central nervous system and muscles, as well 
as further damaging the lung parenchyma. The latter may 
be so severe as to cause hemorrhage, hyalination of the 
alveoli and alveolar ducts, and ulceration paving the way 
for secondary bacterial pneumonia.

Laboratory diagnosis is built around a number of 
quick serology tests based on the viral antigen and in 
latex agglutination, enzyme-linked immunosorbent assay 
(ELISA), or dipstick format.4,70 These viruses can be cul-
tured, and confi rmatory polymerase chain reaction (PCR) 
tests have been developed.49,66

Paramyxoviridae

Paramyxoviruses are enveloped viruses with helical sym-
metry and are 150–300 nm in diameter with a nonseg-
mented negative sense ssRNA genome.8,9 This viral group 
runs the gamut of respiratory symptoms from severe 
respiratory syncytial virus infections in infants (common), 
to the moderate to severe parainfl uenza virus (common) 
and metapneumovirus (uncommon) infections, to the 
common measles (rubeola) virus with its mild respiratory 
prodrome and accompanying rash, its most identifying 
characteristic.

The parainfl uenza viruses have four distinct HN fi bers 
attached to their outer envelope, dividing the group into 
four distinct types.15,62 Parainfl uenza type 3 virus is the 
most common type isolated, especially in children ≤6 
months of age, and endemic peak infectivity occurs in late 
spring.8,62 Type 1 viruses are isolated about half as fre-
quently as type 3 and type 2 about half as frequently type 
1. Both types 1 and 2 appear seasonally, with their peak 
isolation period occurring in the autumn and alternate 
years. Infections range from mild upper respiratory infec-
tions (common cold-like syndromes) to severe infections 
of the large airways of the lower respiratory tract (croup, 
laryngotracheobronchitis).

The HN fi bers serve as a ligand to sialylated molecules 
on the cell surface of ciliated respiratory epithelial cells. 
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Anchoring the virus to the cell surface activates the F 
(fusion) protein, which in turn is cleaved by cell surface 
serine proteases, and the virus enters the host cell.8,62 
Upon entry, the nucleocapsid complex that consists of 
the NP (nucleocapsid), L (polymerase), and P (phos-
phorylated nucleocapsid-associated protein) is released 
along with −ssRNA. These proteins and accompanying 
viral genome serve to direct mRNA synthesis. The 
mRNA replicates an antisense strand for progeny 
genomes and is also translated to form the necessary 
proteins for new virus production. Viral assembly occurs 
in the cytoplasm, with the new NP proteins condensing 
around the newly replicated genomes forming a helical 
structure that complex with the P and L proteins to form 
a complete nucleocapsid.

Envelope proteins have been simultaneously trans-
ported to the cell surface by the secretory endoplasmic 
reticulum, and the entire complex is assembled at the 
apical position of the host cell and released by budding.62 
This apical release is into the mucin layer, preventing 
infection of the deeper cell layers, and the presence of the 
fusion protein results in some syncytia formation. Labo-
ratory diagnosis is most commonly by cell culture and 
antigen–antibody detection, with some successful molec-
ular techniques having been reported.8,62,71,72

The most common cause of severe lower respiratory 
disease in children is respiratory syncytial virus.73–75 These 
viruses are typical paramyxoviruses and are similar to the 
parainfl uenza viruses in that they are ubiquitous, are 
120–300 nm in diameter, and have a ssRNA, negative 
sense, nonsegmented genome with a fusion glycoprotein 
(F protein) on the envelope surface.8,76 The envelope is 
highly pleomorphic and is circumscribed with glycopro-
tein projections that, in contrast to the parainfl uenza 
viruses, consist of three transmembrane glycoproteins: 
the aforementioned F protein as well as the G and SH 
proteins.8,76 Infection begins when the F protein fuses 
viral and cellular envelopes together with subsequent 
attachment to pattern recognition receptors such as Toll-
like receptor 4 and CD14 via the G glycoprotein.64,76 
Upon progeny release, these surface glycoproteins also 
catalyze infection of other cells by fusing newly released 
viruses with the cell membranes of adjacent cells, giving 
rise to the characteristic syncytium formation of the 
infection.

Most individuals exhibit evidence of infection by the end 
of early childhood, with severe disease requiring hospital-
ization occurring in children ≤24 months, peaking in 
children <6 months old.54,73–75 Infections are seasonal, with 
onset in winter to early spring. Severity of disease is age 
related, as adults exhibit mild cold-like symptoms with or 
without rhinitis, children exhibit mild disease to pneumo-
nia (inversely proportional to age), and infants exhibit 
severe seasonal pneumonia, bronchiolitis, and tracheo-
bronchitis.54 The severe bronchial disease seen in infants is 

probably due to a combination of narrow airways and 
swelling tracheal and bronchial tissue due to viral-induced 
pathology and host immune response. The economic impact 
of this seasonal infection, because of the virus’ highly con-
tagious nature and virulence, has led to recommending 
administering prophylactic immune globulin to prevent 
epidemic infection in susceptible populations.54,77,78

These viruses grow in culture in HEp2 cells, HeLa cells, 
and cells adapted from a type II human alveolar epithe-
lial lung carcinoma (A549). However, because of the 
extreme lability of the virus in clinical specimens, culture 
is not the most commonly used laboratory diagnostic 
procedure.76 Routine laboratory diagnosis is made 
through a variety of rapid direct or indirect antigen and/
or antibody tests in either the immunofl uorescence or 
ELISA format.76 Some recent reports have shown that 
molecular tests, especially reverse transcriptase PCR 
(RT-PCR) may also be effective in the rapid diagnosis of 
this infection.71,72

The rubeola virus (measles virus), also a paramyxovi-
rus, is ubiquitous and highly contagious in an immune 
naïve population.69 Infections are transmitted by inhala-
tion of large droplet aerosols, with the peak infection 
period occurring from autumn to spring.8 Their structure 
is typical of the family, consisting of an outer envelope 
(100–250 nm diameter) surrounding the helical NPL 
nucleocapsid complex. The outer envelope exhibits two 
types of peplomeric projections, a conical-shaped hemag-
glutinin (H glycoprotein) and a dumbbell-shaped fusion 
(F glycoprotein),8,69 and a neuraminidase (NA) protein 
has also been described.79 As with the other paramyxovi-
ruses, these peplomers are involved with attachment and 
fusion of the virus with the host cell. Attachment and 
virus entry occurs via the F protein liganding with CD46 
or a signaling lymphocyte activation molecule (SLAM, 
CD121/CDw150) on mucosal epithelial surfaces.69,79,80 
Once the virus enters the cell and the genome is uncoated, 
replication is typical for the nonsegmented paramyxovi-
rus ssRNA genome.

Adjacent cells are infected through membrane release 
and syncytium formation, eventually giving rise to a 
primary viremia, and further spread is by blood-borne 
cells of the reticuloendothelial system.8,69 Multiple organs 
become infected, more viruses are released, and a sec-
ondary viremia occurs, leading to the characteristic rash 
and Koplik’s spots associated with the disease. The 
primary viremia also gives rise to the upper respiratory 
prodrome that is present prior to the rash’s appearance, 
and symptoms range from mild to severe in nature and 
with or without a cough. In severe cases, respiratory 
symptoms may be augmented by the secondary viremia, 
which affects the entire respiratory mucosa, including 
denuding ciliated cells from the mucosal surfaces, and 
compromises the patient further through cough, croup, 
bronchiolitis, and pneumonia.
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Diagnosis is primarily clinical, based on cough, coryza, 
rash, and Koplik’s spots. The most common laboratory 
test is a fourfold specifi c antibody titer movement using 
a number of techniques, including complement fi xation, 
ELISA, immunofl uorescence, and, to a lesser extent, 
neutralization.69 There are also several antigen detection 
tests available in a variety of formats for detecting rubeola 
antigen from serum, nasal discharge, and urinary sedi-
ments, and an RT-PCR test for measles RNA has been 
described.69,81

The recently described human metapneumovirus ap-
pears also to be a ubiquitous pathogen of children like 
respiratory syncytial virus and exhibits a close genetic 
association with avian pneumoviruses.48,82 Whereas Respi-
ratory syncytial virus tends to be severe in infants, with 
most children exhibiting seroevidence of infection by age 
2 years, only 50% of children have metapneumovirus 
antibodies by 2 years, eventually reaching 100% serop-
revalence by age 5.83–85 They are typical paramyxoviruses 
with a negative sense, ssRNA, helical nucleocapsid, and 
a pleomorphic outer lipid envelope with peplomers pro-
jecting from the surface.86 These surface projections are 
the F (fusion) protein, which permit viruses to enter host 
cells, release progeny, and infect adjacent cells, leading to 
characteristic syncytia. The actual receptor molecule is 
unclear but appears to be associated with Toll-like recep-
tor 4.8,86 Major symptoms include nasal congestion, cough, 
fever, and rhinorrhea, and the peak periods of infection 
appear to coincide with infl uenza and respiratory syncy-
tial virus.84,85 Diagnostic tests include serology (enzyme 
immunoassay, indirect fl uorescent antibody), viral culture, 
and RT-PCR.86–88

Adenoviruses

Adenoviruses are nonenveloped, 70–90 nm diameter, ico-
sahedral, double-stranded DNA viruses.8,9,61 Their clinical 
importance resides in the ability to cause acute respira-
tory and conjunctival infections, diarrhea, central nervous 
system disease in humans, as well as latent or persistent 
infections in certain animals and cell lines.8,9,32,61 They 
have been shown in two large epidemiologic studies to 
be the most commonly isolated virus in either clinical or 
subclinical infections.61 Their typical cytopathic effect in 
susceptible cells consists of large rounded cells with fi brils 
or strands attaching them together.42 They gained their 
name in the early 1950s as a result of their association 
with spontaneous degeneration of explanted adenoid 
tissue.61 There are currently 52 serotypes as defi ned by 
their capsid proteins, and about half these serotypes are 
considered the etiologies of specifi c human diseases.41 
Group- and type-specifi c immunologic identities are con-
ferred by hexon, penton, and fi ber capsid proteins. Viruses 
enter the cell by attachment of knob-capped spikes or 
fi bers projecting from the base of penton capsomeres 

with the coxsackie adenovirus receptor and subsequent 
endocytosis.19,21,32,33,89 This is facilitated by the association 
of the penton base with a cellular integrin and the partial 
uncoating of the virion. Upon entering the cell and further 
uncoating, the genome is transported to the nucleus; 
mRNAs are formed and then exported to the cytoplasm 
for transcription of progeny proteins.8,38,61 Viruses are 
then assembled through a series of steps that neutralize 
host defense mechanisms, cleaving of precursor proteins, 
and release of cell. Infections may be lytic, persistent or 
chronic, or oncogenic depending on the host cell type or 
source (humans, animals, cell cultures).89

Respiratory-associated adenoviruses in children and 
adults consist of a few specifi c serotypes including 
members of subgenus B,46,83 subgenus C,18,34,51,70 and sero-
type 4, the only member of subgenus E.8,61,90 These viruses 
have been shown to be latent in lymphoepithelial tissue, 
nasopharynx, and other tissues. Adenoviruses 1, 2, and 
5 have been isolated from infants with pharyngitis 
and coryza or who have otherwise been asymptomatic, 
and children exhibit a wide variety of clinically appar-
ent respiratory syndromes associated with tonsils and 
adenoids,18,34,51,70 upper respiratory disease,18,34,51,61,70 intus-
sception,18,51,61,70 and pharyngoconjunctival fever.46,83 
Serotypes 3, 4, and 7 are common etiologies of acute viral 
respiratory disease in young adults, with serotype 4 often 
associated with epidemic infections in closed populations 
such as military recruits and types 5, 31, and 34 responsi-
ble for viral pneumonia with concomitant dissemination 
in immunocompromised patients.

Depending on the syndrome, adenoviruses may be cul-
tured from pharynx, sputum, conjunctival scrapings, urine, 
and stool. However, two large and independent studies 
of symptomatic and asymptomatic individuals demon-
strated that adenoviruses are more commonly isolated 
from stools than from respiratory or other clinical speci-
mens.61 They are readily cultured in human epithelial 
cells with characteristic cytopathic effects visible within 
2–7 days.42 They may also be visualized in purifi ed prepa-
rations or in direct specimens by electron microscopy. 
Their DNA can be detected in cultures or clinical speci-
mens by amplifi cation or amplifi cation probe methods 
with appropriate primers.71 The standard method of labo-
ratory diagnosis still remains the detection of a fourfold 
movement in antibody or antigen titer by a variety of 
serologic techniques, including complement fi xation, neu-
tralization, hemagglutination, immunofl uorescence, and 
ELISA.8,61

Coronaviruses

Coronaviruses are highly pleomorphic viruses named for 
the “corona-like” array of club-shaped surface glycopro-
teins (S proteins) that project from their surface.3,8 These 
viruses are ubiquitous and have been traditionally 
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considered major pathogens of the upper respiratory tract 
in humans, causing approximately 15% of upper respira-
tory infections reported in temperate climates. They occa-
sionally cause viral diarrhea and are also considered a 
major animal pathogen, likely composed of three distinct 
antigenic groups. Coronaviruses are enveloped, 80–
160 nm diameter helical viruses with an infectious, single 
stranded, polyadenylated positive sense RNA genome.8 
The genome is the largest known viral RNA and forms 
a unique mRNA that has a 3′ polyadenylated cap that 
forces transcription to occur from the 5′ direction.

They gain entry by attachment of S-protein projections 
or rays to aminopeptidase M or 9-O-acetylated sialic acid 
containing oligosaccharides on the surface of nasal epi-
thelial cells but do not produce characteristic cytopathic 
effects.28,35 Once attached, viruses enter the cell by pino-
cytosis, and all progeny synthesis occurs in the cytoplasm. 
The positive sense genome is released to form a negative 
sense intermediate; the resultant positive mRNAs nest at 
their 3′ polyadenylated ends and translation occurs at the 
5′ ends.8,61 The mRNAs are translated into nonstructural 
proteins and a variety of structural and biosynthetic pro-
teins, including RNA′-RNA polymerase, ATP-helicase, 
surface hemagglutinin-esterase (HE) protein (some 
coronaviruses), small envelope protein (E), membrane 
glycoprotein (M), and the nucleocapsid protein (N). 
Viruses are assembled in the cytoplasm and then bud into 
vesicles from the endoplasmic reticulum and are released 
from the cell membrane by reverse pinocytosis or by lysis, 
destroying the host cell. Changes in envelope or capsid 
antigenic structure, as described above, may result in 
immunologically different peptides being formed, making 
it diffi cult to develop consistent serodiagnostic reagents 
or vaccines for this group.8,61,91 Because of the diffi culty in 
growing coronavirus strains in culture, the benign and 
self-limiting nature of the disease (common cold), and the 
diffi culty in obtaining defi nitive reagents for the labora-
tory, diagnosis is clinical and treatment is palliative.

Severe Adult Respiratory Distress Syndrome

The recently described SARS coronavirus (SARS-CoV), 
fi rst identifi ed in China’s Guangdong Province, has been 
identifi ed as the etiology of an acute, severe, and often 
fatal lower respiratory and systemic disease (SARS), 
characterized by a severe atypical pneumonia.2,3 Although 
morphologically consistent with common coronaviruses, 
the SARS virus is genetically quite different from its 
human and animal counterparts, appearing to comprise a 
fourth antigenic group evolutionarily equidistant from 
the three major groups of coronaviruses.3,8 This may 
refl ect a closer relationship to the animal virus from 
which it was derived. The SARS virus lacks the HE 
protein and appears to attach to host cells by 9-O-
acetylated sialic acid containing oligosaccharides, and it 

may be cultured in VERO cell lines, where it may produce 
a syncytium. Its ease in culturing has permitted the devel-
opment of some very sophisticated molecular approaches 
to strain identifi cation, such as real-time PCR and 
sequence-based typing.3

Bunyaviridae (Hantaviruses)

The hantaviruses are ubiquitous and are associated with 
adult respiratory distress syndrome (Hantaan virus) and 
pulmonary syndrome, shock, and pulmonary edema (Sin 
Nombre virus).92,93 Viruses are inhaled from aerosolized 
rodent urine with each virus species apparently adapted 
to its own specifi c rodent vector. These are enveloped 
RNA viruses about 90–110 nm in diameter with helical 
symmetry and contain three negative sense ssRNA seg-
ments. The genome is referred to as “ambisense” because 
not only can it be translated into a functional messenger 
but also the negative strand encodes information for six 
proteins, some nonstructural proteins, viral RNA′-RNA 
polymerase, and the G1 and G2 proteins. The latter are 
associated with cell fusion and hemagglutination and 
act as a receptor for neutralizing antibodies. The virus 
attaches to respiratory mucosal surface β3-integrin mole-
cules, and replication is cytoplasmic with subsequent 
release by budding via the Golgi/endoplasmic reticulum/
vesicle pathway.93,94 The Sin Nombre virus differs in that 
it is assembled at the cell cytoplasmic membrane and 
then is released by budding. Symptoms include acute 
onset fever and malaise, indicative of localized cellular 
damage and viremia leading to increased lung vascular 
permeability and shock.55,95 A secondary viremia results 
in spread to target organs as well as increased vascular 
endothelial damage and invasion of macrophages.95 
Within 4–5 days, there are generalized respiratory symp-
toms (dyspnea, cough, hypotensive, malaise) that, if 
untreated, can abruptly accelerate to acute pulmonary 
failure, pulmonary edema, renal failure, and shock. The 
characteristic histopathologic picture is that of alveolar 
edema accompanied by nonnecrotic, interstitial T lym-
phocytic infi ltrates and few to no visible polymorphonu-
clear leukocytes.93,95 Laboratory diagnosis is by ELISA 
serology for the detection of specifi c IgM (acute disease) 
and/or IgG titers or antigen, RT-PCR of blood or other 
specimens, and cell culture.93,96 The latter is discouraged 
in all but designated public health laboratories because 
of the extremely infectious nature of the virus.

Picornaviruses

The picornaviruses are a large heterogenous group of 
small (20–30 nm), nonenveloped, icosahedral viruses that 
include some of the enteroviruses: (1) coxsackie A with 
24 antigen types, (2) echovirus with 33 types, (3) poliovi-
rus with 3 types, and (4) rhinovirus with over 100 types.8 
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These are ubiquitous, positive sense ssRNA viruses and 
attach to host cells by a variety of receptors that give each 
virus species its characteristic tropism (see Table 37.1). 
Transmission is either by the fecal–oral route (enterovi-
ruses) or by aerosol and contaminated hands (rhinovi-
ruses).8 Poliovirus has been nearly eradicated on a global 
basis and infection is sporadic, enteroviral infections are 
more common in summer, and rhinovirus infections 
appear in early autumn and late spring. The mucosal 
surface of the oropharynx serves as the primary portal 
of infection for picornaviruses, with enteroviruses also 
having the gastrointestinal tract as an additional port of 
entry. These cells have a variety of receptors that can 
accommodate the different capsid proteins of members 
of this group (see Table 37.1).21,27,34,97 Rhinovirus infec-
tions are thought to be limited to the upper respiratory 
tract and are associated with common cold-like infections 
and exacerbations of asthma,8 although there are some 
indications that they can cause lower respiratory infec-
tions.57,98 as well. Enteroviruses exhibit a wide variety of 
secondary targets and host age depending on the species. 
For example, enterovirus infections are characterized by 
a serious central nervous system component (paralysis, 
encephalitis, meningitis); coxsackie A and B viruses and 
echoviruses are also associated with carditis, rash, and 
serious infections in newborns and neonates; whereas 
poliovirus infections occur more often in young children.8 
Laboratory diagnosis of picornaviruses is by serologic 
tests for antibody and antigen and by PCR.8,72,99

Herpetoviridae

The herpesviruses, in general, are minor viral respiratory 
pathogens. It is only when an infection occurs during the 
peak season of one of the more common respiratory 
pathogens do they have to be considered in a differential 
diagnosis.8,100 The human Herpetoviridae are large (150–
200 nm), enveloped, icosahedral dsDNA viruses that 
undergo recombination with the host cell genome to 
establish a latent (asymptomatic) relationship with the 
host. Infections may be primary only or progress to dis-
semination and, in either case, may result in a latent infec-
tion. Primary infections occur through exchange of saliva 
or other bodily fl uids and subsequent viral attachment to 
mucosal surfaces via specifi c receptors for each member 
of the group,16,25,29,31,58,96,101,102 and initial replication of the 
virus occurs through a double-stranded linear DNA that 
leads directly to a positive mRNA.100 After progeny 
release, there is adjacent cell infection and eventual cell-
to-cell spread from mucosal epithelium to target cells, 
organs, or tissues with a latent state set up in neurons or 
reticuloendothelial cells.52,58–60,100,102 During the initial rep-
lication or during the viremic state, viruses may be trans-
ported via lymph nodes, macrophages, or B cells to various 
extramucosal tissues or organs. The respiratory compo-

nent of these infections consists of a viral prodrome 
of headache, fever, malaise, rhinitis, and/or pharyngitis 
due to the release of various cytokines.103 The follow-
ing are the major herpesviruses and their clinical 
manifestations:

1. Herpes simplex virus16,17,30,31,39,100,101,104–106: Virus 
attaches to the mucosal surface by nectin or heparin 
sulfate. After progeny release, there is adjacent cell infec-
tion and eventual cell-to-cell spread from mucosal epi-
thelium to the sensory and autonomic ganglia of the 
peripheral nervous system, where a latent infection is 
established. Primary replicated virus may also be trans-
ported by the bloodstream to other organ systems and 
then establish latency in the sensory and autonomic 
ganglia. Reactivation of these latent peripheral nerve 
viruses or those from infected organs may also directly 
infect the brain and spinal cord. Diagnosis is made by 
antigen/antibody tests to respective types, a polyclonal 
test for both in fl uorescence or EIA format, and molecu-
lar tests.100,107,108

2. Cytomegalovirus18,58: Viruses attach to the host 
mucosal cells by heparin sulfate or epidermal growth 
factor and then spreads to lymph nodes, where T cells and 
macrophages are infected. T-cell infection leads to a 
mononucleosis-type presentation, and macrophage infec-
tion leads to multiorgan dissemination and cytomegalic 
inclusion disease. Cytomegalovirus usually causes sub-
clinical infections in immunocompetent individuals, with 
more devastating infections occurring among the immu-
nosuppressed (e.g., hematology and oncology patients 
and allograft recipients). Diagnosis is made by antigen/
antibody serology (fl uorescence and ELISA) and molec-
ular tests.36,58,109–111

3. Epstein-Barr virus29,59: Epstein-Barr virus infects the 
oral mucosa and B cells by attaching to complement 
receptor 2 (CD21). The B cells are transformed (immor-
talized) and transport the virus to the liver (hepatitis), 
tracheobronchial tree (pharyngitis), or spleen. In cases of 
mononucleosis, the spleen is highly enlarged and exhibits 
atypical lymphocytes. Epstein-Barr virus is also associ-
ated with lymphomas in the immunosuppressed, Burkitt’s 
lymphoma, and nasopharyngeal carcinoma. Diagnosis is 
made by antigen/antibody serology (fl uorescence and 
ELISA) and molecular tests.

4. Varicella-zoster virus25,60: Using the insulin-
degrading enzyme or Fc receptor as a point of attach-
ment, varicella-zoster virus infects epithelial cells and 
fi broblasts. Viruses spread from mucosa to lymph nodes 
with subsequent transport to liver, spleen, and respira-
tory systems. It then spreads by viremia to the skin, where 
it causes the characteristic skin lesions (chickenpox). The 
virus eventually establishes a latent infection in the 
sensory ganglia, with later reactivation possible (shin-
gles). Other than the clinical presentation, serology is the 
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primary means of diagnosis; a few molecular alternatives 
have been described.60

5. Human herpesvirus type 6 (roseola)102,112–114: For-
merly called human B-cell lymphotrophic virus, human 
herpesvirus type 6 is a ubiquitous and typical herpesvirus 
in structure and replicative mechanism. It infects most 
children before they reach 2 years of age, with specifi c 
antibodies found in 64%–83% of children within their 
fi rst 13 months of life. Viruses attach to CD4+ cells 
(T cells, monocytes, macrophages, etc.) by a CD46 ligand 
and, in fact, upregulate CD4+ in CD4− cells. Primary infec-
tion appears to occur by droplet/body fl uid aerosols 
reaching the oropharynx. From the oral mucosa, the virus 
spreads to the regional lymphatics and then to mononu-
clear cells. Lymphocytes are the main carrier during 
primary infection but the virus persists in monocytes and 
macrophages. The infection expresses itself with a high 
fever of moderate duration (3–5 days), with accom-
panying mild upper respiratory symptoms and cervical 
lymphadenopathy, and, as the fever resolves, a classic 
maculopapular rash appears (exanthem subitum, sixth 
disease). Laboratory diagnosis is by fourfold titer 
movement of specifi c antibody or by molecular 
techniques.102,113,115,116

Conclusion

We have seen that respiratory manifestations of viral 
infections may be only a minor harbinger of more serious 
systemic disease, or viral invasion, in and of itself, may 
have the potential for causing lethal pandemic respira-
tory infections.11,106 Regardless of the degree of initial 
respiratory compromise, viral respiratory diseases are the 
cause of more human morbidity, mortality, and health 
care spending than all other infectious diseases. What 
makes controlling these viruses an almost insurmount-
able task is the frequency of mistakes in replication or in 
recombination that give rise to variants for which there 
is no immune memory in the population, and hence no 
immune protection, or to variants that are resistant to 
current antiviral therapies.65 As the human population 
increases, the average age of the population increases 
with its parallel decrease in immune function and increase 
in the number of immunosuppressed individuals or well-
maintained terminally ill individuals; therefore, the chance 
for one of these mutant viruses or one that has adapted 
to humans directly from a natural reservoir increases 
geometrically.73,106,117

Because of the proven devastating potential of viral 
respiratory infections, the one common thread has been 
the search for more rapid and more accurate means of 
diagnosing these infections and identifying their etiologic 
agents.42 These lines of endeavor are mandatory for two 
primary reasons: (1) the lack of vaccines specifi c enough 

to protect against reinfection or against all variants 
within a virus taxon and (2) the very narrow window for 
effective antiviral therapy during early infection.118 
Understanding the molecular biology of the respiratory 
viruses has helped to address this “need for speed” 
by directing the development of rapid molecular 
diagnostic techniques such as the application of specifi c 
probes for virus identifi cation in tissue slides or specimen 
smears (fl uorescence in situ hybridization, PCR) or in 
fl uids and cells (real-time PCR, RT-PCR, sequence-
specifi c oligonucleotide probes, multiplex PCR tech-
niques).41,70–72,106,109,111,116,119,120 Molecular tests will enable 
pathology departments and laboratories to offer rapid 
identifi cation of a specifi c infectious agent when several 
cause the same set of symptoms, permitting more accu-
rate therapy to be more effectively administered and, 
ultimately, decreasing patient stays and health care 
costs.78,118 To accomplish this, however, there must be a 
dramatic increase in funding for research into the genet-
ics of these viruses, the development of recombinant 
polyvalent vaccines, the development of public health 
care strategies to control pandemics, and the develop-
ment and bringing to market of rapid, accurate, and 
specifi c diagnostic tests.
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38
Molecular Pathology of Rickettsial 
Lung Infections

J. Stephen Dumler

Rickettsial Infections That Impact Lung 
Structure and Function

The order Rickettsiales is divided into two major fami-
lies, Rickettsiaceae and Anaplasmataceae. The Rickett-
siaceae family includes the genera Rickettsia and 
Orientia, obligate intracellular vasculotropic bacteria 
that live and propagate within the cytoplasmic compart-
ments of endothelial cells in mammalian hosts. In con-
trast, genera within the family Anaplasmataceae include 
Ehrlichia and Anaplasma, which infect leukocytes, 
including those circulating in the bloodstream. Among 
these genera, important human infections that impact 
lung function and structure include the vasculotropic 
rickettsioses such as Rocky Mountain spotted fever 
(RMSF), epidemic typhus, and murine typhus, among 
other entities bearing geographic names. The major 
underlying theme of these is endothelial cell infection 
followed by vasculitis and increased vascular permeabil-
ity.3,4 Systemically, this leads to hypotension, organ isch-
emia and failure, and sometimes death. In the lung, this 
translates into potentially signifi cant noncardiogenic 
pulmonary edema that can be life threatening.3 Funda-
mental differences exist between spotted fever group 
rickettsiae, such as R. rickettsii that causes RMSF, and 
the typhus group rickettsiae, such as Rickettsia prowaze-
kii and Rickettsia typhi that cause epidemic and murine 
typhus, respectively.5 The molecular pathogenesis of 
typhus group infections is less well understood; thus, 
this chapter focuses in part on RMSF as an example of 
rickettsial pneumonitis.

In contrast, the Anaplasmataceae are known to infect 
predominantly circulating leukocytes in mammals, and, 
by virtue of this host cell niche, histopathologic vasculitis 
is not a signifi cant component of Ehrlichia or Anaplasma 
infections in humans.6 However, infections by E. chaffeen-
sis, the cause of human monocytic ehrlichiosis, can present 
with a clinical picture similar to vasculitis, and this is now 

Introduction

Rickettsial infections of humans comprise a diverse group 
of infections caused by pathogens that are obligate intra-
cellular bacteria with a genetic relationship, including the 
genera Rickettsia, Orientia, Ehrlichia, and Anaplasma. 
The host cells of these pathogens largely belie the sys-
temic clinical manifestations, because Rickettsia and Ori-
entia infect endothelial cells, and Ehrlichia and Anaplasma 
infect circulating leukocytes (monocytes and neutrophils, 
respectively). Thus, the predominant manifestations 
(fever, headache, myalgia, with or without rash) do not 
usually focus attention on the respiratory system; however, 
the underlying pathogenesis of these infections involves 
degrees of vascular compromise either by direct injury 
and infl ammation or by the action of vasoactive proin-
fl ammatory molecules such as cytokines, chemokines, and 
prostaglandins. Given that the lung possesses the largest 
vascular bed in the human body, it is not surprising that 
pulmonary involvement is periodically identifi ed and, 
when severely affected, is considered a potentially life-
threatening complication.1,2

The precise microbial molecular pathogenetic mecha-
nisms and the relative contributions of molecular proin-
fl ammatory responses toward pulmonary infection with 
these pathogens are in general poorly understood. 
However, recent years have seen signifi cant advances in 
understanding the principles of how these obligate intra-
cellular pathogens interact with host cells to exert direct 
infl uence over cellular function and integrity and how the 
host immune system responds. The main purposes of this 
chapter are to briefl y describe the histopathologic and 
pathophysiologic alterations observed with two major 
rickettsial infections that impact the lung, Rocky Moun-
tain spotted fever (Rickettsia rickettsii) and human mono-
cytic ehrlichiosis (Ehrlichia chaffeensis) and to describe 
the molecular basis of cellular alterations in the host and 
pathogen virulence mechanisms that belie the pulmonary 
pathology with these diseases.
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believed to be due to the local or systemic release of 
proinfl ammatory vasoactive cytokines that impair endo-
thelial integrity and lead to increased vascular permeabil-
ity as observed in vasculitis.7,8 Of those Anaplasmataceae 
that are signifi cant causes of human disease, E. chaffeen-
sis is the most frequent cause of infection in which lung 
structure and function are impaired and thus is the other 
main topic of this chapter.

Rocky Mountain Spotted Fever

Clinical Disease and Pathophysiology

Rocky Mountain spotted fever is an acute febrile illness 
that results after transmission of R. rickettsii into a human 
or animal host after the bite of competent vector ticks. 
The infection is limited to the Western hemisphere, but 
infections by related spotted fever group rickettsiae are 
documented on every continent except Antarctica.9 After 
tick bite, the rickettsiae usually disseminate within hours 
to days via the blood or lymphatics.10 These obligate 
intracellular bacteria attach to host endothelial cells in 
which they become internalized, escape the endocytic 
vacuole, and propagate within the cytosol.1 During this 
process, endothelial cell functions are altered, leading to 
proinfl ammatory and procoagulant conditions that favor 
leukocyte infi ltration, focal thrombus formation and 
increase in vascular permeability.11–13 Endothelial cells 
either release the rickettsiae into the bloodstream or the 
infected cell is lysed, also releasing bacteria for hematog-
enous spread into all organs and tissues, including 
the lung. In the extensive microvasculature of the lung, 
R. rickettsii infection may be widely spread.3 Host infl am-
matory response, usually manifest as some combination 
of interstitial mononuclear cell pneumonitis and edema, 
is observed in histopathologic preparations, leading to 
the occasional interstitial infi ltrative pattern observed 
with chest x-rays in RMSF.14 The fact that pulmonary 
vasculature permeability increases at a time when multi-
organ failure and hypotension are also observed some-
times leads to overly aggressive fl uid therapy that can 
precipitate or aggravate pulmonary edema. Prompt 
treatment with doxycycline can arrest and reverse many 
clinical manifestations, indicating that much of the infl am-
matory process is initiated and maintained by the 
bacterium.

Early Events in the Rickettsia–Endothelial 
Cell Interaction

The molecular mechanisms by which infection of endo-
thelial cells results in vasculitis and altered vascular per-
meability in the lung is an area of active study. Initially, 
bacteria that are inoculated into the host replicate locally 

and then disseminate into the lymphatics.10 Thereafter, 
the rickettsiae enter the bloodstream and interact with 
endothelial cells in the microvasculature of many organs 
including the lung. The initial rickettsia–endothelial cell 
interface is a receptor–ligand mediated event, dependent 
on rickettsial expression of outer membrane proteins A 
and B (OmpA and OmpB).15–17 The host cell ligand for 
OmpA, only found in the spotted fever group rickettsiae, 
is not known. However, for both the spotted fever group 
rickettsiae Rickettsia japonica and Rickettsia conorii, 
OmpB ligation occurs via binding to host cell Ku70 that 
is recruited to host membrane lipid microdomains.15 After 
OmpB binding, Ku70 is ubiquitinated by the protein tyro-
sine kinase adaptor protein Cbl, an event linked to inter-
nalization of the rickettsia-containing endosome because 
its inhibition blocks R. conorii entry.

Similarly critical for internalization of rickettsiae is the 
recruitment of Arp2/3, c-Src, and p80/85 cortactin to 
binding sites that leads to localized actin cytoskeletal 
rearrangements in part mediated by Cdc42, phosphati-
dylinositol-3 kinase, and the Src family of kinases.18 
Spotted fever group rickettsiae also express RickA on 
one pole of the bacterium, a protein that mediates actin 
polymerization via Arp2/3 complex assembly, effectively 
creating an intracellular scaffold that allows propulsion 
through the host cell and occasionally through host 
membranes.19

On entry, the endosomal membrane that contains the 
rickettsiae is rapidly degraded, presumably by the action 
of rickettsial phospholipase D or membrane hemolysin 
TlyC that are actively expressed during this interval.20,21 
Rickettsial genomes encode an intact tricarboxylic acid 
cycle, but otherwise have only a limited capacity for 
energy generation, lacking genes for enzymes for carbo-
hydrate, lipid, nucleotide, and amino acid metabolism.5 
These observations and the demonstration of active ade-
nosine triphosphate/adenosine diphosphate translocases 
establish the concept of rickettsiae as energy parasites. 
The presence of an intact pathway for a type IV secretion 
mechanism underscores the potential importance of 
transporting rickettsial proteins into the host cytosol.5

Cellular and Tissue Injury

Rickettsia rickettsii infection of endothelial cells leads to 
membrane injury that can be antagonized by antioxi-
dants, and this membrane injury leads to loss of cellular 
osmoregulation and eventually cell lysis, even in the 
absence of large organism loads.22,23 The degree of mem-
brane injury in typhus group infections is much less 
substantial, and cytolysis is generally believed to be 
mechanical owing to the accumulation of large bacterial 
quantities within infected cells.1

Endothelial cells infected by R. rickettsii undergo a 
number of transcriptional changes, including upregulation 
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of proinfl ammatory cytokines and chemokines (interleu-
kin [IL]-1α, IL-6, IL-8, monocyte chemoattractant protein 
1), surface procoagulant activity and tissue factor expres-
sion, E-selectin upregulation, and release of von Wille-
brand factor multimers.7,11,12,24,25 The net result of the 
intracellular infection is an increased proinfl ammatory 
and procoagulant endothelial cell phenotype. These 
changes are mediated in part by direct rickettsial activa-
tion and nuclear mobilization of nuclear factor (NF)-κB 
via a mechanism involving activation of inhibitory-κB 
kinase α and β and phosphorylation-proteolysis of the 
inhibitor protein IκBα.26,27 This phenomenon is abrogated 
by the bacterial protein synthesis inhibitor doxycycline, 
implying a contribution of bacterial proteins toward NF-
κB proinfl ammatory gene activation. The triggers for the 
transcriptional alterations are not completely defi ned but 
appear to involve interactions with protein kinase C iso-
forms, and are modulated in part by p38 mitogen-activated 
protein (MAP) kinase.28,29 Interestingly, this process also 
inhibits apoptosis, prolonging survival of infected cells, an 
obvious advantage for the bacterium. Intracellular rickett-
sial infection also yields upregulated expression of heme 
oxygenase 1, a host defense against oxidative injury and a 

critical regulator of the cyclooxygenases, including cyclo-
oxygenase-2, that are upregulated with rickettsial infec-
tion and is a key enzyme that governs prostaglandin 
production, increased release of prostaglandins I2 and E2, 
and, indirectly, vascular tone and integrity.13

The upregulated presence of E-selectin and procoagu-
lant molecules on infected endothelial cells promotes 
infl ammation and focal thrombosis, features considered 
typical of rickettsial vasculitis.11,12 Although large-vessel 
thrombosis is atypical for RMSF, fi brin clots are not infre-
quently detected as eccentrically localized lesions among 
vessels in which only focal infection is demonstrated 
(Figure 38.1). When rickettsial infection occurs within the 
confi nes of the pulmonary parenchyma, capillaries are 
the dominant vascular structure and support the heaviest 
burden of rickettsiae.3 As a consequence of infection 
in these small-caliber vessels, interstitial infl ammatory 
cell infi ltration is the dominant feature and appears as 
widened, hypercellular alveolar septae, some of which 
may be edematous; capillaries that are dispersed within 
the alveolar septae are often surrounded by mononuclear 
cells, chiefl y lymphocytes and macrophages (Figure 
38.2).

Figure 38.1. (A) Rickettsia rickettsii vasculitis with eccentric 
microthrombus (arrow) in pulmonary venule and diffuse inter-
stitial pneumonitis. (Hematoxylin and eosin; original magnifi ca-
tion, ×16.) (B) Note the intracellular distribution of infected 

endothelial cells along a venule as demonstrated by immuno-
histochemistry. (Anti-Rickettsia rickettsii with hematoxylin 
counterstain; original magnifi cation, ×260.)
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Host Innate and Adaptive Immune Responses 
to Infection

Host response to rickettsial infection is dominated by the 
infi ltration of tissues and vessel walls by lymphocytes and 
macrophages. Immunophenotyping methods of rickett-
sial infl ammatory lesions have identifi ed a polymorphous 
mixture of CD4 and CD8 T lymphocytes, admixed with 
scattered B lymphocytes, macrophages, and occasional 
neutrophils.1,30 Infection by rickettsiae leads to substan-
tial chemokine production by endothelial cells, including 
IL-8, monocyte chemoattractant protein 1, and fractal-
kine (CX3CL1), and it is likely that these signals in part 
recruit and retain infl ammatory cells and primed immune 
cells that participate in the localized tissue vasculitis.30 As 
anticipated, effective antirickettsial immunity is predomi-
nantly dependent on cellular immunity, especially on 
expansion of adaptive immunity via CD4 and CD8 cells 
that produce interferon (IFN)-γ and mediate cytotoxic 
responses. However, recent investigations provide evi-
dence that antibody plays a more important role than 
previously ascribed.30

The infl ammatory and immune response to the pres-
ence of rickettsiae in cells is at fi rst heralded by expansion 
of natural killer cell populations, and depletion of these 
cells allows greater rickettsial propagation and reduced 

production of suppressive IFN-γ. Depletion of both CD4 
and CD8 T lymphocytes also adversely impacts survival 
in murine models, and the most dramatic effect implicates 
a role for major histocompatibility complex I–mediated, 
perforin-dependent adaptive immune responses.1,30 The 
molecular mechanism of rickettsial restriction by immune 
cells appears to be dependent on the synergistic effects 
of IFN-γ, tumor necrosis factor (TNF)-α, IL-1β, and 
CCL5 produced from natural killer cells, CD8 T cells, and 
macrophages; critical effectors include both nitric oxide 
and hydrogen peroxide, accentuated by tryptophan star-
vation after enhanced host cell degradation of this amino 
acid essential for bacterial propagation. Interestingly, 
there appears to be a critical balance between benefi cial 
and deleterious immune responses, because adoptive 
transfer of immune CD8 T cells into rickettsia-infected 
naïve animals accelerates death if introduced during early 
phases of infection.1

In the context of RMSF lung involvement, it is likely 
that many of the events are simultaneously occurring, 
with outcome dependent on degree of pulmonary 
microvascular infection and compromise and the 
degree to which a rapid and protective immune response 
is induced.1,30 Fundamental studies have identifi ed 
several novel targets for intervention at the level of the 
bacterium (inhibition of OmpB–Ku70 interaction, 

Figure 38.2. (A) Interstitial pneumonitis and capillaritis in 
Rocky Mountain spotted fever. (Hematoxylin and eosin; origi-
nal magnifi cation, ×160.) (B) Immunohistochemistry for Rick-
ettsia rickettsii demonstrates the presence of small bacilli 

(arrows) within endothelial cells of capillaries in alveolar inter-
stitial spaces. (Hematoxylin counterstain; original magnifi ca-
tion, ×260.)
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inhibition of type IV secretion system activity, inhibi-
tion of phospholipase D or hemolysin activity) and at 
the level of the host (inhibition of ubiquitination of 
Ku70, inhibition of induced actin cytoskeletal rear-
rangements or signaling via protein kinase C, p38 
MAP kinase, cyclooxygenase-2, and NF-κB nuclear 
translocation).

Diagnosis

When involvement of the lung by RMSF becomes evident, 
it is usually during the course of increasing decompensa-
tion, hypotension, and multiorgan failure. Diagnosis of 
the infection at this interval is often too late to prevent 
signifi cant morbidity, long-term sequelae, or death, 
prompting physicians to have a low threshold for empiri-
cal doxycycline therapy at earlier times. Rocky Mountain 
spotted fever is best diagnosed during the active phase of 
infection by skin biopsy of petechial lesions followed by 
immunohistochemical or in situ hybridization demon-
stration of R. rickettsii in the tissue.31 Antibodies are infre-
quently present during active infection, but demonstration 
of seroconversion or a fourfold titer change in convales-
cence can retrospectively confi rm a clinical diagnosis. 
Molecular diagnostic methods are less often used and 
generally focus on polymerase chain reaction (PCR) 
amplifi cation of R. rickettsii nucleic acids from whole 
blood samples obtained during the active phase of 
infection, although this is not currently considered 
highly sensitive.32 Additional data suggest that PCR on 
freshly obtained skin biopsies or other tissues may also 
work well because the rickettsiae live predominantly 
within tissue-bound endothelial cells.33 Immunohisto-
chemistry is often used to establish a postmortem diag-
nosis, and PCR methods should be excellent adjuncts to 
this approach.34

Human Monocytic Ehrlichiosis

Clinical Disease and Pathophysiology

Human monocytic ehrlichiosis (HME) is a febrile illness 
with many similarities to rickettsial infections such as 
RMSF.35 Some authors have used the terminology “spot-
less” spotted fever to indicate the clinical and historical 
similarity of HME to RMSF. After tick bite, E. chaffeensis 
gains access to the blood and may be visualized in periph-
eral blood smears from some patients after an incubation 
period of 7–10 days. The infection has been well-
characterized to occur only in North America, although 
increasing evidence suggests that the pathogen and 
infection may be worldwide in distribution.35

Unlike the situation for R. rickettsii, E. chaffeensis 
infects almost exclusively mononuclear phagocytes in 

both tissues and blood. It has been detected in blood, 
bone marrow, lymph node, liver, spleen, and many tissues 
and organs that possess mononuclear phagocyte popula-
tions or acquire these cells via infl ammatory cell infi ltra-
tion.2,6 Presumably, E. chaffeensis infects mononuclear 
phagocytes at the site of tick bite or passes via lymphatics 
to draining lymph nodes where initial infection occurs. 
Once E. chaffeensis attaches to and enters the mononu-
clear phagocyte, it accumulates in an endosomal vacuole 
that is arrested in maturation at the early endosome 
stage.36 The bacteria replicate within this vacuole to form 
an intracytoplasmic inclusion called a morula that is 
occasionally visualized in peripheral blood monocytes on 
Romanowsky-stained blood smears. The infected cells 
undergo substantial alterations in function that presum-
ably diminish innate and adaptive immune recognition 
and response; however, cells that manage to ingest E. 
chaffeensis via opsonophagocytosis generate consider-
able proinfl ammatory cytokine responses that could drive 
the underlying infl ammatory cell infi ltration and tissue 
necrosis observed in some cases.2,37 This response 
does not occur via typical lipopolysaccharide or 
peptidoglycan-mediated Toll-like receptor signaling 
because E. chaffeensis, like other Anaplasmataceae, lacks 
biosynthetic pathways for both of these bacterial compo-
nents.38 The majority of clinical infections present with 
fever and myalgias accompanied by thrombocytopenia, 
leukopenia, anemia, and evidence of mild to moderate 
hepatic injury supported by elevated liver transaminase 
activities in serum.2,35

Although E. chaffeensis has no known predilection for 
the respiratory system, when circulating mononuclear 
phagocytes become activated for proinfl ammatory func-
tion during passage through the pulmonary microvascu-
lature, the result would be increased vascular permeability 
and infl ammatory cell infi ltration of the interstitial 
spaces—the typical interstitial pneumonitis observed 
with HME in severe cases.6,39,40 Infection can precede 
diffuse alveolar damage (Figure 38.3), even in the absence 
of large numbers of bacteria and a vigorous infl ammatory 
cell infi ltrate. In advanced stages, lung involvement can 
appear as macrophage-rich intraalveolar infi ltrates, again 
absent substantial quantities of bacteria (Figure 38.4).6 
The clinical and histopathologic sequelae of lung involve-
ment can take days or weeks to resolve. This process 
often occurs in the context of systemic infl ammatory 
response with fulminant E. chaffeensis infections in 
patients with preexisting immune compromise such as 
with human immunodefi ciency virus and immune sup-
pression for organ transplantation or for autoimmune 
diseases.2,41,42 Very often the presentation is septic-like or 
toxic shock–like and includes a component of acute respi-
ratory distress syndrome.39,43,44 Despite clinical similari-
ties to RMSF and vasculitis, histopathologic investigations 
do not provide any support for vasculitis as a component 
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Figure 38.3. (A) Ehrlichia chaffeensis–induced interstitial 
pneumonitis accompanied by diffuse alveolar damage. (Hema-
toxylin and eosin; original magnifi cation, ×80.) (B) Ordinarily, 
E. chaffeensis is infrequently found, except in patients with 

underlying immunocompromise. (Ehrlichia chaffeensis immu-
nohistochemistry with hematoxylin counterstain; original 
magnifi cation, ×400.)

Figure 38.4. (A) Ehrlichia chaffeensis–induced macrophage-
rich alveolar infi ltrates and resolving diffuse alveolar damage 
in human monocytic ehrlichiosis. (Hematoxylin and eosin; origi-
nal magnifi cation, ×40.) (B) The tissue injury is usually greatly 

out of proportion to the bacterial load. (Ehrlichia chaffeensis 
immunohistochemistry with hematoxylin counterstain; original 
magnifi cation, ×80.)
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of HME.6,41 Although a rapid clinical response is often 
demonstrated even after 1 to 2 days of doxycycline treat-
ment, given the mononuclear phagocyte niche, it is diffi -
cult to explain pancytopenia and hepatic or pulmonary 
injury based on direct bacterial injury.2 Most data now 
support a role for E. chaffeensis triggering of host proin-
fl ammatory response as a major pathogenetic feature in 
HME.8,45

Early Events in the Ehrlichia–Mononuclear 
Phagocyte Interaction

During the initial encounter with a mononuclear phago-
cyte, E. chaffeensis binds to E- and L-selectins probably 
via the bacterial membrane glycoprotein gp120.46,47 Inter-
estingly, there are two morphologic forms of E. chaffeen-
sis, analogous to the situation with the Chlamydiae—a 
lower metabolic activity dense core form that expresses 
the gp120 adhesin and a more substantially metabolic 
reticulate form that expresses lower gp120 quantities and 
undergoes active binary fi ssion.47 The initial internaliza-
tion leads to interactions via glycosylphosphatidylinositol-
anchored proteins and caveolin in host cell membrane 
lipid rafts that is followed by intracellular calcium fl uxes 
and changes in tyrosine phosphorylation, activation of 
phospholipase Cγ2, and inositol 1,4,5-triphophate pro-
duction.48 The emerging parasitophorous vacuoles 
accumulate only early endosomal markers, including an 
increasing amount of transferrin receptor, a characteristic 
of recycling endosomes diverted from the phagosome–
lysosome fusion pathway.36 Likewise, E. chaffeensis–
infected THP-1 cells show downregulated transcription 
of RAB5A, SNAP23, and STX16, critical components of 
vesicular transport and fusogenic events.49

Intracellular entry also occurs in the absence of signifi -
cant proinfl ammatory cell activation and triggering.37 
Although pretreatment of macrophages with IFN-γ leads 
to restriction of ehrlichial growth, infection is associated 
with inhibition of IFN-γ–inducing pathways such as JAK/
STAT, and induction of important cytokines for matura-
tion of Th1 and immune responses, such as IL-12, IL-15, 
IL-18, Toll-like receptors 2 and 3, and CD14.48,49 The IFN-
γ–mediated restriction occurs via its action in reducing 
expression of transferrin receptors, thereby reducing 
accessible free iron for bacterial growth, because E. 
chaffeensis lacks effective siderophores.48 Similar to R. 
rickettsii, E. chaffeensis infection inhibits apoptosis of 
infected cells, presumably via its action on transcrip-
tion of cell cycle proteins and inhibition of NF-κB 
activation.48,49

Cellular and Tissue Injury

Cytolysis of cells infected by E. chaffeensis in vitro is the 
usual outcome. However, most in vivo examinations dem-

onstrate only meager quantities of bacteria, out of pro-
portion to the degree of histopathologic injury, cytopenias, 
and hepatic injury in nonfulminant cases.2 Because no 
good animal model of E. chaffeensis infection exists, data 
extrapolated from murine models of infection by related 
Ehrlichia species provides additional evidence that most 
tissue injury results from the induction of aberrant and 
dysfunctional immune responses.8 Humans infected with 
E. chaffeensis have a marked expansion of CD8 T lym-
phocytes in lymph nodes and presumably other tissues, 
and this feature is associated with a high frequency of 
hemophagocytic macrophages, suggesting activation of 
macrophages as a component of the pathogenesis.50 Simi-
larly, a dose- and route-dependent induction of CD8 T 
lymphocyte overproduction of TNF-α has been impli-
cated as a mechanism of severe tissue injury in murine 
models.8,45 Infection of TNF receptor–defi cient mice sub-
stantially abrogates manifestations of shock in murine 
models, yet depletion of TNF-α from mice does not alter 
shock manifestations.51 In contrast, at least one severe 
infection in a human occurred while receiving the TNF-α 
inhibitor etanercept, seeming to contradict the murine 
model data.52 Despite these advances, little investigation 
of the specifi c effectors of tissue injury, whether immuno-
logic or not, has been conducted.

Host Innate and Adaptive Immune 
Responses to Infection

Ehrlichia chaffeensis subverts many innate immune 
responses via interactions with nonopsonophagocytic 
macrophage receptors (L-selectin or E-Selectin) and by 
its early downregulation of infl ammation- and immune-
inducing signals, receptors, and signaling pathways.48,49 
Classic cellular immune pathways appear important for 
restriction of E. chaffeensis infection.53 In mice that ordi-
narily are not susceptible, infection persists when devoid 
of Toll-like receptor 4 and major histocompatibility 
complex II.54,55 Murine models of monocytic ehrlichiosis 
generally employ the related species Ehrlichia muris or 
an Ehrlichia species isolated from Ixodes ovatus ticks.8,56,57 
In this model, infection and severity are decreased with 
low infectious doses and intradermal inoculation, and 
resistance to challenge depends on CD4 but not CD8 T 
lymphocytes and requires IL-12, IFN-γ, and TNF-α but 
not IL-4.8,45,51,58 Likewise, intact adaptive immunity is 
critical because severe combined immunodefi ciency mice 
cannot resist infection.53,59 Despite the evidence that cel-
lular immunity, chiefl y Th1-polarized responses, are criti-
cal for control of Ehrlichia infections, a role for antibody 
has also been demonstrated with passive immunization 
using anti-E. chaffeensis or Ehrlichia monoclonal anti-
bodies or with infection of animals devoid of Fc receptors 
or effector pathways such as phagocyte oxidase (gp91phox 
knockout mice).53,57,60–62
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In the context of HME lung involvement, it is most 
likely that host immune response is a critical determinant 
of pathologic injury and outcome. The tissue injury that 
is disproportionate to bacterial load and the lack of 
any direct evidence of Ehrlichia-mediated cellular injury 
argue that the predominant pathologic force is an overly 
aggressive or misdirected host infl ammatory or immune 
response triggered by active infection.2,41,45,50 Why some 
infections are asymptomatic yet others are fatal is not 
understood, although studies with mouse models are 
yielding important clues regarding infectious load and 
genetic background.8,53,58 If pathologic injury is driven 
primarily by host response, the most prudent approach as 
a supplement to antimicrobial treatment involves strate-
gies to dampen overly aggressive production of proin-
fl ammatory cytokines or strategies that dampen vigorous 
Th1 responses culminating in excessive macrophage acti-
vation. That fulminant infection occurs with defects in T-
cell immunity dictates that this approach must be carefully 
evaluated and implemented with great caution.6,41,42,45,52 
Molecular tools that could interfere with Ehrlichia-
mediated host transcriptional changes or that interfere 
with Ehrlichia-initiated signal transduction events and 
apoptosis delay might provide adjunctive treatments, 
especially among immunocompromised patients with 
fulminant infections.2,49

Diagnosis

Approximately 20% of patients with HME demonstrate 
cough or other respiratory manifestations; however, sig-
nifi cant respiratory disease is relatively infrequent, pre-
senting as acute respiratory distress syndrome, and usually 
accompanied by other severe systemic manifestations 
such as multiorgan failure, a shock syndrome, and menin-
goencephalitis.2,41 Even at this late stage, a diagnosis may 
prevent and reverse adverse outcomes by prompting 
doxycycline treatment. Although examination of periph-
eral blood smears will identify bacterial inclusion vacu-
oles in circulating monocytes in less than 10% of cases, 
and antibodies will be present in a small minority of 
infected persons, approximately 60% or more will have 
E. chaffeensis DNA demonstrable in peripheral blood by 
PCR.2,52 Tissue examination by immunohistochemistry 
and in situ hybridization is useful in some cases, although 
these methods may lack sensitivity.63,64 Polymerase chain 
reaction has also been applied as a diagnostic tool for E. 
chaffeensis on tissues including lung, although no careful 
evaluation of this approach has been conducted.

Conclusion

Many current advances in understanding the mole-
cular pathogenesis of RMSF and HME have been facili-
tated by the availability and improved annotations of 

rickettsial genomes; however, these efforts continue to 
be undermined by the lack of effective gene ablation 
methods for these pathogens.5,65–67 In time even this 
research bottleneck will be circumvented, and rickettsial 
organisms will release their unique secrets for the molec-
ular and cellular perturbations that allow their intracel-
lular survival and pathogenicity.
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respiratory tract infection. Conditions that impair local 
defenses or systemic immunity facilitate invasion by 
microorganisms and allow otherwise less virulent micro-
organisms to establish infection.

Conditions of impaired local defenses include loss of 
the cough refl ex (due to coma, stroke or neuromuscular 
disorders, drugs, or chest pain), damage to the mucocili-
ary escalator (due to smoking, toxic inhalation, viral 
infection, or the immotile cilia syndrome), pulmonary 
congestion and disturbance of pulmonary alveolar mac-
rophage function (due to smoking, alcohol, hypoxia, con-
gestion or diabetes mellitus), and local obstruction (due 
to secretions or mass effect). In some instances, damage 
to the respiratory epithelium by a viral infection such as 
infl uenza facilitates a secondary superadded bacterial 
infection. Systemic predisposing conditions include 
extremes of age, congenital or acquired immunodefi -
ciency states, splenectomy or functional asplenia, and 
chronic diseases (chronic obstructive pulmonary disease 
[COPD], bronchiectasis, cystic fi brosis, heart failure, dia-
betes mellitus).4

Aspiration of gastric or oropharyngeal contents is a 
common precedent to the development of pneumonia in 
hospitalized or debilitated patients. This event introduces 
the fl ora colonizing the upper pharyngeal and respiratory 
epithelium into the lungs.

Pathology

Morphologically, bacterial pneumonia may lead to one of 
three gross anatomic patterns. Lobar pneumonia is a 
fi brinosuppurative consolidation of an entire lobe or of a 
large portion of the lobe of a lung. This is the typical 
pattern in pneumonia caused by Streptococcus pneu-
moniae. Bronchopneumonia is a patchy consolidation of 
multiple small areas of a lobe, many lobes, or both lungs. 
This is the pattern usually seen in pneumonia caused by 
Haemophilus infl uenzae or Moraxella catarrhalis. There 

Introduction

This chapter begins with a general description of the eti-
ology, pathogenesis, pathology, clinical features, and diag-
nosis of bacterial pneumonia. Specifi cs of pathogenesis, 
clinical features, antibiotic resistance, and diagnostic 
testing for the important bacterial causes of community-
acquired pneumonia are then discussed.

Bacterial Causes of Pneumonia

Bacteria are the most common group of microorganisms 
that cause pneumonia. Pneumonia can be classifi ed into 
several clinical subgroups, such as community-acquired 
pneumonia, health care–associated pneumonia, necrotiz-
ing pneumonia, and pneumonia in immunocompromised 
patients. The important bacterial causes of the different 
clinical syndromes of pneumonia are listed in Table 
39.1.

Burkholderia pseudomallei is an important bacterial 
cause of pneumonia in southeast Asia.1 Various occupa-
tional exposures lead to specifi c pneumonias. Exposure 
to cattle, sheep, or goats could lead to pneumonia caused 
by Coxiella burnetii (Q fever).2 Exposure to birds may 
lead to psittacosis, caused by Chlamydophila psittaci. 
Many of the important potential bioterrorism agents 
could also cause pneumonia.3

Pathogenesis of Pneumonia

Pneumonia results when inhaled, aspirated, or hematog-
enously deposited microorganisms overcome the host’s 
immune responses in the lung. The initial event in the 
pathogenesis of pneumonia is usually colonization of 
the upper nasopharyngeal or respiratory passages with 
the microorganism. In susceptible hosts, the bacteria then 
travel down the respiratory passages and establish lower 
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are all ranges of overlap between these two anatomic 
forms, and the same bacterium may produce different 
morphologic patterns in different patients.

The third morphologic pattern is an interstitial pneu-
monia. The predominant fi nding is interstitial infi ltration 
with infl ammatory cells and widening of the alveolar 
septae. There may be scattered areas of bronchopneu-
monic consolidation. This is the usual pattern in patients 
who present with atypical pneumonia, which is often 
caused by Mycoplasma pneumoniae or Chlamydophila 
pneumoniae, and it is also the predominant pattern seen 
in patients with viral pneumonia.4

Clinical Features

Community-acquired pneumonia may present as an acute 
illness or as an atypical pneumonia. The typical symptoms 
of acute pneumonia are fever, pleuritic chest pain, cough, 
and expectoration of purulent sputum. Physical fi ndings 
include splinting of the chest wall on the affected side 
along with signs of consolidation, which include increased 
vocal fremitus, dullness to percussion, and bronchial 
breath sounds with increased vocal resonance, aegoph-
ony, and whispering pectoriliquoy.5 Crackles on the 

affected side occur later. These classic symptoms and 
signs are usually seen in lobar pneumonia. Although the 
presentation of bronchopneumonia is also usually acute, 
physical fi ndings are usually less prominent. In these 
patients, the predominant fi nding is scattered areas with 
bronchial breath sounds or crackles. Patients suffering 
from atypical pneumonia often are not very ill at the time 
of presentation. There may be very few physical fi ndings. 
Because of the indolent presentation, this is also some-
times called walking pneumonia. In these patients chest 
radiographic fi ndings are more dramatic than the physi-
cal fi ndings.

Diagnosis

In patients without preexisting cardiac or pulmonary 
disease, making a clinical diagnosis of pneumonia is often 
straightforward and is based on clinical features and 
radiographic imaging. Unfortunately, there are no pathog-
nomonic clinical or radiographic features that allow a 
defi nitive etiologic diagnosis to be made for pneumonia 
caused by any specifi c microorganism. Every patient 
with suspected pneumonia should have a chest radio-
graphic study to confi rm the clinical diagnosis of pneu-
monia, but additional tests are required to determine 
the etiology. Etiologic diagnosis requires laboratory 
confi rmation.

The most rigorous studies have been successful in 
establishing an etiologic diagnosis of pneumonia only 
50% of the time.6 Laboratory diagnostic modalities 
include culture of sputum (or other respiratory samples) 
and blood, serology, antigen detection, and molecular 
diagnostic techniques such as detection using hybridiza-
tion probes and nucleic acid amplifi cation. Molecular 
diagnostic techniques are increasingly complementing 
traditional diagnostic modalities for the diagnosis of bac-
terial pneumonias and have revolutionized the diagnosis 
of infections for which culture was diffi cult and other 
modalities inadequate.

Molecular tests that look for all the signifi cant patho-
gens causing pneumonia are of more clinical value than 
tests that specifi cally target a single microorganism. A 
multiplex polymerase chain reaction (PCR) assay that 
successfully detected the presence of S. pneumoniae, 
H. infl uenzae, M. catarrhalis, and C. pneumoniae has 
recently been described.7 The use of real-time PCR for 
the diagnosis of pathogens causing lower respiratory 
tract infection increases the yield of pathogens identi-
fi ed but also increases cost; this, however, did not signifi -
cantly change antibiotic prescribing in one study.8 
Furthermore, culture of microorganisms is also usually 
required for determination of antimicrobial susceptibil-
ity. Although in some instances genetic markers of resis-
tance to antimicrobials have been described, the full 

Table 39.1. Important bacterial causes of pneumonia.

Community-acquired pneumonia
 Streptococcus pneumonie
 Haemophilus infl uenzae
 Moraxella catarrhalis
 Mycoplasma pneumoniae
 Chlamydophila pneumoniae
 Legionella pneumophila
 Bordetella pertussis 
 Staphylococcus aureus

Health care–associated pneumonia
 Staphylococcus aureus
  Enterobacteriaceae members (Escherichia coli, Klebsiella 

 pneumoniae, Serratia marcescens)
 Pseudomonas aeruginosa
 Oropharyngeal anaerobic fl ora (in cases of aspiration)

Necrotizing pneumonia and lung abscess
 Anaerobic oral fl ora exclusively, or mixed with other bacteria 
 Staphylococcus aureus
 Klebsiella pneumoniae
 Streptococcus pyogenes
 Streptococcus pneumoniae
 Nocardia spp.

Pneumonia in immunocompromised hosts
 Nocardia spp.
 Mycobacterium spp.
 Rhodococcus equi
 Bacteria that cause pneumonia in immunocompetent patients
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spectrum of genetic markers that confer resistance is 
not known. Therefore, molecular testing for resistance, 
in its current state, cannot replace conventional antimi-
crobial susceptibility testing. Clearly, the optimum use of 
molecular diagnostic techniques will evolve with techno-
logic advances and decreasing cost, and they can be 
expected to supplement current tests, not replace them 
entirely.

Streptococcus pneumoniae

Streptococcus pneumoniae is the most common cause of 
community-acquired pneumonia worldwide. It is restricted 
entirely to humans, there being no other known host or 
reservoir. It may be a commensal (i.e., part of the human 
normal microbiota) or a pathogen. Other serious infec-
tions that are commonly caused by this pathogen include 
sinusitis, otitis media, and meningitis.

Pathogenesis

Streptococcus pneumoniae is a part of the endogenous 
nasopharyngeal fl ora in 20% of healthy individuals. Some 
studies have shown carriage rates as high as 70% in chil-
dren. Colonization is necessary for subsequent infection 
but does not always lead to infection.

For pneumonia to develop, bacteria travel down the 
respiratory passages, successfully avoid clearance by the 
mucociliary apparatus, and gain access to the alveolar 
epithelium and multiply in the alveolar spaces. Comple-
ment is activated, cytokine production is upregulated, 
and exudative fl uid accumulates in the alveolar septae 
and the alveolar spaces. This can extend to uninvolved 
areas through the pores of Kohn. Filling of alveolar spaces 
by the infl ammatory fl uid constitutes consolidation and 
can be detected clinically and radiographically when it 
becomes more extensive.

Several virulence factors help the bacterium in success-
fully thwarting the host’s immune defenses.9 Attachment 
to nasopharyngeal cells is mediated by bacterial surface 
adhesins such as pneumococcal surface protein A, the 
major cell wall hydrolase, and choline binding protein A. 
The polysaccharide capsule protects the microorganism 
from phagocytosis by macrophages. Pneumococcal 
surface protein A is present in almost all pneumococci, 
and, in addition to mediating attachment, it also appears 
to protect the microorganism from the host complement 
system. Pneumolysin is present in all pneumococci, is 
released with bacterial lysis, and is cytotoxic to phago-
cytic and respiratory epithelial cells. It also induces infl am-
mation by activating complement and inducing the 
production of infl ammatory cytokines. Both of these 
actions contribute to tissue damage in pneumococcal 
pneumonia.

Clinical Features

Streptococcus pneumoniae is the most common cause of 
community-acquired pneumonia. Persons at the extremes 
of age, patients who have had a splenectomy or have 
functional asplenia, persons with primary or acquired 
hypogammaglobulinemia, and people with acquired 
immunodefi ciency syndrome are at increased risk of 
invasive pneumococcal infection. Patients with S. pneu-
moniae pneumonia present with an acute febrile illness 
associated with chest pain and cough with expectoration. 
They may produce rust-colored or blood-tinged sputum. 
Physical fi ndings of consolidation are often present. The 
typical chest radiographic fi nding is a lobar infi ltrate, but 
patchy infi ltrates may also be seen. Pleural effusion 
may also occur. Complications include development of 
empyema, pericarditis, and meningitis.

Antimicrobial Resistance

During the past three decades pneumococci have become 
increasingly more resistant to many antimicrobials to 
which they had previously been susceptible.10 Resistance 
to fl uoroquinolones and trimethoprim-sulfamethoxazole 
result from mutations within the bacterial genome, 
whereas resistance to other agents are usually from 
importation of foreign genetic material.11 Resistance to 
β-lactam antibiotics is due to modifi cation of genes encod-
ing penicillin-binding proteins (PBPs), which are surface 
enzymes that are important for the synthesis of peptido-
glycan. The products of these modifi ed genes are altered 
PBPs that have decreased affi nity for penicillin. Many of 
the altered PBPs that encode penicillin resistance also 
render the bacteria resistant to third-generation cephalo-
sporins such as ceftriaxone and cefotaxime. The two 
major mechanisms of macrolide resistance are inhibition 
of binding and drug effl ux. The ermB gene product causes 
methylation of a base in the 23S ribosomal subunit, which 
results in inhibition of macrolide binding and subsequent 
high-level resistance. The mefA and mefE genes, in con-
trast, encode for macrolide effl ux pumps. Their presence 
results in a lower degree of resistance that might be over-
come with higher concentrations of drug. Fluoroquino-
lone resistance is due to stepwise chromosomal mutations 
in the parC gene encoding DNA topoisomerase IV and 
in the gyrA gene encoding DNA gyrase.

Diagnostic Testing

The diagnosis of pneumonia caused by S. pneumoniae is 
most readily made by sputum Gram stain. The character-
istic appearance on Gram stain is elongated Gram-
positive cocci in pairs (lanceolate diplococci). However, 
the microorganism is detected by sputum Gram stain in 
the minority of patients. Sputum culture increases the 
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sensitivity, but the specifi city is limited because this bacte-
rium normally colonizes the nasopharynx. Blood cultures 
may provide an etiologic diagnosis, but only one third of 
blood cultures taken during the fi rst 4 days after onset of 
symptoms are positive for S. pneumoniae.12 Urine antigen 
tests have sensitivities around 80% and specifi cities that 
range from 77% to 97%. Urine antigen tests cannot dif-
ferentiate between infection and nasopharyngeal coloni-
zation and are particularly less useful for children because 
of the high rate of nasopharyngeal colonization.

Molecular tests based on nucleic acid amplifi cation by 
PCR for detection of S. pneumoniae have been studied. 
Genes that have been targeted for detection include the 
DNA polymerase gene, the pneumolysin gene (ply), the 
autolysin gene (lytA), penicillin binding protein genes 
pbp2a and pbp2b, and the pneumococcal surface protein 
A gene (pspA). Polymerase chain reaction is more 
sensitive than sputum culture for the detection of S. 
pneumoniae.13 However, PCR does not differentiate 
between colonization and infection.

Haemophilus infl uenzae

Haemophilus infl uenzae is an important cause of pneu-
monia in adults. Humans are the only known host for H. 
infl uenzae. Other important illnesses caused by H. infl u-
enzae include meningitis, otitis media, sinusitis, epiglotti-
tis, and facial cellulitis. With widespread Haemophilus 
infl uenzae type b vaccination, most disease seen in areas 
with adequate vaccination is not due to this strain.

Pathogenesis

Respiratory colonization with H. infl uenzae is very 
common. Infection is acquired through airborne droplets 
or direct contact with secretions. Several adhesins mediate 
attachment to the host epithelium.14 After colonization, 
in susceptible hosts, bacteria travel to the lower respira-
tory passages to cause pneumonia. Haemophilus infl uen-
zae type b is able to gain access to the bloodstream and 
causes invasive disease, a virulence that is not seen with 
nonencapsulated H. infl uenzae. The capsular polysaccha-
ride of encapsulated microorganisms protects the micro-
organisms from the host’s defenses when they invade the 
body. The lower respiratory tract of patients with COPD 
is chronically colonized by nontypeable H. infl uenzae. 
Acquisition of new strains is an important cause of acute 
exacerbations of COPD.15

Clinical Features

The symptoms are indistinguishable from those caused 
by other bacteria causing acute pneumonia. Physical fi nd-
ings of consolidation are often not obvious at the time of 

presentation. Chest radiograph reveals a patchy or lobar 
distribution of infi ltrates.

Antimicrobial Resistance

Up to one third or more of H. infl uenzae isolates are 
resistant to ampicillin.16 These isolates are usually resis-
tant to most other β-lactam antibiotics also. In the 
majority of cases resistance is due to production 
of plasmid-encoded β-lactamases.17 Resistance can be 
overcome by the use of β-lactam/β-lactamase inhibitor 
combinations. Estimates of resistance to clarithromycin 
have ranged from 2% to 23% in large studies. Azithro-
mycin is more active than clarithromycin. One large study 
found 14% of isolates to be resistant to trimethoprim-
sulfamethoxazole.18 Resistance is due to different muta-
tions affecting enzymes of the folate biosynthesis 
system.19

Diagnostic Testing

Sputum (or other respiratory sample obtained more 
aggressively) and blood are the specimens most likely to 
yield a diagnosis. Sputum Gram stain may reveal the 
presence of small, pleomorphic Gram-negative coccoba-
cilli. Because of their small size, H. infl uenzae may easily 
be missed on Gram-stained smears. Successful culture 
requires the use of media, (e.g., chocolate agar) that 
provide the growth factors hemin (factor X) and nicotin-
amide adenosine dinucleotide (factor V). A DNA probe 
based on recognition of specifi c 16S rRNA sequences for 
the identifi cation of H. infl uenzae once the microorgan-
ism grows in culture is commercially available (Accu-
probe, Gen-Probe Inc., San Diego, CA). This test is simple, 
rapid, and compares favorably with conventional tests of 
identifi cation for the bacterium.20 Polymerase chain reac-
tion assays can also accurately detect the presence of H. 
infl uenzae in respiratory specimens, but the specifi city of 
such assays suffers because disease cannot be readily 
differentiated from colonization.21

Moraxella catarrhalis

Moraxella catarrhalis is an important cause of upper and 
lower respiratory tract infections. Other important infec-
tions caused by this microorganism are otitis media and 
sinusitis.

Pathogenesis

About 1%–5% of healthy adults are colonized with 
M. catarrhalis. The rate of colonization is much higher in 
children than in adults. Adults with chronic lung diseases 
such as COPD and bronchiectasis have higher rates of 
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colonization. For pneumonia to occur, the microorganism 
must spread to the lower respiratory tract. The mecha-
nisms underlying this spread are not entirely clear. Viru-
lence of the colonizing microorganism may be one factor, 
as studies suggest that some strains are more virulent 
than others.22 Virulence factors include various outer 
membrane proteins that mediate attachment and protec-
tion from host bactericidal agents.23

Clinical Features

Moraxella catarrhalis is an important cause of pneumonia 
in elderly patients. Most of such patients have underlying 
chronic lung or heart conditions, especially COPD and 
congestive heart failure. It is also an important cause of 
acute exacerbations in patients with COPD.

Antimicrobial Resistance

Production of β-lactamases by M. catarrhalis was fi rst 
described in 1976, and now more than 90% of strains 
produce β-lactamases.24 These β-lactamases are chromo-
somally encoded. There are two major β-lactamases 
produced by M. catarrhalis. These have been designated 
BRO-1 and BRO-2.25 These enzymes are unique to M. 
catarrhalis, and their origin is not clear. Strains producing 
these enzymes remain susceptible to ceftriaxone. 
About 10% of isolates are resistant to trimethoprim-
sulfamethoxazole.18 Resistance to trimethoprim-
sulfamethoxazole is due to different mutations that affect 
different steps of the folate biosynthesis system.19 
Moraxella catarrhalis remains susceptible to the other 
commonly used antibiotics for treating respiratory 
tract infections, such as macrolides and respiratory 
quinolones.

Diagnostic Testing

Sputum (or other more aggressively obtained respiratory 
sample) is the best clinical sample for establishing an 
etiologic diagnosis of pneumonia caused by M. catarrha-
lis. Gram stain may reveal large numbers of extracellular 
Gram-negative diplococci. Moraxella catarrhalis grows 
well on blood and chocolate agars. Specifi c tests are nec-
essary to distinguish the microorganism from Neisseria 
species, which may be part of the colonizing fl ora in the 
upper respiratory tract. Moraxella catarrhalis can also 
been detected by PCR with high sensitivity and 
specifi city.26

Legionella pneumophila

Legionella pneumophila is the causative agent of Legion-
naires’ disease, a severe pneumonia, and Pontiac fever, a 

milder febrile illness. It is implicated in 0.5%–6% of cases 
of community-acquired pneumonia.27 Legionellae are 
distributed worldwide in natural and artifi cal water 
systems.28 They are intracellular parasites of freshwater 
protozoa, where they are able to obtain their nutritional 
requirements. Warm aquatic environments provide legio-
nellae with a growth advantage over many other environ-
mental bacteria. They also thrive in biofi lms.29

Pathogenesis

Legionella pneumophila is ubiquitous in the environ-
ment. Some strains are virulent enough to produce disease 
in immunocompetent individuals. More than 70% of 
Legionnaires’ disease cases are caused by serogroup 1. 
For infection to occur, virulent strains become aerosol-
ized and enter the lungs of a susceptible host. The bacte-
ria reach the lungs via inhalation of infective aerosols or 
microaspiration of bacteria. Infection with the microor-
ganism may lead to a self-limiting infl uenza-like illness 
known as Pontiac fever or to pneumonia known as Legion-
naires’ disease.

Legionella pneumophila has several virulence factors 
that aid its survival within the host.30 A lipid-modifying 
enzyme affords protection against cationic antimicrobial 
peptides, catalase peroxidase protects the bacterium from 
catalase, and the copper-zinc superoxide dismutase pro-
tects the bacterium from toxic superoxide anions. Attach-
ment and entry into mammalian cells are mediated by 
type IV pili, fl agella, and heat shock protein 60. The mac-
rophage infectivity potentiator protein is important for 
initiation of intracellular infection. Intracellularly legio-
nellae reside within unique phagosomes where they are 
protected from the host’s immune system. The type IV 
secretion system of L. pneumophila inhibits phagosome–
lysosome fusion. Proteins of the type II secretion 
system are important for intracellular growth of L. 
pneumophila.

Clinical Features

The incubation period for Legionnaires’ disease is 
between 2 and 10 days. The clinical presentation is indis-
tinguishable from that of pneumococcal pneumonia. 
Localizing symptoms may be preceded by a prodromal 
illness lasting several days. The majority of patients have 
fever, cough, and dyspnea at presentation. Some patients 
have severe headache. Physical examination usually 
reveals areas of scattered bronchial breath sounds or 
crackles, fi ndings indicating patchy consolidation. Radio-
graphically, segmental to lobar infi ltrates are seen. These 
correspond to multiple areas of consolidation. In immu-
nocompromised patients, pulmonary nodules may be 
seen. Cavitation may occur in about 10% of immunocom-
promised patients.
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Antimicrobial Resistance

Legionella pneumophila is an intracellular organism. 
Hence it is intrinsically resistant to drugs that do not 
work in an intracellular environment, such as β-lactam 
antibiotics, aminoglycosides, and chloramphenicol. 
Azithromycin, the newer quinolones, and ketolides are 
more effective than erythromycin, clarithromycin, and 
doxycyline.31

Diagnostic Testing

Available methods for detection include culture, urinary 
antigen detection, serology, direct fl uorescence antibody 
(DFA) staining, and PCR. The fi rst two are the most 
easily available. The microorganism is fastidious and 
requires special culture conditions for growth. Culture on 
selective media requires 3–7 days for growth. The sensi-
tivity of culture is 50%–60%.32 Urinary antigen detection 
tests targeting L. pneumophila serogroup 1 have sensiti-
vities ranging from 56% to 90% and specifi cities of 
99%.32

Legionella pneumophila can also be detected by PCR 
of respiratory samples with high sensitivity and specifi c-
ity.33 Genetic targets for nucleic acid amplifi cation assays 
have included the 5S rRNA gene, the mip gene, and the 
16S rRNA gene.

Chlamydophila pneumoniae

Chlamydiae are obligate intracellular bacteria character-
ized by a biphasic life cycle consisting of an elementary 
body and a reticulate body. The elementary body is the 
infectious form and is adapted for survival outside the 
host cell. After internalization by receptor-mediated 
endocytosis, the elementary body differentiates into the 
reticulate body. The reticulate body divides by binary 
fi ssion leading to the formation of a microcolony, which 
is visible by light microscopy and referred to as a chla-
mydia inclusion body. After growth and division, the 
products of the reticulate body condense to form infec-
tious elementary bodies.

Chlamydophila (formerly Chlamydia) pneumoniae 
accounts for up to 10% of cases of patients hospitalized 
with pneumonia.34 Chlamydophila pneumoniae is also an 
important cause of upper respiratory infections and bron-
chitis. Chlamydophila pneumoniae has also been associ-
ated with the development of adult-onset asthma. It is 
known to be one of the agents responsible for exacerba-
tion of COPD. Infection with C. pneumoniae was shown 
to be associated with the occurrence of coronary artery 
disease in 1988. Since then, a large body of evidence has 
accumulated examining this association, with some studies 
supporting the association and others refuting it.

Pathogenesis

Asymptomatic carriage of C. pneumoniae occurs in about 
5% of children.35 In susceptible hosts, colonization is 
followed by infection. In animal studies infection with 
C. pneumoniae leads to patchy infl ammatory infi ltrates 
interspersed among areas of normal histology.36

Clinical Features

In symptomatic patients, the incubation period is about 
21 days. It often causes an atypical pneumonia. Symptoms 
and signs of upper respiratory infection are nonspecifi c 
and include rhinitis, sore throat, and hoarseness. Patients 
who develop pneumonia often have a biphasic illness in 
which the upper respiratory symptoms subside and are 
followed days to weeks later with cough. Most patients 
with C. pneumoniae pneumonia are not very ill. Hoarse-
ness of voice is a common accompanying condition. 
Symptoms usually develop gradually and tend to have a 
prolonged course despite appropriate treatment. Chest 
radiographs are nonspecifi c and may include segmental 
or subsegmental infi ltrates, lobar or sublobar consolida-
tion, interstitial infi ltrates, multilobar infi ltrates, hilar 
adenopathy, and pleural effusions.37 Extrapulmonary syn-
dromes that have been associated with C. pneumoniae 
include meningoencephalitis, Guillain-Barré syndrome, 
and endocarditis.

Antimicrobial Resistance

Chlamydophila pneumoniae is an intracellular pathogen. 
Thus β-lactam antibiotics and the sulfa drugs are not 
effective. Macrolides, quinolones, and doxycycline that 
achieve high concentrations intracellularly are all effec-
tive. No clinically signifi cant acquired antimicrobial resis-
tance has been recognized.

Diagnostic Testing

Cultures are not sensitive. Serologic tests are diffi cult to 
interpret; these have low sensitivity if only IgM is tested 
and require acute and convalescent sera tested together 
when IgG is tested. To make a diagnosis on the basis of 
serology either a fourfold rise in IgG titer or a single IgM 
titer ≥1 : 16 using a microimmunofl uorescence test must 
be demonstrated.38 Nucleic acid amplifi cation tests are 
probably the most sensitive for the diagnosis of C. pneu-
moniae, but in the absence of a gold standard it is diffi cult 
to standardize these tests. Thus, the reported sensitivities 
have ranged from 33% to 76.5%.

Several PCR-based C. pneumoniae assays have been 
developed, but their sensitivities and specifi cities are 
largely unknown. In general, PCR is at least as sensitive 
as culture, but specifi city is an issue because of the inabil-
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ity to differentiate between colonization and infection 
especially with upper respiratory samples.13 An expert 
panel convened by the Centers for Disease Control and 
Prevention to address the interpretation of diagnostic 
test results for C. pneumoniae has provided recom-
mendations that should help in improving diagnostic 
specifi city.38 Chlamydophila pneumoniae can also be 
readily detected in tissue specimens, when available, 
by immunofl uorescence, in situ hybridization, and 
immunohistochemistry.

Mycoplasma pneumoniae

Mycoplasmas are the smallest organisms that are capable 
of a cell-free existence.39 They are characterized by the 
permanent lack of a cell wall, thus distinguishing them 
from the L forms of bacteria that temporarily lack a cell 
wall under certain environmental conditions. Among 
the mycoplasmas, Mycoplasma pneumoniae is the only 
important cause of pneumonia.

Pathogenesis

Mycoplasma pneumoniae lives exclusively in close asso-
ciation with the respiratory mucosa of humans. The 
microorganism has a specialized attachment structure 
that facilitates the attachment of the microorganism to 
the host epithelial cell. The P1 adhesin is concentrated in 
the attachment tip and plays a major role in the interac-
tion between the microorganism and the host cell.40 
Whether the microorganism invades the host cell and 
replicates intracellularly is not known at this time. Myco-
plasma pneumoniae is not known to produce any exo-
toxin. It is able to produce hydrogen peroxide, and this 
molecule along with toxic oxygen radicals produced by 
the host infl ammatory response lead to damage to the 
respiratory epithelium, including loss of cilia and ulti-
mately exfoliation.41 This exfoliation is responsible for 
the persistent, hacking cough that is associated with infec-
tion with this microorganism.

Mycoplasma pneumoniae can be detected in the 
airways of patients with chronic stable asthma more fre-
quently than of controls. Acute pneumonia caused by M. 
pneumoniae has been shown to be followed by pulmo-
nary function abnormalities for months. These fi ndings 
suggest that M. pneumoniae may have a role in the patho-
genesis of asthma. Infection with M. pneumoniae has also 
been associated with acute exacerbations in patients with 
COPD.

Some of the extrapulmonary manifestations of M. 
pneumoniae infection are thought to be autoimmune 
phenomena. However, the microorganism has been iso-
lated from extrapulmonary lesions, suggesting a direct 
pathogenic effect.42,43

Clinical Features

Most M. pneumoniae infections lead to subclinical illness. 
When symptomatic, the incubation period is 2–3 weeks,44 
and the majority of those affl icted have a mild illness. 
Infection with M. pneumoniae may lead to tracheobron-
chitis, bronchiolitis, pharyngitis, croup, and pneumonia. 
Mycoplasma pneumoniae pneumonia occurs mostly in 
children and young adults. The typical symptoms of 
patients with pneumonia are fever, malaise, headache, 
and cough. Symptoms gradually worsen over 1–2 days but 
most illness appears to be mild in the majority of patients. 
Physical fi ndings may be minimal, and chest radiographic 
fi ndings are out of proportion to them. Some, especially 
the elderly, may develop severe illness.

Many extrapulmonary manifestations have been 
described with M. pneumoniae infection. These include 
Stevens-Johnson syndrome, meningoencephalitis, 
ascending paralysis, transverse myelitis, Guillain-Barré 
syndrome, pericarditis, and arthritis. After infection, the 
microorganism may persist for several months in the 
respiratory tract. In patients with hypogammaglobu-
linemia, the microorganism may persist in the respiratory 
tract for years.45

Antimicrobial Resistance

Mycoplasma pneumoniae is inhibited by tetracyclines, 
macrolides, fl uoroquinolones, and ketolides.46 Macrolides 
and tetracyclines are primarily bacteriostatic, but fl uoro-
quinolones have been shown to be bactericidal. Because 
of the lack of a cell wall, cell wall–active antimicrobials 
such as β-lactam antibiotics are ineffective against M. 
pneumoniae. Sulfonamides, trimethoprim, and rifampin 
are also ineffective. Clinically signifi cant antimicrobial 
resistance of M. pneumoniae to any drug class is not 
known, although tetracycline resistance has been well 
documented in Mycoplasma hominis and Ureaplasma 
species, mediated by the presence of the tetM 
determinant.47

Diagnostic Testing

Because of their lack of a cell wall, mycoplasmas are not 
stained by Gram stain. Culture for Mycoplasma is expen-
sive, time consuming, and labor intensive. Because of 
their small size and the limited genetic material, myco-
plasma need many exogenous nutrients to survive or 
grow in culture. Growth on special media takes 4 days to 
several weeks. It is far less sensitive than PCR.48 Culture 
is thus not recommended for routine diagnosis. Until 
recently, serology was the most reliable way of making a 
diagnosis of M. pneumoniae infection. Most modern 
serology assays are ELISA based. These tests are more 
specifi c than the previous complement fi xation tests and 
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are able to detect IgM and IgG antibodies. A serologic 
diagnosis of Mycoplasma pneumonia requires either an 
elevated IgM level or a fourfold rise in IgG antibody titer. 
Rapid antigen detection tests are far simpler to perform 
but are limited by cross-reactivity with other mycoplas-
mas and lower sensitivity compared with PCR.49

DNA hybridization probes have about the same diag-
nostic sensitivity as antigen detection tests.50 Nucleic 
acid amplifi cation has emerged as the most sensitive 
method for the detection of M. pneumoniae.13 Polymer-
ase chain reaction has several advantages, including 
rapidity, need for only one specimen, becoming posi-
tive earlier than serology, and not requiring viable 
microorganisms.

Bordetella pertussis

Bordetella pertussis is a small coccobacillary microor-
ganism. It is the cause of pertussis or whooping cough. 
It is a strict human pathogen, although it can experi-
mentally be made to infect other animals. It causes 
illness in all persons who have not been previously 
infected or immunized. Pertussis was classically a disease 
of infants and children. Reported cases of pertussis have 
been increasing over the past decade, and a greater pro-
portion of cases are now being reported in adolescents 
and adults.51 Pertussis is very much underreported, 
because most illnesses are mild and do not come to clin-
ical attention, illness is frequently not recognized 
because of the misconception that pertussis is a child-
hood disease, and lack of adequate diagnostic facilities 
preclude making a diagnosis even when considered by 
the clinician.

Pathogenesis

Pertussis is a contagious disease. Infection is spread 
person to person via infected droplets.52 The microorgan-
isms invade and destroy the ciliated epithelial cells lining 
the trachea, bronchi, and bronchioles. A lymphoid hyper-
plasia of the peribronchial and tracheobronchial lymph 
nodes occurs. Necrosis of the surface epithelial cells 
follows, and desquamation may occur. Numerous small 
areas of atelectasis occur, and most patients with fatal 
cases of pertussis have bronchopneumonia.53

Important virulence factors are adhesins and toxins.54 
Filamentous hemagglutinin is the major adhesion. This 
helps the microorganism bind to various cells and extra-
cellular structures in the respiratory epithelium. Two 
important toxins are tracheal cytotoxin and pertussis 
toxin. Tracheal cytotoxin destroys ciliated epithelial cells. 
The pertussis toxin is a complex protein consisting of fi ve 
subunits, S1–S5. It is responsible for inducing lymphocy-
tosis, but its target tissue has not yet been recognized.

Clinical Features

The classic form of pertussis presents with a paroxysmal 
cough, posttussive vomiting, inspiratory whoop, and 
prolonged cough. This is a severe and potentially life-
threatening disease. This form occurs in infants and is 
infrequently seen in places with adequate childhood vac-
cination. In adolescents and adults most cases of pertussis 
are mild illnesses.55 Adults with prior immunization have 
mild illness and in some cases may be asymptomatic. 
When symptomatic, the important clinical feature is 
prolonged cough.

Antimicrobial Resistance

Erythromycin has been the mainstay of treatment for 
pertussis. The newer macrolides clarithromycin and 
azithromycin are also effective, as is trimethoprim-
sulfamethoxazole. Reports of erythromycin resistance 
are very rare.53

Diagnostic Testing

Available diagnostic methods include culture, direct 
antigen detection (DFA testing), serology, and PCR. For 
culture, nasopharyngeal cultures must be obtained using 
calcium alginate or Dacron swabs because cotton and 
rayon contain fatty acids that are toxic to B. pertussis. 
The specimen must be transported in appropriate trans-
port media and plated on appropriate enrichment media. 
From a practical standpoint, it may be diffi cult to have 
all these in place for the diagnosis of one type of 
microorganism.

The mainstay of serologic diagnosis now is ELISA 
using specifi c B. pertussis proteins as antigens. The biggest 
drawback to serologic diagnosis is that by the time the 
diagnosis is considered it is often already too late to 
obtain an acute phase sample. The serologic response will 
have already peaked, and no difference will be observed 
between the sample and a subsequent one. The DFA test, 
although easy to perform, lacks sensitivity because it does 
not involve amplifi cation and lacks specifi city because of 
cross-reactions with normal nasopharyngeal fl ora.56 Poly-
merase chain reaction, which is more sensitive than 
culture and DFA, is now the gold standard for direct 
detection.57

Staphylococcus aureus

Staphylococcus aureus has been recognized to be an 
important cause of secondary bacterial pneumonia after 
an episode of viral pneumonia and has been thought to 
be responsible for signifi cant morbidity and mortality 
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during infl uenza pandemics. It is also an important cause 
of health care–associated pneumonia, and many of these 
infections are caused by methicillin-resistant S. aureus 
(MRSA). Until recently community-associated strains of 
S. aureus have usually been methicillin-susceptible. In 
recent years, community-associated methicillin-resistant 
S. aureus (CA-MRSA) has increasingly been recognized 
as a cause of severe community-acquired pneumonia and 
skin and skin structure infections.58

Pathogenesis

Staphylococcus aureus can reach the lungs by inhalation, 
aspiration, or hematogenous spread from a distant focus. 
Community-associated MRSA causes a necrotizing type 
of pneumonia with extensive tissue damage. Panton-
Valentine leukocidin (PVL) appears to be an important 
virulence factor contributing to the pathogenesis of nec-
rotizing S. aureus pneumonia.59 Most strains of CA-
MRSA that cause severe pneumonia produce PVL. Cases 
of severe pneumonia caused by PVL-producing strains of 
methicillin-susceptible S. aureus have also been reported, 
again suggesting that PVL is an important virulence 
factor.

Clinical Features

Pneumonia caused by CA-MRSA is rapidly progressive. 
It is often associated with high fever, purulent expectora-
tion, hemoptysis, respiratory failure, and shock. Most 
people who develop pneumonia caused by CA-MRSA 
have been previously healthy.

Antimicrobial Resistance

Community-associated MRSA strains are by defi nition 
resistant to methicillin. In contrast to hospital-associated 
strains, these strains are usually susceptible to many other 
antibiotics to which the former are resistant.60 The mecA 
gene is an acquired gene that is the major determinant of 
methicillin resistance. It is carried on a mobile genetic 
element, the staphylococcal chromosomal cassette mec 
(SCCmec). There are at least four different types of 
SCCmec. Community-associated MRSA carries SCCmec 
type IV, which is smaller and does not carry other resis-
tance determinants that are found in the SCCmec types 
I–III that are present in hospital-associated strains.61

Diagnostic Testing

Staphylococcus aureus can be detected by Gram stain of 
respiratory samples. It grows readily in sputum and blood 
cultures, and routine laboratory testing allows easy rec-
ognition of methicillin resistance. Methicillin resistance 
can also be determined by PCR for the mecA gene, and 

this method is being increasingly used for detection of 
methicillin resistance. Rapid tests for identifi cation 
of MRSA are also available. Identifi cation as a CA-
MRSA requires determination of the specifi c SCCmec 
type by PCR. Presence of PVL can also be determined 
by PCR.

Agents with Bioterrorism Potential

A new concern with respect to causative agents of pneu-
monia is bioterrorism. The agents that are considered 
likely to have the most devastating impact if used as 
agents for bioterrorist attacks have been classifi ed as 
class A agents. The bacteria that are capable of causing 
pneumonia in this class are Bacillus anthracis, Yersinia 
pestis, and Francisella tularensis.3 Other agents that 
have been identifi ed as potential agents for bioterrorism 
have been classifi ed as class B agents. The bacteria in this 
class that can cause pneumonia are Coxiella burnetii, 
Brucella spp., Burkholderia mallei, Burkholderia 
pseudomallei, Rickettsia prowazekii, and Chlamydophila 
psittaci.3

Pathogenesis

Inhalational anthrax almost always indicates bioter-
rorism. Pneumonia caused by the other agents may be 
natural or a result of bioterrorism. Pneumonia from these 
agents in the context of bioterrorism will result from the 
intentional release of the viable pathogenic agent in an 
aerosolized form. The bacteria will be released with the 
intent that they gain access to the respiratory tract via 
inhalation, overcome the host’s immune response, and 
produce a respiratory tract infection. Infection with Bacil-
lus anthracis leads to hemorrhagic mediastinal adenopa-
thy, hemorrhagic pleural effusions, and bacteremia.62 
Infections with the other agents lead to multilobar 
pneumonia.63

Clinical Features

Being able to recognize an illness as inhalational anthrax 
rather than community-acquired pneumonia would 
promptly initiate an investigation, and the sooner this 
could be initiated, the more lives would be saved. Inha-
lational anthrax has a median incubation period of 4 days 
and begins with nonspecifi c symptoms referable to the 
respiratory and gastrointestinal tracts. A wide media-
stinum on chest radiograph, hyperdense mediastinal 
nodes on chest computed tomography scan, and bloody 
pleural effusions are highly characteristic of inhalational 
anthrax.62 Pneumonia caused by one of the other poten-
tial bioterrorism agents would not have any pathogno-
monic clinical features that would point toward the 
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diagnosis. Such infections will likely be recognized early 
in the setting of a recognized outbreak but will otherwise 
only be likely to be recognized when microbiologic tests 
turn up the offending agent.

Antimicrobial Resistance

A valid concern with bioterrorism is the possibility that 
the agent used may be genetically engineered to be resis-
tant to the drugs that would ordinarily be prescribed to 
treat the infection. It has been reported that genetically 
engineered antibiotic-resistant biologic agents had been 
developed in the former Soviet Union.64 In the event of 
a bioterrorism event, it will be important to perform anti-
biotic susceptibility tests without delay.

Diagnostic Testing

Public health offi cials are acutely aware of the impor-
tance of rapid and accurate detection of agents of bioter-
rorism. Currently available tests are based on biochemical, 
immunologic, bioluminescence, and nucleic acid am-
plifi cation procedures.65 Other innovative technologies 
are being developed. No test or platform is going to be 
perfect, but the focus should be on developing those that 
are rapid, highly sensitive and specifi c, and able to simul-
taneously detect several different agents.
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40
Immunopathology of Tuberculosis

Jeffrey K. Actor, Robert L. Hunter, Jr., and Chinnaswamy Jagannath

Primary and Secondary 
Tuberculosis Pathology
The different human responses to clinical isolates mani-
fest as a broad range of pathologic states in humans. 
Many people remain asymptomatic throughout life, har-
boring latent organisms, whereas others die of rapidly 
progressing disease. Latent organisms usually reactivate 
in the lung but may selectively attack kidney, bone, brain, 
or other organs, or they may disseminate widely in a 
miliary fashion.5 Infections can be controlled, but seldom 
eradicated, by immunologic mechanisms requiring T 
lymphocytes.6 The “cycle” of infection is outlined in 
Figure 40.1. Mycobacterium tuberculosis produces two 
major forms of disease (primary and secondary–postpri-
mary manifestation) that arise via different pathologic 
processes.7–9

Primary infection initiates within the lungs following 
the fi rst exposure to infection when M-TB are inhaled. 
The infection spreads via lymphatics and may involve 
multiple sites. In the majority of cases within immuno-
competent hosts, infection is controlled and usually 
regresses, leaving behind little to no evidence of past 
encounter with organisms. Primary infection can produce 
progressive disease. Development of pathologic manifes-
tations can occur in which organism load increases and 
immune mechanisms dictate development of protective 
sequestration of organisms. Patients with primary tuber-
culosis may be quite ill, but they almost never transmit 
infection to others, because the organisms remain deep 
within tissue. In this scenario, the organisms rapidly 
spread from the lung to lymph nodes and then hematog-
enously throughout the body. The infection is typically 
arrested and the lesions heal in 10–12 weeks with the 
development of effective cell-mediated immunity. Com-
plications arise when immune function is impaired, or 

Introduction: Magnitude of Disease

Tuberculosis remains one of the world’s leading infec-
tious causes of death. According to the World Health 
Organization, the disease is currently spreading at the 
rate of one person per second. Tuberculosis is a conta-
gious bacterial disease primarily involving the lungs, 
which develops after inhalation of infected droplets 
released following a cough from someone infected with 
the Mycobacterium tuberculosis (M-TB) agent. One third 
of the world’s population is infected with M-TB, resulting 
annually in approximately 9 million new tuberculosis 
cases and approximately 2 million tuberculosis deaths. 
The virulence of the combination of tuberculosis 
and human immunodefi ciency virus and the rise of 
multidrug-resistant organisms are ominous develop-
ments. In response to the challenge of resurgent disease, 
numerous investigators are using the best tools of modern 
science to combat the disease. Nevertheless, there are 
surprising gaps in our knowledge of tuberculosis, espe-
cially secondary tuberculosis, the form that produces 
most clinical illness and nearly all transmissions of 
infection.

Mycobacterium tuberculosis is a facultative intracellu-
lar pathogen that replicates and survives inside mamma-
lian macrophage hosts. It is an acid-fast, Gram-positive 
aerobe that contains a unique cell wall with dominant 
mycolic acid constituents. The genome of M-TB is approx-
imately 4.41 Mb2 and can code for roughly 4,000 proteins.3 
It has an extremely slow growth rate (a doubling time of 
18 hr), perhaps contributed by a cell envelope that is rich 
in waxes and lipids, especially mycolic acids, which are 
covalently linked to arabinogalactans. Multiple clinical 
strains exist, distinguished primarily by genetic methods 
that identify copy numbers of unique insertion sequences 
(IS6110 chromosomal elements).4
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responses are delayed, in which case syndrome may prog-
ress to meningitis or other disseminated disease. The 
lesions arise when proliferative (sometimes called pro-
ductive) granulomas grow progressively in tissue to form 
discrete nodules or tubercles.7 In the lung, these granu-

lomas are located within alveolar septa and lung tissue. 
In primary tuberculosis, the alveolar spaces remain 
empty. The initial focal lesion is referred to as a Ghon 
complex, a subpleural lesion characterized by enlarged 
caseous lymph nodes stemming from draining pulmonary 
parenchyma. At this point, the patient is asymptomatic.

The granulomatous response is the characteristic his-
tologic feature of M-TB infection essential for organism 
containment and control of organism growth (Figure 
40.2). Both strong delayed type hypersensitivity response 
(DTH) and cell-mediated immunity are required for pro-
tection against active disease. Macrophages are continu-
ously recruited to developing granulomas. However, the 
macrophages do not kill the bacteria until they are suffi -
ciently activated by cell-mediated function, and the bac-
teria do not injure macrophages before the development 
of a different type of both cell-mediated immunity and 
DTH response involving lymphocytes.10 If insuffi ciently 
activated to kill ingested organisms, the macrophages are 
destroyed by DTH and accumulate as slowly expanding 
caseating granulomas.9,11 Caseation results from destruc-
tion of insuffi ciently activated macrophages with bacilli.6 
The lesions grow when intracellular multiplication and 
death of M-TB at the periphery of granulomas produce 
suffi cient antigens to activate DTH, leading to overall 
increase in size of lesions.10 High local concentrations of 
tuberculin-like products induce strong DTH reactions 
that cause necrosis.10 Caseous centers enlarge progres-

Release of
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Figure 40.1. Mycobacterial cycle of infection.

Figure 40.2. Primary infection with Mycobacterium tuberculo-
sis. Alveolar macrophages that internalize M. tuberculosis are 
sequestered within granulomas during primary infection, allow-
ing survival of the host and containment of organisms.
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sively and destroy adjacent tissue because of ineffective 
macrophage activation.6 These lesions typically heal 
within a few weeks in humans. The necrotic tissue is not 
absorbed but eventually calcifi es and scars, leaving the 
characteristic Gohn complex. It is important to note that 
healing of primary tuberculosis does not kill all organ-
isms. Some persist in the body for years to decades before 
they reactivate to produce secondary tuberculosis. In 
addition, a small proportion of patients fail to heal 
primary pulmonary lesions, in which case pathology may 
progress and regress many times over a period of years 
to decades.

In the absence of immune function defects, it is esti-
mated that >90% of all contained infections will remain 
dormant, with a strong genetic component dictating 
outcome.12 However, in the remaining minority of cases, 
reactivation occurs at a later time, representing second-
ary pulmonary tuberculosis. The secondary lesion is 
located at the apex of both lungs, thought to initiate 
when granulomatous infl ammation is unable to eliminate 
organisms or control expansion. The lesion starts as a 
small, focal nidus of tissue destruction, followed by 
fi brous encapsulation of an emergent necrotizing granu-
loma. At this stage appearance of a core of degenerating 
epithelioid and multinucleated giant (Langhans) cells are 
histologically prominent (Figure 40.3).5,9

The largest portion of human disease and nearly all 
transmission of infection result from secondary tubercu-
losis in the lung in which caseating granulomas give rise 
to cavities (Figure 40.4).13–15 Secondary tuberculosis 
differs from primary infection in several important 
respects. Most importantly, it occurs only in persons with 
a high degree of specifi c immunity resulting from previ-

ous primary infection. In essence, its manifestation of 
pathology requires a strong competent immune response. 
Secondary tuberculosis may result from reactivation 
of dormant M-TB or, in some cases, reinfection with 
new organisms.16,17 The infection does not spread via 

Figure 40.4. Multinucleated giant cells. Histologically prominent multinucleated giant cells are found during both primary (A) 
and secondary (B) manifestations of disease.

Figure 40.3. Secondary infection with Mycobacterium tubercu-
losis. Secondary tuberculosis, or reactivation tuberculosis, 
manifests as series of events culminating in necrotic damage. 
Depicted is a caseous pulmonary lesion with necrotic damage 
to bronchial walls (top), with underlying acellular fi brosis 
(middle). Immune responses are present, with evidence of 
pneumonitis and activated macrophages fi lling alveolar space 
(bottom).
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lymphatics and is typically confi ned to a small number of 
large foci usually in the lung.12,13 It is characterized by 
nonhealing cavities in the lung that produce massive 
numbers of organisms that are coughed into the 
environment.18

Mycobacterium tuberculosis proliferate extracellularly 
within cavities and are coughed into the environment 
to infect new hosts. Secondary tuberculosis should 
not be confused with reactivation tuberculosis caused 
by immunosuppression, because immunosuppression 
reduces both caseating granulomas and cavities.14,15 
Rather, secondary tuberculosis is associated with strong 
immune responses that have been coopted by M-TB to 
produce caseating granulomas and cavities that facilitate 
extracellular proliferation of large numbers of organisms 
and their escape into the environment.12,13,18

Secondary human tuberculosis frequently begins 
abruptly as an exudative reaction of tuberculous pneu-
monia.9,10 Whereas proliferative lesions are discrete gran-
ulomas, exudative lesions are infl ammatory exudates that 
fi ll body spaces. They occur in adults primarily in the lung 
as tuberculous pneumonia.13–15 Exudative pulmonary 
tuberculosis can be considered the inverse of prolifera-
tive tuberculosis in that the infl ammation is confi ned to 
alveolar spaces with little or no disease in alveolar septa, 
whereas proliferative disease characteristically consists 
of granulomas within alveolar septa with little or no 
disease in alveolar spaces. Necrosis of exudative reactions 
produces caseating granulomas and cavities in human 
tuberculosis.6,12,19 Caseating granulomas and secondary 
tuberculosis in humans develop through complex and 
prolonged processes subject to many controls and 
infl uences.

The term caseation is commonly used to embrace all 
forms of gross necrosis associated with tuberculosis.20 
Although there are several variations, caseation generally 
is a process of coagulation necrosis in which the cells, pri-
marily macrophages, lose their outline, become irregular, 
no longer take stains and are fi nally converted into a 
homogeneous, structure-less substance composed largely 
of lipids.5 The necrotic material forms a cheesy mass that 
may undergo softening, fi brous encapsulation, and calcifi -
cation. During secondary infection, clinical presentations 
include classic symptoms of cough, weight loss, fatigue and 
fever, night sweats, and chills. Upon con tinued progres-
sion, the patient will experience anorexia, hemoptysis 
(coughing up blood), and pain with breathing or coughing 
due to pleurisy. At this time, clearly evident within tissue 
are small rounded tubercle nodules prominently attached 
to bone, mucous membrane, or skin. Miliary tuberculosis 
is characterized by a chronic, contagious bacterial infec-
tion caused by M-TB that has spread to other organs of the 
body by the blood or lymph system.

Tuberculosis generally affects the lungs but may cause 
infection in many other organs in the body, as exemplifi ed 

by tuberculous meningitis in which M-TB is spread from 
other anatomic sites. The onset of symptoms is usually 
gradual. Risk factors include a history of pulmonary 
tuberculosis, excessive alcohol use, acquired immunode-
fi ciency syndrom, and/or other disorders that compro-
mise the immune system. Approximately 1% of people 
affected with tuberculosis will develop associated arthri-
tis (tuberculous arthritis, granulomatous arthritis). The 
joints most frequently involved are the spine, hips, knees, 
wrists, and ankles. Most cases involve just one joint. 
Tuberculosis involving the spine is often referred to as 
Pott’s disease. Indeed, secondary pulmonary tuberculosis 
develops preferentially in young immunocompetent 
adults aged 15–45 years.7 In the aged, tuberculosis typi-
cally runs a slower course with pulmonary interstitial 
infl ammation leading to pulmonary fi brosis rather than 
cavities.13–15,18 Finally, secondary tuberculosis should not 
be confused with accelerated tuberculosis in immuno-
compromised states. People with acquired immunodefi -
ciency syndrome are more likely to die of disseminated 
tuberculosis because they fail to develop cell-mediated 
immunity. However, they seldom develop pulmonary 
cavities and are less able to transmit infection to others 
than are fully immunocompetent people.21,22 On clinical 
and epidemiologic grounds, secondary tuberculosis 
requires fully immunocompetent hosts to develop strong 
cell-mediated immune responses that can be subverted in 
the lung to produce cavities.

Immune Response to Tuberculosis

Many of the mechanisms leading to our understanding of 
the immunopathology have been identifi ed through 
animal models. Research on tuberculosis is limited by 
available models. There are no models of secondary 
tuberculosis, the form of disease that is responsible for 
most disease in adults and nearly all transmissions of 
infection.16,23,24 In addition, existing models in mice do not 
produce the most characteristic lesions of tuberculosis in 
humans, caseating granulomas.16,23 However, it is clear 
that tissue damage in tuberculosis is not a direct result of 
bacterial toxicity but is largely an immunopathology 
associated with strong immune responses.

Protection against M-TB infection is highly dependent 
on the host’s ability to launch an effective cell-mediated 
immune response.25–27 A major hallmark of this response 
is the formation of granulomas, nodule-like masses of 
cells consisting primarily of activated macrophages and 
T lymphocytes.28 T-cell–derived cytokines and macro-
phage products establish an environment for bacterial 
containment.29–32 While the granulomas function to 
contain the infection and prevent dissemination, they 
also contribute to tissue damage within the host.33,34 
Antigen-specifi c T cells are essential in maintenance of 
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the granuloma and secrete cytokines, which help to acti-
vate macrophages and increase bacterial killing [19,26]. 
Despite initiation of the host immune response, M-TB 
employs various mechanisms to avoid detection and 
destruction within the macrophage. The lipid-rich cell 
wall of M-TB contains several factors that contribute to 
its survival within the host.20,35,36 Glycolipids, such as tre-
halose 6,6′-dimycolate (TDM), located in the mycobacte-
rial cell wall are important components of this defense 
mechanism.20,36,37

The immune response to tuberculosis may be divided 
into phases encompassing initial reactivity to organisms 
and responses generated leading to either protection or 
active disease. The primary encounter of inhaled organ-
isms leads to infection of alveolar cells, of which encoun-
ter with either dendritic cells or macrophages leads to a 
cascade of events that push the immune response toward 
generating a protective antiinfective response.38 More 
than likely, initial interactions involve recognition by 
way of the Toll-like receptors (TLRs)39 on the surface of 
the host cell, with response mediated through both 
myeloid differentiation factor 8840,41 and Toll-like domain-
containing adaptor protein pathways.42,43 The interactions 
include lipids, lipoarabinomannans, and phosphatidylino-
sitol mannosides (PIM1,2, PIM4,6) and mycobacterial DNA 
through TLR1, TLR2, TLR4, and TLR9.40,44,45 Production 
of interleukin (IL)-12 occurs, leading to generation of 
natural killer, CD4+, and CD8+ cellular responses.46 all of 
which are considered required for protection against 
mycobacteria.47–49 A strong T-cell response involves both 
interferon-γ and tumor necrosis factor-α,47,50–52 which 
assist in control of pathogen proliferation. CD4+ T helper 
cells assist in activation of macrophages to kill internal-
ized organisms as well as provide assistance to CD8+ cells 
to kill via perforin and granulysin mechanisms.53,54 What 
remains is a nidus of latently infected macrophages that 
are contained by T cells creating a granulomatous 
response that limits organism dissemination to other 
tissue and subdues active immunopathologic response.

The net result of granuloma formation is of benefi t to 
both the host and the organism, allowing control of infec-
tion while providing a place for organisms to hide until 
time for expansion and subsequent transmission to other 
individuals.33,34 The goal of the mycobacterium is to 
survive in the host long enough to be passed to other 
hosts. The organism has evolved perfect adaptation with 
the human host to circumvent immune function and 
allow survival within the professional phagocyte. Indeed, 
evasion mechanisms are multifaceted, benefi ting persis-
tence and long-term survival of organisms to allow later 
infection of hosts at sites far from the initial site of organ-
ism encounter. Table 40.155–70 lists some of the mecha-
nisms used by M-TB toward achieving immune evasion.

Mycobacterium tuberculosis has the unique ability to 
survive within macrophages using diverse strategies, 

become dormant, and revive to cause reactivation. The 
pathogenesis of M-TB within macrophages is one of the 
most intensely studied topics and is mechanistically out-
lined in Figure 40.5. It should be noted that M-TB infects 
the alveolar macrophages when it comes in contact with 
the human host, and yet the plethora of studies per-
formed to date have mostly been on macrophages derived 
from either human peripheral blood or mouse tissue such 
as bone marrow. Although some functional differences 
are likely to exist between the phenotype of alveolar 
macrophages and macrophages from other tissues such 
as lungs, spleens, lymph nodes and peripheral blood 
mononuclear cells, M-TB within macrophages shows 
some common themes of survival. Armstrong and Hart 
observed that M-TB phagosomes do not fuse with lyso-
somes in murine peritoneal macrophages, to avoid being 
killed by lysosomal hydrolases.71 This observation 
has been repeatedly confi rmed by over the years by 
other investigators using mouse as well as human 
macrophages.72–75 Studies have also confi rmed that 
surface TDM is critically involved in inhibition of traf-
fi cking of mycobacteria to acidic compartments.55,76

Our understanding of the phagosome–lysosome fusion 
phenomenon has been enhanced by advances in under-
standing endosomal sorting events within macrophages. 
Thus, “phagosome maturation” is an orderly process in 
which the phagocytosed bacteria are enclosed within a 
membrane sac termed phagosome that progressively 
fuses with various early and late endosomal compart-
ments to culminate in the fusion with lysosomes. A dis-
tinct set of endosome traffi c regulating proteins such as 
Rab and SNARE proteins regulate these endosomal 
sorting events. There is general agreement that the con-
sequence of phagosome–lysosome fusion is the enzymatic 
breakdown of bacteria in the lysosomes through a variety 
of lipases and proteases. Interestingly, a series of studies 
have shown that M-TB does not fuse with the lyso-
somes, although it does fuse with early endosomes and 
certain late endosomal compartments. Thus, M-TB 
phagosomes can acquire membrane-derived glycosphin-
golipids as well as transferrin through docking with early 

Table 40.1. Mechanisms of immune evasion.

Mechanisms References

Evasion of phagosome–lysosome fusion and 
phagosome maturation events

55–59

Differential entry mechanisms into phagocytes 60
Occupation of phagocytes that express low levels of 

presentation molecules; downregulation of class 
II/CD1 expression in infected cells

61, 62

Differential processing of mycobacterial antigens 63, 64
Regulation of cortisol and glucocorticoid response 65–67
Delay of CD4+ and CD8+ cellular responses 68
Regulation in traffi cking and recruitment 69, 70
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endosomes.77,78 It has been proposed that these events are 
necessary for the pathogen to receive nutrients from 
macrophages and grow. Consistent with these early 
fusion events, M-TB phagosomes label for early traffi c-
regulating proteins as such Rab5, but they do not label 
for Rab7, a marker of lysosomes.72 Mycobacterium tuber-
culosis phagosomes also dock with endosomes originat-
ing from the trans-Golgi network that deliver cathepsin-D 
[79]. However, mycobacteria exclude the enzyme vacuo-
lar proton adenosine triphosphatase that is essential for 
the acidifi cation of the phagosome.73 As a consequence, 
the cathepsin-D enzyme, that is dependent on an acidic 
pH-dependent autocatalysis, remains in an immature 
46 kDa form.

Recent studies have also obtained molecular evidence 
for the propensity of M-TB phagosomes to fuse with 
early endosomes and avoid phagosome–lysosome fusion. 
The mycobacterial phosphatidylinositol analog phospha-
tidylinositol mannoside has been found to stimulate early 
endosomal fusion.80 In contrast, glycosylated phosphati-

dylinositol has been found to cause phagosome matura-
tion arrest.81

A major mechanism of bactericidal activity of macro-
phages against M-TB is the production of nitric oxide by 
inducible nitric oxide synthase (iNOS).82,83 Treatment 
of murine macrophages by the nitric oxide inhibitor N-
monomethyl arginine enhances the survival of M-TB, and 
iNOS knockout mice are more susceptible to tuberculo-
sis.82 It should be noted here that the expression of iNOS 
in human macrophages has been disputed as is the role 
of iNOS against M-TB in human infections. Mycobacte-
rium tuberculosis appears to be less susceptible to reac-
tive oxygen species (ROS) produced by phagocyte 
oxidase, because it produces superoxide dismutase and 
catalase that inactivate ROS.82 However, a katG mutant 
M-TB strain defi cient in catalase grows better than the 
wild-type M-TB in ROS-defi cient mice.84 It has been pro-
posed that ROS are indeed active within macrophages 
against M-TB and that they may synergize with nitric 
oxide to form peroxynitrite, which in turn can potentially 

Receptor mediated uptake via
Mannose-R, CR1, CR3, Fc-R

Virulent Mtb

M tuberculosis

phagosome

Early phagosome recruits

Rab 5

Docking with early
endosomes, nutrients,

enzymes (Cat-D, vATPase)

Rab5 dissociates

Rab7 excluded: no
docking with
lysosomes

lysosome

Mtb grows...

Maturation arrest

Cat-D

Phago-lysosome
degrades Mtb:
death occurs

lysosome

vATPase

Cat-D

Attenuated Mtb

Rab7 docks with
lysosomes

Figure 40.5. Survival with macrophages. Alveolar macro-
phages that internalize Mycobacterium tuberculosis (Mtb) are 
not capable of killing virulent organisms. Virulent organisms 
(e.g., H37Rv, Erdman) (left) are traffi cked different from aviru-
lent strains (e.g., H37Ra) (right), which are eliminated. Virulent 
M. tuberculosis acquire Rab5 that enables fusion with early 
endosomes delivering nutrients but without acquisition of mol-
ecules allowing fusion with lysosomes. Thus, virulent organisms 

are not killed by lysosomal enzymes. In contrast, avirulent 
mycobacteria acquire enzymes (cathepsins [Cat-D], ATPase) 
that allow acidifi cation of the phagosomes that will fuse with 
lysosomes and activate hydrolases to lower pH. Recent evi-
dence suggests that virulent M. tuberculosis also excludes 
phagocyte oxidase and inducible nitric oxide synthase, that are 
normally involved in killing M. tuberculosis within the 
phagosomes.
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kill M-TB.82 Interestingly, mycobacteria exclude iNOS in 
murine macrophages, and M-TB has been proposed to 
avoid killing by iNOS by similarly excluding iNOS [85]. 
Recent evidence suggests that M-TB also excludes phago-
cyte oxidase in murine macrophages (C. Jagannath, 
personal communication, in press).

The foregoing studies indicate that M-TB is capable of 
modulating and maintaining the pathogenicity within 
macrophages by altering its traffi cking behavior. It should 
be noted that only live virulent M-TB has the ability to 
maintain a dynamic M-TB phagosome that contains 
nutrients and membranes suffi cient for survival of the 
pathogen. It appears to inactivate proteolytic host 
enzymes by excluding acid pumps and to avoid killing by 
oxidants by excluding iNOS and phagocyte oxidase. For 
these reasons, live virulent M-TB exhibit a “phagosome 
maturation arrest,” and M-TB has been considered as the 
most elusive of all intracellular pathogens.

The immune signals for reactivation tuberculosis, and 
subsequent cavitary disease leading to spread of infection 
to new individuals, remains unclear. However, most 
observations and models of late-stage infection include 
aspects of immune mediation revolving around the patho-
genic Koch phenomenon in which strong secondary 
responses are involved at the terminal stage of disease, 
leading to tissue damage and release of bacteria to spread 
to other individuals. Multiple factors come into play, 
many involving a depression in regulation of lymphocytic 
responses.86,87 with a possible requirement for comple-
ment component C5 in granulomatous formation.88 
Recent evidence also suggests that lipids from the surface 
of organisms may be released, allowing interaction with 
natural lung lipids to form a toxic monolayer.20 What 
is clear is that reactivation involves both local media-
tion, as well as systemic interplay, such as that identifi ed 
by systemic dysregulation in active cortisol (11-
hydroxy) relative to inactive (11-keto) glucocorticoid 
derivatives.65,66,89–91

Conclusion

The underlying pathology of tuberculosis is heavily 
dependent on host immune function. Indeed, a strong 
immune response is critical for development of the case-
ating granulomas, which are the characteristic lesion of 
active tuberculosis. The entire granulomatous process is 
one that benefi ts both the host and parasite in tubercu-
losis. Sequestration of organisms in a hostile environment 
allows survival, which eventually facilitates transmission 
to new hosts. Improved understanding of primary protec-
tion that leads to latency where bugs survive for long 
periods of time and of secondary response that initiates 
caseating granulomas critical for spread of disease is a 
high priority for researchers in the coming years.
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mucosa, microbial antagonism by normal fl ora, and pep-
tides such as defensins and collectins involved in the 
uptake and phagocytosis of microorganisms by effector 
cells.7,8 The second defense mechanism includes cells 
with innate phagocytic and antigen-presenting capability, 
including macrophages, monocytes, neutrophils, and den-
dritic cells. A third group that is involved to a variable 
extent includes natural killer (NK) cells, γδT cells, and 
epithelial and endothelial cells.

Within the respiratory tract, mucociliary clearing is an 
essential fi rst line of defense, forming a physical, chemi-
cal, and biologic barrier. The mucus contains secretory 
immunoglobulin A (sIgA), lysozyme, surfactant, and per-
oxidases, as well as phagocytic cells. Any spores that 
escape the mucociliary mechanism are ingested and killed 
by the phagocytic cells. The phagocytic cell surface recep-
tors can recognize the surface structure of fungal mannan, 
allowing recognition and phagocytosis of fungal spores 
even in the absence of complement or specifi c antibodies. 
After binding and phagocytosis, the macrophages secrete 
proinfl ammatory cytokines such as interleukin (IL)-1, IL-
6, interferon (IFN)-γ, and tumor necrosis factor (TNF)-α 
that activate other cells and augment the phagocytic and 
killing capacity of other phagocytes through oxidative 
mechanisms. The cytokines further activate the respira-
tory epithelial cells to induce a second wave of phagocytic 
cells to eliminate the fungal organisms.

Cellular Component of Immunity

Cells involved in innate immunity recognize fungal 
organisms mainly through components of the fungal cell 
wall acting as pathogen-associated molecular patterns 
(PAMPS). The PAMPS are recognized by pattern-
recognizing receptors on the surface of the host cells, 
including Toll-like receptors (TLRs). Recognition leads 
to activation of phagocytic functions and induction of 
adaptive T-helper (Th) cell responses by dendritic 
cells.9,10

Introduction

Fungi are eukaryotic, unicellular or multicellular organ-
isms that are larger and genomically more complex than 
bacteria. The fungal cell wall is complex and has polysac-
charides, proteins, sugars, and glycoproteins. Plasma 
membranes of fungi contain ergosterol, which is the 
primary target for antifungal drugs such as amphotericin 
B. Although more than 1.3 million fungal species exist in 
the environment, only about 150 are pathogenic to 
humans.1 The virulence factors of fungi resemble those of 
bacteria, such as possession of a capsule, adhesion mole-
cules, toxins, free radicals, and so forth. Thus, fungi can 
elicit acute exudative, necrotizing, and granulomatous 
reactions in tissues. Although some generalizations are 
possible, the diverse structural and antigenic properties 
of individual fungi produce unique patterns of infection 
in individual hosts.2,5

Fungi have emerged as a major cause of infection 
within the past two decades. Although natural and 
acquired host defense systems are in place to prevent 
fungal infections, compromise of these mechanisms can 
result in serious progressive fungal infection. The princi-
pal defense mechanisms against fungal infections are 
innate and adaptive immunity. Both of these are interde-
pendent, and effective host response requires a coordi-
nated innate and adaptive immune response.

Innate Immunity

Innate immunity consists of protective mechanisms that 
were developed and maintained through evolution and 
exert a direct antifungal effect. Innate immunity plays a 
predominant role in clearance of inhaled fungal spores.6 
It also has an instructive role regarding adaptive immu-
nity through antigen uptake and presentation and pro-
duction of chemokines and cytokines. Initial mechanisms 
of innate immunity include the mechanical barrier of 
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The antifungal phagocytic functions involve produc-
tion of reactive oxygen molecules through oxidative 
enzymes such as nicotinamide adenine dinucleotide phos-
phate oxidase and nitric oxide synthase. The nonoxidative 
functions include degranulation and release of defensins, 
neutrophil cationic peptides, and other effector mole-
cules.8,11 Antifungal host response also includes produc-
tion and activation of phagocytic cells from hematopoietic 
progenitor cells by granulocyte colony-stimulating factor, 
granulocyte–macrophage colony-stimulating factor, and 
macrophage colony-stimulating factor.12,13

Complement Component

Complement activation and deposition on the surface of 
the fungi enhance their phagocytosis and killing. The C3 
component activation is particularly effective in respira-
tory defense. The sIgA is a specifi c adaptive immune 
response, because binding of the sIgA to the fungal 
surface prevents the binding of spores to the epithelium, 
thus facilitating clearance.

Phagocytic cells, an essential part of the innate defense 
mechanism against inhaled fungal spores, include macro-
phages, monocytes, and neutrophils. Spores that escape 
the fi rst line of defense may germinate and grow as 
hyphae. Neutrophils are the most effective protection 
against the fungal hyphae, because they are too large for 
effective phagocytosis. Neutrophils attach to the hyphae 
and release toxic oxygen radicals and cationic peptides to 
induce damage.14 Neutropenia is thus the most signifi cant 
predisposing factor for invasive candidiasis and aspergil-
losis. That oxygen radicals are critical for defense against 
fungal hyphae is supported by the fi nding of increased 
risk of fungal infections in chronic septic granulomatosis, 
a hereditary disease with defect in oxygen radical forma-
tion. Immune defenses also include cell-mediated immu-
nity, activation of the complement system, and generation 
of antibody response.

Adaptive Immunity

Cell-Mediated Immunity and Cytokines

Cell-mediated immunity includes the different Th lym-
phocyte subsets and is considered an adaptive immunity 
to fungal infections. The phagocytosis of fungal particles 
and antigens by the antigen-presenting cells activates 
specifi c T cells and cytokines, which in turn induce pro-
duction of antibodies by B cells.15 The innate resistance 
and adaptive immunity are interdependent, with cross-
talk occurring between these two mechanisms that are 
essential for protection against fungal infections.16 
Depending on the host immunologic status, an equili-
brated cytokine response, or a predominantly Th1- or 

Th2-like cytokine response develops. The adaptive Th cell 
responses may be “protective” type 1 (Th1) or “nonpro-
tective” type 2 (Th2). In the type 1 response, there is 
production of Th1 cytokines, such as IFN-γ and interleu-
kins (IL-2, IL-12, IL-18), that stimulate macrophage 
activation, generate cytotoxic CD4+ T cells, and produce 
opsonizing antibodies and delayed-type hypersensitivity 
response. In the type 2 response, there is production of 
Th2 cytokines, such as IL-4, IL-5, and IL-13, that elicit 
production of nonopsonizing antibodies and allergic 
reactions and downregulate the infl ammatory response 
produced by Th1 cytokines.17 Cytokines IL-4 and IL-12 
induce the production of Th2 cells that favor allergic 
responses and humoral immunity, whereas IL-2 and IFN-
γ induce Th1 cells that favor cell-mediated immune 
responses and production of opsonizing antibodies.6 
Several other cytokines are also involved in the antifun-
gal immune response, such as IL-1, IL-6, IL-8, IL-10, IL-
15, TNF-α, and transforming growth factor (TGF)-β. 
Interleukin-10 and IL-12 play an important role in regu-
lating the development of Th cells.8,9 A role for regulatory 
T cells (Treg) has been recently shown in fungal immune 
response.18 The Treg cells decreased infl ammation, attenu-
ated Th1 response, induced tolerance, and mediated resis-
tance to reinfection.

Impairment of cell-mediated immunity predisposes 
patients to fungal infections. Patients with primary or 
acquired cell-mediated immune defi ciency and taking 
drugs that suppress cell-mediated immunity are highly 
susceptible to fungal infections. Experimental evidence 
suggests that Th2 cells rather than Th1 cells are protective 
against fungi.6 Resistance to Candida infection is shown 
to correlate with cell-mediated immunity in vivo as well 
as Th1 cytokine secretion in vitro.19 There is some 
clinical evidence to support the activation of Th2 cells by 
Candida.

Dendritic Cells

Dendritic cells are essential in linking the innate and 
adaptive immune responses to the fungi.20,21 The interac-
tion of dendritic cells with fungi is important for the type 
of adaptive T-cell response.22 This interaction is deter-
mined by the ligation of conidia or hyphae of different 
fungi to distinct pattern-recognizing receptors and the 
mechanism of their phagocytosis (coiling or zipper-type 
phagocytosis) by dendritic cells.11,23 The Aspergillus 
conidia stimulate both TLR2 and TLR4 to induce a Th1 
response, whereas Aspergillus hyphae lose the TLR4 
response, resulting in IL-10 production and impaired host 
response to invasive disease [24,25]. Candida albicans 
similarly stimulate the TLR2 pathway to attenuate the 
host response. Modulation of the TLR pathways may thus 
provide immune intervention for treatment of invasive 
fungal infections. Differentiation of CD4+ T lymphocytes 
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to Th1 or Th2 types is an essential determinant of the 
host’s susceptibility or resistance to infection. Develop-
ment of the Th1 cell response is mediated through cyto-
kines IFN-γ, IL-6, IL-12, and TNF-α in the relative absence 
of Th2 cytokines. The predominance of Th1 cytokines is 
protective against fungal infection.22,26 Interferon-γ pro-
duced by T and NK cells is a key cytokine in the immune 
response to invasive fungal infections and stimulates 
migration, adherence, and antifungal activities of neutro-
phils and macrophages. Interferon-γ also regulates the 
Th1 antifungal adaptive response through IL-1.27

Humoral Immunity

The role of humoral immunity in fungal infections is not 
completely understood. Data support the presence of 
protective antibodies in Candida and Cryptococcus infec-
tions.28 These antibodies may protect the host by inhi-
bition of adhesion to respiratory cells, inhibition of 
germ-tube formation, opsonization, and neutralization of 
virulence enzymes.29,30 Fungal infections are also associ-
ated with various allergic disorders characterized by high 
serum IgE levels.31 Serum IgE levels against Aspergillus 
are elevated in allergic bronchopulmonary aspergillosis. 
T cells from these patients express a typical Th2-type 
cytokine pattern, with high IL-4 and little or no IFN-γ.32 
Additionally, specifi c IgE antibody production against 
distinct allergens specifi c for allergic bronchopulmonary 
aspergillosis have been shown.33

Pathology and Pathogenesis of 
Fungal Infections

Fungi that cause invasive pulmonary infection can be 
divided in two groups: (1) primary or true pathogens and 
(2) opportunistic pathogens. The primary or true patho-
genic fungi infect healthy, immunologically competent 
individuals.34,35 In immunocompromised patients, however, 
these fungi can be very aggressive and produce severe, 
disseminated, and fatal infections. While endemic fungi 
such as Histoplasma capsulatum and Coccidioides immitis 
are the most common, Penicillium marneffei, Fusarium 
species, Scedosporium species, and Malassezia species 
are increasing in incidence as opportunistic infections in 
immunocompromised hosts, especially in those with 
acquired immunodefi ciency syndrome (AIDS).36,37 Each 
of these fungi can cause systemic life-threatening infec-
tions. The opportunistic fungi cause infections in critically 
ill or immunosuppressed patients. Almost all opportunis-
tic fungi gain entry through the lungs, except endogenous 
Candida species. The most common opportunistic fungi 
include Candida, Aspergillus, Cryptococcus, zygomycetes, 
Pseudallescheria, Fusarium, and Trichosporon.

The dramatic increase in opportunistic fungal infection 
in recent years is related to several factors,36,38,39 including 
immunosuppression of transplant recipients, chemother-
apy for malignancies, broad-spectrum therapy for bacte-
rial infections, the long-term placements of catheters for 
various therapies, and last, but not the least, AIDS.37,40 
Host factors responsible for increased susceptibility to 
fungal infections include a decrease in the number or 
functional impairment of mature granulocytes and mono-
nuclear phagocytes, depressed B-lymphocyte (humoral) 
immunity resulting in decreased production of im-
munoglobulins and impaired opsonization, depressed 
T-lymphocyte (cell-mediated) immunity, abnormal host 
immune regulation,39–42 and neutropenia. Other factors 
include disruption of mucosal and skin barriers, dis-
orders of complement system, and hereditary immune 
dysfunctions.42,43

Fungal infections in severely immunocompromised 
patients present with clinical features that are often dif-
ferent from those of immunocompetent patients. The 
tissue response is also different, because there may be 
little or no infl ammatory response or granulomas with 
even massive infection. Special stains or immunostains 
for fungi and other organisms should be routinely used 
for demonstrating fungi in severely immunocompromised 
patients.

In general, fungal infections are associated with a 
higher mortality than either bacterial or viral infections 
in this patient population. This is because of the limited 
number of available therapies, dose-limiting toxicities of 
the antifungal drugs, fewer symptoms due to lack of 
infl ammatory response, and lack of sensitive tests to aid 
in the diagnosis of invasive fungal infections.44 A recent 
study of patients with fungal infections admitted to a 
university-affi liated hospital indicated that community-
acquired infections are becoming a serious problem; 67% 
of the 140 patients had community-acquired fungal pneu-
monia.45 There is also an increase in nosocomial fungal 
infections.46

Three pathogenic fungi, species of Aspergillus, Coccidi-
oides, and Histoplasma, are excellent models that illus-
trate the gamut of host–pathogen interactions that vary 
from fungi growing through tissue as invasive hyphae, 
developing spherules with endospores, to survival, growth, 
replication within phagocytic cells.

Aspergillus

Invasive aspergillosis is caused by several species of 
Aspergillus, A. fumigatus being the most commonly 
encountered species causing invasive aspergillosis in the 
lungs. With the exception of A. terreus, which can produce 
lateral aleurioconidia in the vegetative hyphae and, A. 
niger, which can form calcium oxalate crystals in tissue 
near its hyphae, the vegetative hyphae of Aspergillus 
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species look alike. Under some conditions, Aspergillus 
species may produce fruiting structures consisting of 
conidiophores, phialides, and phialoconidia in lung cavi-
ties that are like those seen in culture. These fruiting 
structures can be used to achieve a tentative species level 
of identifi cation if the phialides and their arrangement 
are clearly evident.

Within the diagnostic laboratory, some isolates that 
would have been traditionally identifi ed as A. fumigatus 
using morphologic criteria are now being identifi ed with 
molecular-based data as A. lentulus, a species that has 
a decreased in vitro susceptibility to amphotericin B, 
itraconazole, voriconazole, and caspofungin,47 A. viridi-
nutans,48,49 A. thermomutatus,50 and A. fi scheri.51 It has 
been suggested that A. fumigatus consists of two different 
phylogenetic species that are morphologically identical.52 
Hong et al. have proposed the names A. fungatiaffi nis and 
A. novofumigatus for two species they worked with that 
were originally identifi ed as members of the A. fumigatus 
group.53

Coccidioides

Coccidioidomycosis is believed by some to be caused by 
two species of Coccidioides, C. immitis and C. posadasii.54 
These two species are morphologically identical both in 
vivo and in vitro, being distinguished from one another 
by DNA polymorphisms, different growth rates on high 
salt concentration media, and different biogeographic 
distributions. There are no known differences in their 
infectivity, and both species are classifi ed as biosafety 
level 3 agents and are regulated by the laws governing 
bioterrorism.

Histoplasma

Even though separate species names for the six clades of 
Histoplasma capsulatum have not been proposed, the dis-
tinct genetic populations have been clearly defi ned.55 Dif-
ferent clinical presentations and geographic distribution 
patterns for the six clades are recognized. Currently, the 
three varieties H. capsulatum var. capsulatum, H. capsu-
latum var. duboisii, and H. capsulatum var. farciminosum 
are named, the latter not being associated with human 
infection. Additional studies of Histoplasma isolates lead 
Komori et al. to distinguish nine different populations.56 
For the discussion in this chapter, H. capsulatum will 
refl ect all of the varieties and phylogenetic species 
described to date.

Molecular Basis of Pathogenesis

Molecular strain typing has demonstrated that there is 
apparently no difference between environmental and 
patient isolates of A. fumigatus. Thus, in an immunocom-

promised patient, any A. fumigatus isolate from any-
where in the world (Figure 41.1) has the potential to 
cause infection in an immunocompromised patient. 
Aspergilli are actively involved with the decomposition 
of organic material such as vegetation and other cellulose-
containing material. Nosocomial infections occur when 
Aspergillus grows on cellulytic substrates in the hospital 
environment and produce conidia that are inhaled by 
immunocompromised patients. With the exception of the 
rare case of Aspergillus being transferred from one 
patient to another during trachea–lung transplantation, 
an infection follows the inhalation of inoculum from the 
environment. Like Aspergillus, Coccidioides has been 
transmitted in organs being transplanted into another 
patient. In the case of coccidioidomycosis, arthroconidia 
formed in specialized soil-based ecologic niches become 
airborne, often in dust, and are subsequently inhaled. 
When Coccidioides and Histoplasma are isolated in 
the diagnostic laboratory, they are always considered 
pathogens. This is not the situation with the isolation of 
Aspergillus because of its ubiquitous nature and 
common occurrence in air samples. It is not known for 
sure what the inoculum for histoplasmosis is. It is 
thought that microconidia or hyphal fragments formed 
by the fungus growing in soil enriched with bird or 
bat fecal material become aerosolized and are then 
inhaled. It is highly unlikely that a yeast form of this 
dimorphic fungus is the primary inoculum originating 
from nature.

Following the inhalation of A. fumigatus conidia, the 
rodAp protein (16 kDa) in the rodlets on the conidial 
outer cell wall provides resistance to conidia being killed 
by mouse alveolar macrophages.57 Apparently, the mac-
rophage reactive oxidants are not able to effectively pass 
through the hydrophobic protein barrier surrounding the 
conidia. A second hydrophobin called rodBp (14 kDa) 
has been found, and it participates only in cell wall devel-
opment. This protein does not provide protection to the 
conidia. Both rodAp and rodBp are found only in the 
rodlets of the outer cell walls of conidia and do not occur 
on the cell wall surface of hyphae. Even though hydro-
phobins have not been reported for Coccidioides and 
Histoplasma conidia, these proteins may be present as 
they are in other fungi that have airborne dispersal of 
conidia.

Aspergillus fumigatus synthesizes a bluish green conid-
ial pigment using the 1,8-dihydroxynaphthalene pathway 
(DHN-melanin) that is deposited in the outer conidial 
wall near the rodlets. The DHN-melanin pathway pro-
tects the conidia by quenching reactive oxygen species 
formed by alveolar macrophages and polymorphonuclear 
neutrophils. Following phagocytosis, phagocytes primar-
ily kill fungi using oxidative mechanisms. These host 
defense reactive oxygen species can be neutralized by 
fungal oxidoreductases and other metabolites. In addi-
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tion, there are mycotoxins in the conidial wall that can 
prevent phagocytosis and interfere with T-lymphocyte 
function. The histologic Fontana-Masson stain for melanin 
does not demonstrate the presence of melanin in the 
tissue form of A. fumigatus, C. immitis, or H. capsulatum.58 
Conidia of C. immitis and H. capsulatum are also negative 
when stained by the Fontana-Masson method. Recent 
studies have clearly shown that melanin does exist on the 
yeast cells of H. capsulatum in vivo and conidia grown in 
vitro. The melanin on the cell walls of the yeast cells can 
bind amphotericin B and caspofungin as a protective 
devise by the fungus.59 Unlike A. fumigatus and H. cap-
sulatum melanin formed by the DHN-melanin pathway, 
the yeast cells of H. capsulatum form melanin by the 
L-3,4-dihydroxyphenylalanine pathway during infection 
in mammalian tissue.60 Melanin is also important because 
of its antigenic antiinfl ammatory properties.

Following germination of conidia, germ tubes are 
formed that develop into hyphae. Neutrophils attach to 
the hyphae and cause hyphal damage and death by using 
a respiratory burst, secretion of reactive oxygen interme-

diates, and degranulation. Toxic components of the 
immune system can be eliminated by the fungus through 
the use of effl ux pumps. Effl ux pumps are resistance 
mechanisms used by some fungi to remove antifungal 
agents from the fungus.

All fungi require iron for growth. Even though serum 
transferrin is fungistatic to many fungi, A. fumigatus pos-
sesses siderophores belonging to the hydroxamate family 
of compounds (fericrocin and triacetylfusarinine) that 
can remove iron from the transferrin molecule. This not 
only protects the hyphae against host attack but also 
provides needed iron for fungal growth. Aspergillus com-
monly invades blood vessels as it causes invasive infec-
tion. The intracellular yeast cells of H. capsulatum modify 
the microenvironment inside of the macrophage by regu-
lating its pH toward acidity. This allows the release of iron 
from the internal transferrin molecule that compromises 
its killing ability while providing the yeast with iron for 
growth.61

Aspergillus hyphae invade lung parenchyma, the bron-
chial wall, and blood vessels. Hyphae release extracellular 
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Figure 41.1. Aspergillus is present in the environment as 
conidia in the air that can germinate and transform to hyphae. 
Inhalation of the conidia by an immunocompromised host 

results in germination and formation of hyphae within the lung 
and invasive aspergillosis. Fruiting bodies may be seen in cavi-
tary lesions. PMN, polymorphonuclear leukocytes.
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elastinolytic and collagenolytic enzymes that break down 
the elastin and collagen lung matrix. Similar functional 
proteases are formed by Coccidioides and Histoplasma. 
In addition to obtaining nutrients needed for fungal 
growth, fungal proteases such as alkaline serine protease, 
metalloprotease, and aspartic protease interfere with the 
immune response. Aspergillus hyphae may produce the 
mycotoxin gliotoxin62 while growing in host tissue. Glio-
toxin suppresses mast cell activation (degranulation, leu-
kotriene C4 secretion, TNF-α, and IL-13 production), 
induces apoptosis of monocytes, lymphocytes, and neu-
trophils, and suppresses T-cell activation by inhibiting 
antigen presentation. In vitro studies have shown that 
amphotericin B enhances gliotoxin synthesis and release.63 
Mycotoxins have not been reported in Coccidioides and 
Histoplasma.

Coccidioides arthroconidia inhaled from the environ-
ment do not form germ tubes in lung tissue; they swell 
and develop directly into spherules containing numerous 
endospores (Figure 41.2). An exception to this rule occurs 
when endospores germinate and form germ tubes that 

develop into hyphae within pulmonary cavities. The 
hyphae in cavities form arthroconidia that are converted 
into spherules containing endospores. Arthroconidia of 
C. immitis that are inhaled release a chemotactic compo-
nent that attracts polymorphonuclear leukocytes (PMNs). 
Following their ingestion, a respiratory burst occurs, after 
which only approximately 20% of the arthroconidia are 
killed. It has been suggested that PMNs may promote the 
development of spherules from arthroconidia. Owing in 
part to their size and to an extracellular fi brillar matrix, 
spherules are resistant to phagocytosis and killing by 
PMNs. Following the rupture of the spherule wall and 
subsequent endospore release, additional PMNs are sum-
moned. Newly released endospores are covered with an 
extracellular fi brillar matrix. The respiratory burst associ-
ated with endospores is less intense than that caused by 
arthroconidia. Inhibition of phagosome–lysosome fusion 
may be used by C. immitis to survive phagocytosis by 
macrophages. In addition to neutrophils, macrophages, 
and monocytes, NK lymphocytes are an important com-
ponent of innate immunity.64
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Figure 41.2. Coccidioides is present in air as arthroconidia that 
can form germ tubes and hyphae in soil. Inhalation of arthro-
conidia results in conversion to spherules with rupture and 
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tion. PMN, polymorphonuclear leukocytes.
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Following the inhalation of H. capsulatum, the micro-
conidia, hyphal fragments, or both are recognized, bound 
to alveolar macrophages, and then ingested (Figure 41.3). 
Within the macrophage, the H. capsulatum converts to 
yeast cells that reproduce by budding. In addition, cell-
mediated immunity is activated where H. capsulatum 
antigens are processed and presented to T cells, followed 
by cytokine activation, after which the macrophages 
contain and kill the yeast. The macrophage is stimulated 
to express a respiratory burst of toxic oxygen species and 
the fusion of lysosomes with the phagocytic vacuole. The 
yeast cells, which reside within a membrane-bound 
vacuole, are not destroyed by the toxic oxygen radicals 
(hydrogen peroxide, superoxide anion, hydroxyl radical) 
and reactive nitrogen intermediates such as nitric oxide 
released by the respiratory burst. Within the phagocytic 
cell, the yeast controls the intraphagosomal environment 
by maintaining a pH of approximately 6–6.5. At this pH, 
lysosome acid hydolases are inactivated, and transferrin 
gives up iron that is then used by the fungus. The loss of 
iron from transferrin inactivates the fungistatic activity of 
the transferrin.61,62

Pathology

Tissue histology for the diagnosis of fungal lung disease 
is important because the signs and symptoms and radio-
graphic fi ndings are not specifi c for any particular fungal 
infection. Ideally, histology, fungal serology, molecular 
detection of fungal components, epidemiologic informa-
tion, and culture should be used to make a diagnosis of 
a fungal infection. When there is a question regarding the 
role of an isolated fungus such as Aspergillus species, 
histology becomes especially important in distinguishing 
between invasion, environmental contamination, or colo-
nization. In addition, the tissue reaction can be used to 
distinguish between allergic disease and invasion.

Hematoxylin and eosin staining provides valuable 
information regarding the host response, especially the 
Splendore-Hoeppli phenomenon. Hematoxylin and eosin 
allows for the detection of fungal melanin in the fungal 
cell wall and the detection of fungal nuclei, which may be 
important in distinguishing the multinucleated yeast cells 
of Blastomyces dermatitidis from the uninucleate yeast 
cells of H. capsulatum. Unfortunately, fungi often do not 
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stain well by the hematoxylin and eosin method, which 
may cause fungi to be overlooked. Gomori’s methena-
mine silver is a good special stain for the detection and 
evaluation of fungal structures in lung. Because silver 
precipitates onto the fungus, the dematiaceous nature of 
some fungi can be masked. If the staining procedure is 
not done properly, fungal structures may be overstained, 
making an accurate evaluation of the fungal structures 
questionable. An advantage of overstaining occurs when 
looking for H. capsulatum in the central portion of old 
calcifi ed pulmonary granulomata where the fungal cells 
have deteriorated following their death.

Aspergillus species may cause a broad spectrum of dis-
eases depending on the immune status of the host. These 
include allergic disease, colonization of preexisting cavi-
ties in immunocompetent patients, noninvasive to super-
fi cial invasive necrotizing tracheobronchitis, chronic to 
destructive infection in mildly compromised patients, and 
rapidly progressive, invasive aspergillosis in severely 
immunocompromised patients. Dissemination occurs in 
25%–33% of seriously immunocompromised patients. 
Aspergillus is not a dimorphic fungus, because, regardless 
of the growth temperature, the fungus vegetatively forms 
only hyphae. In tissue, Aspergillus grows as hyaline, 
septate, dichotomously branching, 3–6 μm hyphae with a 
propensity for vascular invasion and occlusion and the 
development of wedge-shaped, pleural-based nodular 
pulmonary infarcts. When physical space (cavitation) 
with adequate aeration is available, fungal fruiting bodies 
may be formed.

The tissue response in invasive aspergillosis is a mixed 
purulent and necrotizing infl ammatory reaction. Necrosis 
may be caused by gliotoxins and vascular obstruction. 
Initially, hyphae develop small to large radiating aggre-
gates that spread in a radial manner. The peripheral 
hyphae are usually surrounded by neutrophils. Chronic 
lesions are usually focal, granulomatous, and contain 
giant cells, neutrophils, and eosinophils. Lesions become 
walled off by a granulomatous tissue reaction that con-
tains Langerhans giant cells. A cavity may form when the 
central area of the granuloma becomes necrotic and 
caseous and liquefi es. In this instance, cavity formation 
occurs as a result of the disease process and is not a pre-
existing entity. If the cavity is associated with a bronchi-
ole, hyphae may be coughed up in sputum. Hematogenous 
dissemination of Aspergillus to other organs occurs 
rapidly owing to its propensity to invade blood vessels. 
Interestingly, blood cultures are typically negative, yet 
thrombosis leading to hemorrhage, infarction, and death 
are well documented.

Coccidioidomycosis may occur in either immunocom-
petent or immunocompromised hosts. As with other 
pulmonary fungal pathogens, infection in the immuno-
compromised patient is more severe. Coccidioides immitis 
is a dimorphic fungus because it grows into entirely dif-
ferent vegetative forms depending on the incubation 

temperature. In tissue, C. immitis vegetatively develops 
spherules that form endospores. At the edges of pulmo-
nary cavities, C. immitis may form hyphae in approxi-
mately 10%–30% of coccidioidal cavities. The hyphae 
are similar to those that grow in culture and may subse-
quently develop into arthroconidia. Depending on the 
environmental conditions in the pulmonary cavity, the 
morphology of the fungus can be extremely variable in 
form, shape, and size.

A mixed granulomatous and purulent tissue reaction 
occurs in pulmonary, disseminated, or cutaneous cocci-
dioidomycosis. When endospores are released by the 
rupture of the spherule wall, a severe local purulent reac-
tion occurs. As the endospores (2–5 μm) mature and 
become spherules (20–200 μm), neutrophils are gradually 
replaced by lymphocytes, plasma cells, epithelioid cells, 
and Langerhans or foreign body-type giant cells. The 
mature spherule is surrounded by epithelioid cells and 
multinucleated giant cells. Because of the rapid rate of 
Coccidioides growth, a spectrum of spherule develop-
ment is usually present within a single area. Fibrosis, scar-
ring, and occasional calcifi cation follow granuloma 
formation if the patient’s immunity is good. If the immu-
nity is poor, a purulent reaction predominates. Thus, 
primary coccidioidomycosis tends to be granulomatous, 
whereas secondary disseminated disease is purulent.

All three varieties of H. capsulatum are dimorphic 
fungi that form intracellular yeast cells in tissue and veg-
etative hyphae in culture. Histoplasma capsulatum var. 
duboisii differs in tissue from the other two varieties by 
forming larger yeast cells in tissue and being distributed 
within Africa. Hyphae are not formed in tissue, but 
occasionally several budded cells may remain attached 
to each other to form primitive or rudimentary 
pseudohyphae.

Like coccidioidomycosis, the majority (90%–95%) of 
Histoplasma infections are asymptomatic. Patients with 
acute pulmonary infection often have nodular densities 
on x-ray study that result from the inhalation of the 
fungus from environmental sources such as disturbed soil 
containing bird or bat fecal material. The primary lesion 
begins as a patchy bronchopneumonia with yeast-laden 
macrophages and giant cells in the alveolar spaces. As 
the disease progresses, granulomata, with or without 
central caseation, develop. Larger granulomata commonly 
become fi brocaseous nodules that frequently calcify.

Diagnosis

Historically, the use of fl uorescein-labeled antibody 
reagents designed to attach to specifi c fungal antigenic 
sites, and then be detected by fl uorescence, provided a 
sensitive and specifi c method for identifying fungi in pul-
monary tissue. Owing to the scarcity and absence of many 
fl uorescein-labeled antibody reagents, such testing is no 
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longer readily available. Instead, DNA-based technology 
has been introduced to meet the needs of tissue identifi -
cation of pulmonary pathogens.66,67 There are two funda-
mental approaches, the use of specifi c probes to detect 
known fungal gene sequences associated with specifi c 
pathogens68 and the use of species specifi c DNA sequence 
data from databases to identify an unknown fungus after 
sequencing of its DNA. The latter approach has greater 
applicability because there are many fungi for which 
probes do not exist. Even though both techniques can 
result in fungal identifi cations, they are not widely used 
at present because of either an absence of standardized 
probes and methodologies or the limited availability of 
space, trained personnel, cost effectiveness, and equip-
ment. Both fl uorescein-labeled antibody and DNA probes 
can be used not only on tissue sections but also on nearly 
any clinical specimen.

Currently available laboratory methods for diagnosing 
invasive fungal infections include (1) isolation of fungi in 
the laboratory, (2) histologic evidence of invasion, and 
(3) molecular diagnostic techniques. A combination of 
these approaches is recommended but is not always 
possible.69

Molecular Diagnostic Techniques

Several molecular diagnostic techniques are now avail-
able for identifi cation and confi rmation of fungi.70,71

Serologic Diagnosis

Diagnosis by serology is limited for immunocompromised 
patients, because they do not mount a good antibody 
response during infection. Therefore, most of the research 
has been focused on identifying antigens or metabolites 
that can be detected in the blood or urine during invasive 
fungal infection. Some of the recent markers developed 
for the diagnosis of invasive infections include (1→3)–β-
D-glucan, a cell wall component of yeast and fi lamentous 
fungi detectable in the blood during invasive fungal infec-
tion. The reported sensitivity and specifi city of the assay 
has been good, ranging from 78% to 100% and 88% to 
100%, respectively.72,73 This assay can detect invasive 
Aspergillus, Candida, Fusarium, Trichosporon, Saccharo-
myces, and Acremonium but not Cryptococcus. In addi-
tion, for the diagnosis of invasive candidiasis, antigens or 
metabolites thus far investigated include cell wall man-
noprotein (mannan), heat-labile antigen, D-arabinose, 
and enolase. β-Glucan mannan is available for identifi ca-
tion of candida antigen.74 Unfortunately, none of the 
assays has sensitive enough predictive value to be used 
routinely. Several assays have been developed for the 
detection of galactomannan, a polysaccharide antigen 
component of Aspergillus cell wall, in the serum and 
urine of patients with invasive aspergillosis. An enzyme-
linked immunosorbent assay (ELISA) for detection of 

galactomannan has shown a sensitivity of 65%–100% and 
specifi city of 81%–100%.75,76 Although the results for 
therapeutic monitoring using these tests are encouraging, 
there is an 8% false-positive rate.

Polymerase Chain Reaction

Polymerase chain reaction (PCR) assays for the diagnosis 
of invasive fungal infections have used a highly conserved 
area in the 18S ribosomal DNA gene as a target.77 This 
gene has allowed the design of primers that are specifi c 
for a wide variety of medically important fungi. The PCR-
based assays are very sensitive, with detection limits down 
to 1 cfu/mL. A sensitivity of 100% and specifi city of 65% 
was found in prospective trials. Specifi c oligonucleotide 
probes have been developed to identify fungi that display 
yeast-like morphology in vivo.78 Universal fungal primers 
ITS1 and ITS4, directed to the conserved regions of 
rDNA, were used to amplify DNA from H. capsulatum, 
B. dermatitidis, C. immitis, Paracoccidioides brasiliensis, 
P. marneffei, S. schenckii, C. neoformans, fi ve Candida 
species, and Pneumocystis carinii. With the exception of 
minor cross-reactivity, all probes were found to be highly 
specifi c. There is, however, a possibility of high false-
positive results with this high degree of sensitivity. In a 
recent study, PCR for Aspergillus on whole blood samples 
was found to be highly sensitive for the detection and 
prediction of invasive pulmonary aspergillosis.79 In addi-
tion, a PCR assay using the LightCycler technology is now 
available, reducing the risk of contamination and thus 
false-positive results. The real-time LightCycler PCR 
assay used with automated DNA extraction from serum 
provides better reliability and safety than the standard 
PCR test. Specifi c probes using oligonucleotide primers 
from the nuclear rDNA for PCR identifi cation and sero-
diagnosis using galactomannan are now available.80

Traditionally, fungi have been identifi ed using mor-
phology. For fungi such as C. immitis and H. capsulatum 
that have morphologically similar-appearing molds, addi-
tional testing is obviously required. Animal studies, 
temperature-dependent tissue form-to-laboratory form 
conversion testing for dimorphic fungi, and exoantigen 
testing are no longer used. These methods have been 
replaced with species-specifi c DNA probes. For isolates 
that exhibit unusual morphologic variation, they are 
unfortunately force fi tted into a traditional genus and 
species or sent to an extramural laboratory for additional 
testing. At this level of identifi cation, specifi c gene regions 
such as the ITS or D1–D2 portion of the 26S ribosomal 
gene can be sequenced from which the fungus is identi-
fi ed.81 From a practical perspective, this type of identifi ca-
tion is rarely required.

The detection of metabolites or fungal genetic material 
is an ideal approach for the diagnosis of mycoses. Because 
the hyphae of A. fumigatus and several other species of 
Aspergillus produce the mycotoxin gliotoxin when the 
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fungus grows in tissue, it is of potential diagnostic value. 
Gliotoxin production is independent of the host’s immune 
status or underlying disease state. Unfortunately, not all 
isolates of A. fumigatus produce gliotoxin in tissue.62

For the diagnosis of coccidioidomycosis, the tube pre-
cipitin-reacting test (TP) for IgM antibodies and comple-
ment fi xing antibody test (CF) for IgG antibodies are the 
most useful test procedures.82 Both of these tests use 
antigen to look for specifi c types of antibody produced in 
response to C. immitis. The IgM TP antibodies appear 
fi rst and disappear before IgM CF antibodies. The CF 
antibodies are important because they remain for longer 
periods of time and have prognostic importance. As with 
other systemic mycoses, antigen detection has been shown 
to be potentially useful.

Antibody is not always detected in aspergillosis using 
precipitin tests, immunodiffusion test, or CF because of 
the low sensitivity of the tests. Testing for metabolites and 
cell wall components such as D-mannitol and β-(1,3)-
glucan using methods such as latex agglutination or 
immunoblotting have been helpful. Detection of serum 
galactomannan by ELISA has shown that up to 93% of 
patients with infection can be positive (with a specifi city 
of 95%). More importantly, in up to two-thirds of patients, 
the ELISA test results were positive prior to the fi rst 
clinical or radiologic features of infection. Combined 
with the appropriate predisposing host factors, and signs 
and symptoms, two consecutive positive galactomannan 
assay tests can be equated with probable invasive 
aspergillosis.69

Antibody to H. capsulatum arises in 2–6 weeks. It may 
be absent in immunocompromised patients and, if present, 
may be from a previous exposure to the fungus. The 
immunodiffusion test and CF are used to measure anti-
body production in histoplasmosis. The immunodiffusion 
test measures the presence of H and M precipitin bands 
and is less sensitive than the CF test. There is no titer 
cut-off point for CF testing. Cross-reactivity has been 
observed in patients having aspergillosis, blastomycosis, 
candidiasis, coccidioidomycosis, and paracoccidioidomy-
cosis.83 In immunocompromised patients, the detection of 
H. capsulatum antigen is more useful because it does not 
rely on the ability to form antibody or on previous infec-
tion [84]. Antigen was detected in the urine of 95% of 
AIDS patients and in 85% of their serum samples. Skin 
test reagents for histoplasmosis skin testing are no longer 
used.

Molecular Basis of Therapy

Reconstitution of the immune system is ideal but is not 
typically attainable in many of the immunocompromised 
patient populations. The use of colony-stimulating factor, 
granulocyte transfusions, and IFN-γ to augment the 

immune system has been successfully used in patients 
with aspergillosis.69 Prevention through the use of vac-
cines is being explored for several mycoses.85,86 Unfortu-
nately, there are no vaccines available for aspergillosis,87,88 
coccidioidomycosis, or histoplasmosis.89

The primary antifungal agents used to treat invasive 
infection include amphotericin B, usually as a lipid for-
mulation, azoles, echinocandins, or these classes of anti-
fungals used together as combined therapy. The polyenes 
such as amphotericin B attach to ergosterol in the fungal 
plasma membrane and cause leakage of ions and small 
molecules from the fungal cell. To reduce toxicity, ampho-
tericin B is often used as a liposomal formulation. The 
most commonly used azoles are the triazoles fl ucona-
zole, itraconazole, posaconazole, ravuconazole, and 
voriconazole, all of which inhibit 14-α-demethylation 
(cytochrome P450-erg 11p) of lanosterol in the fungal 
ergosterol biosynthetic pathway. Echinocandins such as 
anidulafungin, caspofungin, and micafungin inhibit fungal 
β-glucan biosynthesis. 5-Fluorocytosine, which acts as an 
antimetabolite after it is converted to 5-fl uorouracil 
within the fungal cell, is given with a second antifungal 
agent to avoid its use as a monotherapeutic agent, poten-
tially for treatment of aspergillosis, candidiasis, and 
cryptococcosis.

Voriconazole is more effective than amphotericin B 
for initial therapy of invasive aspergillosis. Recent clini-
cal data indicate that posaconazole is at least as effect 
as voriconazole for treating aspergillosis caused by A. 
terreus. Caspofungin has a favorable response in salvage 
aspergillosis cases, that is, when other antifungal drugs 
have failed. It appears that caspofungin used with either 
amphotericin B or voriconazole has favorable benefi t. 
For some patients who were refractory to voriconazole, 
posaconazole has been effective.69 Treatment of coccidi-
oidomycosis with amphotericin B, fl uconazole, and itra-
conazole frequently results in failure and relapse. 
Posaconazole in a small number of patients can be effec-
tive. Amphotericin B, itraconazole, and fl uconazole are 
the primary antifungals used to treat histoplasmosis. Of 
these, fl uconazole is less effective than voriconazole.90 
Posaconazole has also been successfully used to treat 
histoplasmosis.91

Conclusion

Major advances have been made recently in understand-
ing the innate and adaptive immunity to fungal infec-
tions. The regulatory role of cellular immunity, including 
the T lymphocytes, macrophages, neutrophils, and den-
dritic cells, are being studied in humans and experimental 
animals. The role of many cytokines is complex, pleiotro-
pic, and sometimes opposing, depending on the timing of 
their participation in the immune process. Some of the 



41. Fungal Lung Infection 439

cytokines that were originally believed to play a role in 
innate immunity are recently shown to be involved in 
adaptive immunity also. The data on the clinical use of 
cytokines are still in preliminary stages and being evalu-
ated. Future therapies for fungal infections may also 
utilize agents that augment the activity of various effector 
cells involved in the immune response and manipulate 
the cell signaling cascade.
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by several factors, including host response, virulence 
factors, and infectious dose. From the immunologic point 
of view, responses to parasites follow the usual T-helper 
type 1 (Th1) and type 2 (Th2) types.2 The Th1 responses 
are associated with the activation of cells by interferon 
(IFN)-γ and interleukin (IL)-2, induction of cytolytic 
CD8+ T cells, and production of complement fi xing anti-
bodies. The Th1 responses are very useful when the host 
is battling an intracellular infectious agent.3 The Th2 
responses are driven by IL-4, IL-5, IL-10, and IL-13 and 
are characterized by high levels of neutralizing antibodies 
and cell-bound antibodies, activation of mast cells, and 
eosinophils. The Th2 responses are most useful for extra-
cellular organisms. Both responses can become detrimen-
tal to the host if unchecked because of side effects 
produced by their effectors such as nitric oxide, reactive 
oxygen species, and tumor necrosis factor (TNF)-α in Th1 
responses and formation of immune complexes, comple-
ment activation, and hypersensitivity reactions in strong 
Th2 responses. As a rule, the host tries to strike a balance 
between these two responses. Inhibitors of the Th1 
response include IL-10, transforming growth factor 
(TGF)-β and IL-4, whereas the Th2 response is mostly 
controlled by IFN-γ, IL-12, and IL-10. Experimental 
rodent models have shown that IL-10–defi cient mice 
have increased mortality with normally avirulent Toxo-
plasma gondii (an intracellular protozoan) due mostly to 
overproduction of IFN-γ, TNF-α, and IL-12.4–6 At the 
same time, T. gondii levels in these animals were lower 
than in their control counterparts. On the other hand, Th2 
responses can also be benefi cial and detrimental. It has 
been widely believed that Schistosoma species cause 
disease because of the granulomatous response to egg 
deposition in tissues, especially in the mesenteric circula-
tion and liver, leading to scarring and subsequent portal 
hypertension. In these cases, the host develops a strong 
Th2 response driven mostly by IL-4 leading to granuloma 
formation around the eggs. However, in animal models 
where the IL-4 response is nonexistent, and therefore 

Introduction

In this chapter, I explore the advances made in under-
standing the molecular pathogenesis and basic immuno-
logic principles of the most common protozoan and 
metazoan organisms that affect the lungs. These eukary-
otic organisms are far more complex genetically than 
their bacterial and viral counterparts. Genome sizes range 
from 7,000 to 20,000 protein-encoding genes.1 This level 
of complexity is needed in order to survive through mul-
tiple stages of development that occur in intermediate 
and defi nitive hosts. As a rule, most parasitic diseases lead 
to chronicity, suggesting that the host–parasite relation-
ship enters a level of “tolerance” that we are beginning 
to understand at the molecular level through a complex 
interaction between parasite-derived immunomodula-
tory products and the host immune response.

Principles of Parasitic 
Molecular Pathogenesis

The term pathogenesis encompasses several steps includ-
ing transmission, entry, initial spread from point of entry 
to other organs, contact with target cell/organ, survival 
within the host (immune evasion and adaptation to the 
host environment), and extension of the niche (multipli-
cation, survival, and modulation of host biology). Mecha-
nisms of transmission and entry of pulmonary parasites 
are as diverse as the parasites capable of causing pulmo-
nary disease (see discussions of mode of transmission 
under each pathogen heading). Most of the discussion in 
this section will focus on the interaction between the 
parasite and the host, with special emphasis on the 
immune response as a pathogenetic mechanism in some 
of these infections.

Human parasitic infections range from asymptomatic 
carriers to lethal infections. This variability is determined 
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granuloma formation is markedly impaired, the host suc-
cumbs to acute infection rapidly, for the most part because 
of the deleterious effects of a sustained proinfl ammatory 
cytokine response.7,8 Even though these animal models 
illustrate the protective role of the Th2 response during 
the early phases of the infection, the sequelae in the liver 
during chronic infections, namely, hepatic fi brosis, seems 
to be driven by IL-13, a potent fi brogenic Th2 cytokine.9 
It appears then that in these animal models, polarized Th1 
and Th2 responses are detrimental to the host, whereas a 
balanced Th1, Th2 response is necessary for the control 
of egg-induced immunopathology.10

Innate Immunity to Parasitic Infections

The traditional view of innate immunity playing a small 
role in parasitic infections has changed in recent years. 
Innate immunity plays a very important role in determin-
ing the class of the adaptive immune response, be it Th1 
or Th2 dominated. Innate immunity operates through 
both humoral and cellular mechanisms. One of the best-
studied humoral mechanisms is the activation of the 
complement cascade through the alternative pathway 
(parasite membrane components) or lectins present on 
the parasite surface. Activation of the classic pathway 
requires parasite antigen–antibody complexes and there-
fore occurs when adaptive immunity is already active and 
production of antibodies is underway. Parasites have 
developed different strategies present at certain develop-
mental stages that prevent killing by the activated com-
plement cascade and include expression of parasite-derived 
regulatory proteins (gp160 or gp63) or acquisition of 
regulatory proteins from the host on the parasite surface 
such as decay accelerating factor (DAF) and factors H 
and I, which inhibit formation of the membrane attack 
complex by acting on C3b.11 The glycoprotein gp160 
present in trypomastigotes of Trypanosoma cruzi is 
homologous to DAF and therefore bind to C3b or C4b, 
inhibiting the downstream members of the cascade. On 
the other hand, gp63 present on Leishmania species can 
cleave C3b to its inactive from, iC3b, and prevent deposi-
tion of the C5b–C9 attack complex.11 Other examples 
include the cleavage of C3 by a cysteine proteinase from 
Entamoeba histolytica that leads to complement activa-
tion via the alternative pathway, but it also inactivates 
C3a and C5a, preventing immunoregulatory and chemo-
tactic functions of these two molecules.12 Amoebas and 
certain helminths such as Echinococcus granulosus can 
also acquire host regulatory proteins on their surface.12,13 
Larvae and adults of Schistosoma mansoni can also 
express DAF on their tegumental surface.13

Examples of evasion of innate cellular mechanisms 
include the ability of Leishmania species to survive in the 
macrophage after phagocytosis because of internalization 
via complement receptors CR1 and CR3, which fails to 

trigger the respiratory burst.14 Trypanosoma cruzi escapes 
the phagosome by expressing a C9 homolog that disrupts 
the phagosomal membrane.15 Toxoplasma gondii pre-
vents acidifi cation of the parasitophorous vacuole.16 The 
host at the same time responds to intracellular pathogens 
by producing IL-12, which activates natural killer cells 
and macrophages to control the intracellular pathogen. 
Interleukin-12 is produced by several cells, including 
macrophages, dendritic cells, and neutrophils. The most 
studied molecule in protozoans that is thought to be 
responsible for the production of proinfl ammatory cyto-
kines is the lipid molecule known as glycosylphosphati-
dylinositol.17,18 On the other hand, lipophosphoglycans 
and glycosylinositolphospholipids of Leishmania species 
have been shown to downregulate production of IL-12 
and TNF receptor, therefore favoring the parasite in its 
initial interaction with the host.19,20

Natural killer cells seem to play a very important role 
in the initial response to parasitic infections. The early 
production of IFN-γ by these cells seems to prevent the 
parasite from rapid proliferation in the host.21 Ultimately, 
adaptive immunity takes over, and T cells are the main 
players in controlling intracellular protozoan infections.

Regarding helminths, innate humoral mechanisms 
are associated with resistance to such infections. T-
cell–dependent mast cell responses play a role in infec-
tions caused by nematodes. Eosinophils are also important 
in resistance to helminthic infections during their larval 
stages, which requires IL-5 production by T cells and 
opsonization (antibody production). Other components 
of the innate immune response that have been shown to 
play a role in protection against parasites include B1 
cells (B cells that express the CD5 molecule and are 
mostly present in body cavities) and γδ-T cells, which 
seem to play an important role in epithelial mucosal 
barriers.21

Adaptive Immune Response

The ultimate effector mechanisms that control parasitic 
infections depend largely, as with any other infectious 
agents, on location within the host (organ and intracellu-
lar vs. extracellular), life cycle stages within the host, and 
evasion strategies of the parasite. Interleukin-12 plays a 
critical role in starting protective immune responses 
against intracellular parasites. Interleukin-12 upregulates 
production of IFN-γ and therefore favors Th1 responses.22 
The main sources of IL-12 are macrophages and dendritic 
cells, which secrete IL-12 after ingestion of whole para-
sites or parasite products. Other sources include T cells 
through ligation of CD40 by CD40 ligand and ligation of 
CCR5 on dendritic cells by macrophage infl ammatory 
proteins 1a and 1b ligands.3,23,24 Killing of parasites present 
in macrophages is achieved mostly through activation of 
these cells by IFN-γ and TNF-α. Activated macrophages 
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then produce both reactive oxygen intermediates and 
reactive nitrogen intermediates. In protozoan infections 
that target other cells different from macrophages, the 
immune system has to eliminate the parasites from non-
phagocytic cells. CD8+ T cells seem to play a critical role 
in this situation because they recognize antigen in the 
context of major histocompatibility complex class I mol-
ecules, which are expressed by all cells in the body. In 
these cases, CD8+ T cells aid macrophages by producing 
IFN-γ.3 Humoral immunity also has the potential of 
playing a role in infections produced by intracellular 
parasites. Antibodies act in different ways by lysing the 
pathogen directly, playing a role in opsonization, promot-
ing antibody-dependent cell-mediated cytotoxicity, and 
blocking invasion.3

The Th2 responses are important in infections pro-
duced by intestinal nematodes. Studies rely on animal 
models, especially rodents, and have revealed that the 
two most important cytokines are IL-4 and IL-13 in 
the process of expulsion of intestinal nematodes from the 
host.25 Recently, IL-9 has been implicated and also seems 
to play an important role in the expulsion process.25 
However, the effector mechanisms responsible for the 
parasite clearance are not clear. The role of eosinophils 
and antibodies seems nil or absent. In some animal 
models of helminth infection mast cells present in the 
intestinal mucosa may play an important effector role in 
clearance of intestinal nematodes by production of spe-
cifi c proteases.26 Other studies have suggested the role of 
subtle chemical changes in goblet cells in the intestinal 
mucosa making the microenvironment for worm survival 
less amenable.26 Another important observation is the 
effect of type 1 responses. Both IL-12 and IL-18 suppress 
or downregulate the type 2 response, leading to delayed 
expulsion of intestinal nematodes. Most certainly, other 
factors are in play also, such as host nutrition. Gut nema-
todes can also produce immunomodulatory molecules 
that would tip the balance toward a type 1 response by 
an IFN-γ mimic in Trichuris muris infections.27 Other 
observations have implicated the size of the initial inocu-
lum as an important determinant of susceptibility or 
resistance. When the host is infected by a low-level inocu-
lum, susceptibility develops, whereas a large inoculum is 
associated with a very strong type 2 response followed by 
expulsion from the host.3

After successful entry into a host, bacterial and viral 
infections are usually followed by rapid replication that 
leads to tissue damage and therefore disease. The outcome 
is either recovery if the immune system is able to control 
the infectious burden or the host’s demise if the bacte-
rial/viral burden is overwhelming. In some cases, chronic 
infections arise in which the host tolerates a certain 
amount of infectious burden. For parasitic infections, 
most of these principles apply to protozoan pathogens. In 
humans, many protozoan infections are followed by a 

rapid expansion of the infectious agent within the host 
followed by chronic infection. Chronicity is due to either 
antigenic variation or the parasite becoming quiescent or 
dormant. In helminthic infections, expansion of the initial 
infectious burden is much more complex because of the 
life cycle of most helminths. For most helminths, adults 
mate and try to produce eggs or larvae capable of infect-
ing new hosts. In most cases of human infection, these 
stages are the ones responsible for the pathology observed 
in human hosts.

Parasitic Proteases and Their Role 
in Pathogenesis

A common theme in protozoan and helminthic infections 
is the presence of proteases that play an important role 
in virulence and pathogenesis (Tables 42.1 and 42.2). 
Their roles have been described in establishing, main-
taining, and expanding or exacerbating infections. Larval 
stages of several helminth nematodes directly invade the 
human host through the skin (Schistosoma, Strongyloi-
des, and Ancylostoma).28 The third stage of larval matura-
tion is the invasive one, and several serine and 

Table 42.1. Summary of representative parasitic proteases 
and protease inhibitors identifi ed in protozoan pulmonary 
pathogens.

Protease Parasite Mechanism(s) of action

EhCP1 Entamoeba histolytica Infl ammatory 
dysregulation

EhCP2 E. histolytica Cytotoxic; disruption 
of intestinal 
epithelium

Enhancement of 
chemokine activity 
(CXCL8)

EhCP5 E. histolytica Enhancement of 
cytokine activity 
(IL-1β)inactivation 
of IL-18

Caspase-3 activator 
(apoptotic signal)

Toxopain 1 Toxoplasma gondii Cysteine protease; 
rhoptry biogenesis; 
protein processing

Tg SUB1 T. gondii Serine protease; host 
cell invasion

Microneme 
processing 
proteases 
(Tg MPP1-
3)

T. gondii Host cell invasion

Toxamepsin II T. gondii Aspartyl protease; host 
cell invasion

CAD98424 Cryptosporidium parvum Aspartyl protease; host 
cell invasion
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metalloproteases have been found to be expressed during 
this stage of development. Likewise, Onchocerca migrates 
extensively within the body once the infection is estab-
lished after a vector bite.29 Tissue migration is indeed 
mediated by proteases expressed in the mature microfi -
laria. Trematodes such as Fasciola species, Paragonimus 
species, and Clonorchis species also produce several pro-
teolytic enzymes during the tissue invasive stage of the 
life cycle in order to form a niche in their target organs.30,31 
In addition, proteases can also play a role in the immu-
nomodulatory process by degrading immunoglobulins or 
altering cytokine production, especially IL-8.32 As a 
general rule, proteases produced during the larval stage 
play an important role in tissue invasion or immune 

evasion, whereas proteases produced during the adult 
stage primarily degrade gut proteins (those who use the 
bowel as niche for adult stages) and have roles in antico-
agulation and immune evasion.

The best-studied proteases are the ones produced by 
schistosomes and have been described in several stages 
of development.33 They can be present in the parasite gut 
and excreted or present on the surface of the parasite 
where they can coat it and play a role in anticoagulation 
or degradation of immunoglobulins. Some of the prote-
ases are also potent immunogens and could be used as 
vaccine candidates.34

Other kinds of proteins produced by helminths are 
protease inhibitors that play an important role in per-
petuating these infections for the entire life span of the 
host. Molecules released from fi larial parasites such as 
phosphorylcholine can interfere with activation and pro-
liferation of T and B cells and favor Th responses toward 
the Th2 type. Inhibitors of cysteine and serine proteases, 
known as cystatins and serpins, respectively, can also have 
a role in immunomodulation.34

The best-known cystatin is the one found in Oncho-
cerca volvulus (onchocystatin) and is responsible for 
inhibition of protease activity in antigen-presenting cells, 
leading to low T-cell responses.35 Other cystatins have 
been described in Brugia malayi, which inhibit host 
cathepsins leading to altered digestion of antigens neces-
sary for presentation of antigen-derived peptides to 
immune cells via major histocompatibility complex 
molecules.36 Serpins have been described in Schistosoma 
species and are possibly responsible for anticoagulation. 
Ascaris and Ancylostoma species secrete protease inhibi-
tors that might be responsible for inhibition of host 
enzymes, such as trypsin and chymotrypsin in the gut 
lumen, and key coagulation factors.37

Protozoans also produce potent proteases that play an 
important role in pathogenesis and immune response. For 
example the genome of E. histolytica is thought to contain 
up to 20 proteases, three of which are very well studied, 
and they all belong to the family of cysteine proteases: 
EhCP1, EhCP2, and EhCP5. Two of them, 1 and 5, are 
actually absent in other nonpathogenic amebas.38 They 
are cytolytic and therefore contribute to intestinal layer 
degradation and trigger strong infl ammatory responses 
via enhanced activity of chemokines such as CXCL8. 
Other protozoan proteases have been described in T. 
gondii and their role elucidated during entrance and exit 
from parasitized cells. Examples include cell surface pro-
teins such as Tg MIC (Toxoplasma microneme protein) 
and Tg AMA1 (T. gondii apical membrane antigen); pro-
teins present in the rhoptries, such as Tg toxopain I and 
Tg SUB1 and SUB2, important in processing and target-
ing rhoptry proteins ROP2, ROP3, and ROP4; and pro-
teins of the aspartyl protease group such as toxamepsin 
II are also important for invasion.34

Table 42.2. Summary of representative parasitic proteases and 
protease inhibitors identifi ed in helminthic pulmonary 
pathogens.

Protease Parasite Mechanism(s) of action

Elastase-like 
serine proteases

Schistosoma 
mansoni

Immunoglobulin 
degradation

Onchocystatin Onchocerca volvulus Inhibition of host 
cysteine proteases

Decreased antigen 
presentation by 
antigen-presenting 
cells and T-cell 
hyporeactivity

Cuticle molting
Bm-CPI-1 Brugia malayi Inhibition of host 

cysteine proteases; 
unknown

Bm-CPI-2 B. malayi Inhibition of host 
cysteine proteases 
(cathepsins L, S, AM)

T-cell hyporeactivity via 
altered major 
histocompatibility 
complex antigen 
presentation

Bm-SPN-1 B. malayi Inhibition of host serine 
proteases; regulation 
of proteolysis

Bm-SPN-2 B. malayi Unknown
SMpi56 S. mansoni Inhibition of host serine 

proteases
Possible inhibition of 

coagulation cascade 
and complement

Activation; inhibition 
of host neutrophil 
elastase

SHSPI Schistosoma 
haematobium

Inhibition of host serine 
proteases

Same as SMpi56
Excreted–secreted 

proteins
Paragonimus spp. Cysteine proteases; 

tissue degradation
Strongylastacin Strongyloides 

stercolaris
Metalloproteinase; skin 

invasion
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Molecular Pathogenesis of Pulmonary 
Protozoan Pathogens

Toxoplasmosis
Toxoplasmosis is a systemic disease due to an obligate 
intracellular coccidian named Toxoplasma gondii, which 
is a very homogeneous species with only three strains 
worldwide, responsible for more than 95% of infections. 
Its distribution is worldwide, and the range of animal 
species that can be affected by it is broad.39 The life cycle 
involves a wide range of mammalian intermediate hosts.39 
Toxoplasma gondii is found in three forms in nature, 
namely, tachyzoites (asexual forms), tissue cysts enclos-
ing bradyzoites (found mostly in brain and muscle), and 
oocysts containing sporozoites (sexual forms). The inva-
sive form in humans and other hosts is the tachyzoite and 
is also the form responsible for cellular and tissue damage. 
Tissue cysts containing bradyzoites serve as reservoirs 
for tachyzoites and therefore play an important role in 
disease transmission (ingestion of contaminated meat) 
and latent infection. Oocysts with sporozoites are found 
only in the defi nitive hosts, the wild and domestic Felidae, 
where they are produced in the intestinal epithelium and 
then shed in the stool. After sporulation, the cysts are 
infectious and can then be ingested/inhaled by humans. 
Other routes of transmission include ingestion of raw or 
undercooked infected meats, perinatal exposure from 
infected mothers, transfusion of infected blood products, 
and transplantation of infected organs.

Regardless of the route of infection, tissue cysts or 
oocysts are digested in the gastrointestinal tract, and 
bradyzoites (tissue cysts) or sporozoites (oocysts) are 
released in the intestine where they invade neighboring 
cells and become tachyzoites. Invasion of the eukaryotic 
host cell is an active process mediated completely by the 
parasite’s cytoskeleton.40 The host cell cytoskeleton does 
not play any role nor does phosphorylation of any pro-
teins upon attachment of the parasite to the host cell via 
glycosaminoglycans and sialic acid.41 The ubiquity of the 
receptor explains the wide distribution of the parasite in 
human infections. The parasite adhesins also play an 
important role in entry. They are not displayed continu-
ously on the surface, as opposed to bacterial and viral 
adhesins. Instead, the adhesins are contained in cytoplas-
mic structures called micronemes that discharge their 
contents upon contact mediated by a controlled release 
of calcium from the parasite.41 A “baseline” secretion of 
the adhesion is suffi cient for the initial interaction fol-
lowed by a dramatic increase in microneme secretion. 
Such secretion is only apical facilitating interaction in a 
polarized way that is necessary for entry.

The best-characterized of the microneme proteins is 
MIC2, which belongs to the TRAP (thrombospondin 
anonymous repeat protein) family of proteins.41,42 Type A 

domains (or von Willebrand factor–like domains) inter-
act with heparin-like molecules and glycosaminoglycans 
and therefore are important as adhesins. After apical 
secretion, MIC2 is transported to the posterior pole of 
the parasite via the actin cytoskeleton, where it is cleaved 
and released from the cell surface. Microneme protein 2 
in turn is tightly related to an accessory protein (M2AP) 
that is also necessary for upregulation of MIC2 secretion 
from the micronemes. The cytoplasmic domain of MIC2 
in turn binds aldolase in the host cell, and this complex 
is able to recruit actin monomers.41 The actual protein 
responsible for the gliding motility in T. gondii is a class 
XIV myosin, Tg MyoA, that is present beneath the plasma 
membrane.43 This protein is anchored to the inner mem-
brane complex by accessory proteins, and myosin 
fi laments can propel actin fi laments recruited by the 
aldolase–MIC2 complex and induce motility. Entry also 
depends on a calcium-regulated secretion of the para-
site.44 However, calcium signals in the host cell do not 
play a role in entry either. Because entry relies com-
pletely on active motility of the parasite, research into 
this area has been active and has elucidated some molec-
ular mechanisms responsible for the unique “gliding” 
motility seen in all apicomplexans. Toxoplasma gondii 
motility is highly predictable and consists of circular 
gliding (counterclockwise) and helical gliding (clock-
wise). Once inside the cell, T. gondii resides in a modifi ed 
vacuole that does not fuse with any of the endocytic 
or exocytic vesicles. Most of the vacuolar membranes 
come from apical organelles called rhoptries, which 
secrete their contents after entry. The main component 
identifi ed so far is the transmembrane protein ROP2, 
which mediates interactions between the vacuolar mem-
brane and the host cell’s mitochondria and endoplasmic 
reticulum.45 Another component of the vacuolar mem-
brane is the host’s glycosylphosphatidylinositol-anchored 
proteins.

The damage during the acute infection is due to cell 
death of parasitized cells and a vigorous infl ammatory 
reaction that initially is neutrophilic in nature and turns 
lymphocytic when acquired immunity sets in. Most human 
hosts control the disease in the acute phase, and critical 
determinants are IL-12 and IFN-γ followed by CD8+ 
T cells.46,47 Antibodies are also capable of neutralizing or 
killing circulating tachyzoites.48 Tissue cysts containing 
bradyzoites are then formed, and tissue integrity is usually 
restored completely. In some cases, infection persists in 
the lymph nodes, leading to chronic lymphadenopathy, 
usually in the cervical region accompanied by mild con-
stitutional symptoms. The spectrum of disease ranges 
from asymptomatic infections (the most common form) 
to severe disseminated disease seen mostly in immuno-
compromised patients. In the lungs, the main presenta-
tion is that of a diffuse confl uent bronchopneumonia that 
appears secondary to hematogenous and lymphatic dis-
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semination, followed by shock. In acquired immunodefi -
ciency syndrome, pulmonary toxoplasmosis is seen in up 
to 3% of cases, and CD4+ T cells are usually below 100 
cells/μL.

Amebiasis

Pulmonary amebiasis is due to E. histolytica, a protozoan 
primarily responsible for colonic infections in humans. 
Pulmonary infections are the result of complications seen 
in cases of intestinal amebiasis in which E. histolytica 
becomes systemic after invasion of the colonic mucosa, 
spreading to the liver, lungs, and other organs. Most of 
these infections occur in the tropics in developing coun-
tries. The life cycle of E. histolytica comprises an infective 
cyst and an invasive trophozoite. Cyst formation appears 
to be mediated by quorum sensing triggered by a lectin 
(Gal/GalNAc) on the parasite’s surface.49 Excystation 
occurs in the intestine, and eight trophozoites are pro-
duced from each cyst that then invade the colonic mucosa, 
leading to ulcer formation. Killing of host cells occurs 
only after contact of trophozoites with the host cell, and 
adhesion is mediated by an amebic adhesin, the 
Gal/GalNAc lectin, referred to earlier. The lectin recog-
nizes N- and O-linked oligosaccharides on the cell surface. 
This lectin also appears to be cytotoxic, because mono-
clonal antibodies directed against certain epitopes block 
cytotoxicity in vitro, although adhesion is conserved.49 
Invasion and hematogenous spread activates the immune 
system, and in cases of amebiasis both the alternate and 
classic complement pathways are activated. However, 
trophozoites are resistant to the C5b–C9 attack complex, 
which is inhibited by the above-mentioned lectin.50 Mech-
anisms of cell killing by E. histolytica are under intense 
scrutiny and may include dramatic rises in cytoplasmic 
calcium upon contact leading to cell blebbing and death, 
apoptosis, and a pore-forming protein isolated from 
amoeba.51 Amoebic cytoplasm also contains collagenases 
and cysteine proteases that play a role in pathogenesis by 
degrading extracellular matrix and producing cell detach-
ment, respectively.34

Immunity to amebic infections is usually both humoral 
(secretory IgA antibodies directed against the surface 
lectin) and cell mediated in the form of cytokine activa-
tion of macrophages and neutrophils that become ame-
bicidal after stimulation by IFN-γ, IL-12, and TNF-α.52–54 
Most infections are acquired via the fecal–oral route, but 
cases can also be acquired via the anal route in homo-
sexual men. Pleuropulmonary complications of amebiasis 
are seen in cases of hepatic amebiasis (up to 20%) or 
invasive colonic amebiasis (up to 3%). Multiple forms 
have been described, including a pleuritis that results 
from the infl ammatory reaction in the liver “traveling” 
via the right dome of the diaphragm, empyema or pul-
monary amebic complications (pneumonitis, abscess or 

fi stulas) secondary to rupture of a hepatic abscess, and 
hematogenous spread.

Microsporidiosis

Phylum Microsporidia are spore-forming, obligate intra-
cellular protozoans that reside in the intestine, liver, 
kidneys, brain, and other tissues of wild and domesticated 
mammals and several other animal species. Eight genera 
out of more than 144 (containing more than 1,000 species) 
have been documented as human pathogens, namely, 
Encephalitozoon, Enterocytozoon, Pleistophora, Brachi-
ola, Nosema, Trachipleistophora, Vittaforma, and 
Microsporidium.55 Of these, Encephalitozoon hellem, 
Encephalitozoon cuniculi, and Enterocytozoon bieneusi 
have been documented as the main culprits in pulmonary 
microsporidiosis. Microsporidia in general are rare dis-
eases in humans that have received attention because of 
the increased incidence of infections present in patients 
with acquired immunodefi ciency syndrome. In cases of 
pulmonary microsporidiosis, there usually is intestinal 
involvement and in many cases systemic involvement.

Histologically, the microsporidia are seen as faintly 
basophilic intracellular round structures in the apical 
portion of the cell measuring 1–1.5 μm in diameter inside 
the cells lining the bronchial and bronchiolar epithelium. 
Microsporidia are eukaryotes with Golgi apparatus, mito-
chondrial remnants, a double-layered spore structure 
(exo- and endospore layers), and a typical extrusion 
apparatus anchored to the anterior end of the spore by a 
disc.55 Upon invasion of the host cell, the sporoplasm is 
extruded through the polar tube, which pierces the phago-
cytic vacuole, into the cytoplasm of the host cell.56 Spores 
gain access to humans via ingestion or inhalation. Once 
they germinate in the host, the sporoplasm undergoes 
merogony, in which proliferation occurs (meronts), fol-
lowed by sporogony, in which the membranes thicken 
again and from sporoblasts that turn into mature spores 
and are released from the distended cell and into the 
environment to complete the cycle.

Characterization of the process of extrusion of the spo-
roplasm is lacking. Early events in the process include 
rupture of the anterior attachment complex upon host 
cell attachment and cell penetration. Thus far three polar 
proteins have been identifi ed—protein-tyrosine phos-
phatase (PTP) 1, PTP2, and PTP3.56 Protein-tyrosine 
phosphatase 1 is O-mannosylated, a posttranslational 
modifi cation that seems to be necessary for its function.57 
Protein-tyrosine phosphatase 1 represents at least 70% 
of the polar tube mass. Furthermore, it has been demon-
strated in humans that PTP1 is one of the immunodomi-
nant proteins that triggers formation of neutralizing 
antibodies of the IgG type in humans.58 The major epitope 
is indeed the posttranslational carbohydrate modi-
fi cation, namely, O-mannosylation. Protein-tyrosine 
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phosphatase 2 is also immunodominant, and PTP3 seems 
to be involved in sporoblast-to-spore polar tube biogen-
esis.59 Protein-tyrosine phosphatase 1 and PTP2 contrib-
ute to the high tensile strength of the polar tube via 
extensive disulfi de linkages.59 Another mechanism of 
infection is phagocytosis upon attachment of the micro-
sporidia to the host cell. In these cases, penetration of the 
host cell by the polar apparatus and extrusion of the 
spore contents does not occur on the cell surface. Instead, 
the spore is phagocytosed, and some of them extrude 
their contents using the polar tube, thus escaping the 
endosomes.60 The spores that remain in the endosomes 
at some point fuse with lysosomes and disappear after 
72 hr. The phagocytosis route is 10 times more effective 
than the attachment followed by extrusion in an in vitro 
model using Enc. cuniculi. Adhesion mechanisms have 
also been studied with Encephalitozoon intestinalis, and 
host cell glycosaminoglycans seem to play an important 
role in the adhesion process. Another interesting patho-
genetic mechanism is manipulation of the host cell cycle. 
In models using Encephalitozoon, it has been shown that 
levels of cyclin D1 are decreased and cyclin B1 are ele-
vated, suggesting that host cells can go into arrest to 
ensure optimal growth of the parasitophorous vacuole in 
a nondividing cell.61

Cryptosporidiosis

Cryptosporidium was fi rst diagnosed as a human patho-
gen in 1976 in two immunocompromised patients in 
whom persistent diarrhea developed. The largest out-
break occurred in Milwaukee in 1984 and involved 
400,000 people most of whom recovered completely.62 
However, in immunocompromised patients, the diarrhea 
persists for weeks or months and is debilitating. Cur-
rently the main risk factor is the presence of human 
immunodefi ciency virus infection/acquired immunodefi -
ciency syndrome. Cryptosporidiosis is endemic in devel-
oping countries and is responsible for childhood diarrhea. 
Respiratory cryptosporidiosis results in cough, dyspnea, 
fever, and chest pain and is always associated with gas-
trointestinal symptoms. Histologically, there is tracheitis, 
bronchitis, and bronchiolitis with mild to moderate mono-
nuclear infl ammatory infi ltrate in the mucosa and submu-
cosa. The organisms are usually seen in the epithelial 
surface and rarely in submucosal glands.

Cryptosporidium belongs to the phylum Apicomplexa 
(some other members of the phylum include Toxoplasma, 
Plasmodia, and Babesia) and is a monoxenous genus 
(complete developmental cycle occurs in one host).63 
Oocysts are ingested by the host and release in the small 
bowel lumen four sporozoites (infective form). Upon 
attachment, sporozoites form an intracellular/extracyto-
plasmic parasitophorous vacuole in which they evolve 

into trophozoites and then into meronts (schizonts). 
Schizonts undergo three nuclear divisions and become 
type I merozoites that invade neighboring cells and 
develop into type II merozoites or into trophozoites. The 
merozoites can infect other cells and restart the asexual 
part of the cycle. Type II meronts can also undergo two 
nuclear divisions and release four type II merozoites that 
invade other cells and become macro- and microgameto-
cytes, which can then form a zygote (sexual reproduction). 
The zygote ultimately becomes either a thin-walled oocyst 
(autoinfectious) or a thick-walled cyst shed in feces. There 
are several species within the genus Cryptosporidium, 
and the ones known to infect humans include C. parvum 
(humans and bovines), C. hominis (humans), C. meleagri-
dis (turkeys and humans), and C. felis (cats and humans).63 
Infectious doses are very low. As few as 10 oocysts are 
capable of starting an infection in humans. In addition, 
cysts are extremely resistant to chlorination treatments 
and pass through fi lters relatively easily. Forms of the 
disease include endemic childhood diarrhea in develop-
ing countries, traveler’s diarrhea in visitors to endemic 
countries, chronic diarrhea in immunosuppressed patients, 
and diarrhea outbreaks in developed countries.

The pathogenesis of these infections is virtually 
unknown. Several mechanisms have been proposed, such 
as malabsorption produced by villous infl ammation and 
blunting, prostaglandin secretion at the local levels, cel-
lular damage secondary to IL-8 and TNF-α secretion, and 
substance P release in the microenvironment.64–68 Entry 
into the unique compartment (intracellular/extracyto-
plasmic) requires protein kinase C activation and actin 
rearrangements in vitro.69 In cultured biliary epithelial 
cells, C. parvum has been shown to induce apoptosis via 
Fas/FasL interactions.69 In fact, C. parvum is responsible 
for cases of ascending cholangitis in immunocompro-
mised patients. The full genomic sequence of C. parvum 
“type II” isolate was fi nalized in 2004 and revealed 9.1 
Mbp in eight chromosomes, coding for approximately 
3,807 proteins.70 Cryptosporidia lack mitochondria and 
apicoplasts, unlike Plasmodia and Toxoplasma, making 
the genomes simpler and smaller. Its metabolic pathways 
are very effi cient and rely mostly on glycolysis as a source 
of adenosine triphosphate due to absence of mitochon-
drial genes. Because of its unique intracellular but 
extracytoplasmic location, several genes are present for 
transport of sugars and amino acids into the parasito-
phorous vacuole. Motility and adhesion seems to be 
mediated by a family of proteins known as thrombospon-
din-related-adhesive proteins (TRAPs). In the adhesion 
process, an apical complex glycoprotein (CSL) has been 
shown to play an important role, and its receptor is an 
85-kDa protein in intestinal epithelial cells.

Cell-mediated immunity is important in controlling 
infections, and the most important cytokine seems to be 
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IFN-γ.71 Humoral response appears to be irrelevant. Ele-
vated levels of IL-15 in the intestinal mucosa seem to 
correlate with no fecal shedding in human volunteers 
infected with Cryptosporidia.72 Other cytokines found 
elevated in Haitian children include IL-8, IL-13, and 
TNF-α.64

Molecular Pathogenesis of Pulmonary 
Helminthic Pathogens

Nematodes

Filariasis

Filariasis infections can be divided into lymphatic fi laria-
sis and zoonotic fi lariasis. The fi rst type is caused by 
Wuchereria bancrofti, Brugia malayi, and B. timori. The 
latter is caused by fi larial parasites that usually infect 
other animal hosts, and humans become accidental 
hosts.

Lymphatic fi lariasis is the cause of recurrent lymphad-
enitis leading to sequelae such as elephantiasis and 
hydrocele due to lymphatic obstruction. In some individ-
uals infected with W. bancrofti or B. malayi, a distinct 
asthma-like syndrome develops, known as tropical pul-
monary eosinophilia, in which there is paroxysmal cough 
and wheezing (typically at night due to nocturnal fi larial 
periodicity), low-grade fever, and weight loss. Typically, 
the blood reveals severe eosinophilia (>3,000/μL) and 
elevated IgE levels in serum.73 If not treated, the condi-
tion can develop into restrictive pulmonary disease with 
interstitial fi brosis.

The life cycle73 of lymphatic fi lariae is very long and 
starts with the mosquito biting a patient with circulating 
microfi lariae. Once in the mosquito, the fi lariae develop 
into fi rst through third stage larvae in the thoracic 
muscles, which then introduce infective third stage 
larvae into the human circulation. Larvae migrate to 
lymphatics where they mature and differentiate into 
adult females and males, which then mate and start 
releasing microfi lariae after 5–10 years. Up to 10,000 
parasites can be released per day from pregnant female 
worms.

Initial immune responses to the third and fourth larval 
stages (early in human infection) are both proinfl amma-
tory Th1 and Th2 responses.74 By the time microfi lariae 
appear in the blood, several years later, there are mark-
edly diminished antigen-specifi c T-cell responses, espe-
cially IFN-γ and IL-4.75 Mechanisms of immune tolerance 
are multiple and poorly studied but include genetic pre-
disposition, suppressor T cells, increased expression 
of downregulatory molecules such as cytotoxic T-
lymphocyte–associated protein 4, and high levels of 

regulatory cytokines such as IL-10 and TGF-β.76,77 
Another potentially important pathogenetic mechanism 
is the presence of large numbers of the endosymbiont 
Wolbachia pipientis in fi larial parasites that probably 
modulate the parasite’s life cycle. Dying parasites prob-
ably release large numbers of Wolbachia cellular prod-
ucts, triggering an infl ammatory reaction.78–80

The best known zoonotic fi lariasis is the one caused by 
Dirofi laria immitis.81 These are all transmitted to humans 
by an infected arthropod and lead to solitary (sometimes 
multiple) “coin lesions” in the lungs that are easily con-
fused with neoplastic processes on chest x-rays. Patients 
are usually asymptomatic, and the diagnosis is made 
when the lesion is taken out for histologic examination. 
Peripheral eosinophilia can be seen in blood smears. 
Pathogenetically, the lesion appears as a reaction around 
a dead or dying worm. Dirofi laria immitis is mainly a dog 
pathogen, although it can infect other mammals such as 
cats. This nematode has a similar life cycle as described 
for the lymphatic fi lariasis. However, D. immitis is mostly 
a vascular pathogen.82 In humans, who are resistant to 
chronic infections, the microfi lariae lodge in pulmonary 
vessels and subcutaneous vessels and the immune system 
destroys the parasite, at which time the histopathology 
appears.

Strongyloidiasis

Strongyloidiasis is caused by Strongyloides stercolaris. 
The genus contains more than 40 named species, and 
only one is capable of completing its cycle in humans.83 
The disease is mostly tropical, but endemic foci can be 
seen in temperate areas. The infection is acquired at 
the time fi lariform larvae enter the human body via 
the skin (usually the lower extremities) and gain access 
to vascular or lymphatic channels that take them to 
the lungs where they rupture the capillaries and gain 
access to alveolar spaces. Location of an adequate host 
depends on detection of thermal and chemical signals 
by the larvae using specialized amphidial neurons 
located in the amphidial channel.84 A metalloprotein-
ase expressed in the third larval stage, named stron-
gylastacin, is possibly responsible for skin penetration. 
This protein belongs to the metzincin superfamily of 
zinc metalloendopeptidases.85 From the lungs, they 
migrate up to the bronchi, trachea, and upper aerodi-
gestive tract where they are swallowed and develop 
into hermaphroditic adults in the small bowel mucosa. 
The adults then penetrate the mucosa and release eggs 
that hatch into rhabditiform larvae. At this point of the 
cycle, two possible scenarios come into play: (1) larvae 
are shed in the stool and develop into free-living male 
and female adults that mate and release eggs into the 
soil, followed by hatching of rhabditiform larvae that 
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then develop into fi lariform larvae (indirect or hetero-
gonic development); and (2) larvae shed in stool 
develop directly into fi lariform larvae (direct develop-
ment). In addition, a third possible scenario is that of 
autoinfection in which rhabditiform larvae in the bowel 
lumen mature into fi lariform larvae that then can 
invade the body through bowel mucosa or perianal 
skin. The latter scenario is the one responsible for the 
so-called pruritic larva currens syndrome and hyperin-
fection leading to systemic disease (pneumonitis, colitis, 
polymicrobial sepsis, and meningitis).83

Chronic infections with S. stercolaris are as a rule 
asymptomatic. However, in cases of hyperinfection, dis-
semination is marked, and in the lungs it can lead to 
diffuse bronchopneumonia, often with intraalveolar hem-
orrhage or abscess formation. These infections are usually 
mixed with intestinal bacteria carried by the parasites in 
their cuticles. Rhabditiform and fi lariform larvae, and 
even eggs can be seen in tissue sections. The mortality 
rates for hyperinfected patients approach 90% and are 
usually associated with administration of exogenous ste-
roids for conditions such as asthma and chronic obstruc-
tive pulmonary disease. Steroids seem to upregulate 
metabolism of ecdysteroids (molting hormones) in the 
parasite via receptor-mediated uptake of the corticoste-
roid by the parasites.86,87 Eggs and rhabditiform larvae 
receive molting signals, and the number of fi lariform 
larvae increases dramatically. Intestinal populations in 
these cases approach 100,000 adults, and, even if steroids 
are discontinued and molting rates are low, the burden 
of adult worms is so high that population growth cannot 
be arrested. The described developmental processes 
might be regulated by a family of transcription factors 
that control genes in response to fat-soluble hormones 
such as steroids. A gene homolog of daf-12 present in 
Caenorhabditis elegans has been described in S. sterco-
laris.88 Such genes play an important role in the develop-
ment of C. elegans.

Other risk factors include human T-cell lymphoma/leu-
kemia virus (HTLV) 1 infections, autoimmune diseases, 
hematologic malignancies, and solid organ allografts.83 
However, the common denominator in many of these 
conditions seems to be steroid administration. In HTLV-1 
infections, it has been demonstrated that the cytokine 
profi le in humans infected with this retrovirus favors the 
parasite by way of high levels of IFN-γ and TGF-β, leading 
to decreased levels of IL-4, IL-5, IgE, and IL-13.89 Inter-
estingly, S. stercolaris has also been shown to decrease the 
period of time to develop acute T-cell lymphoma/leuke-
mia (ATLL) in patients infected with HTLV-1. In such 
cases, S. stercolaris induces a signifi cant expansion of 
restricted T-cell clones infected with HTLV-1.90 On 
average, the incubation period of acute T-cell lymphoma/
leukemia is decreased by 30 years in patients infected 
with S. stercolaris.

Other Nematodes (Ascaris lumbricoides), 
Hookworms (Ancylostoma duodenale, 
Necator americanus), Toxocara canis (Visceral 
larva migrans), and Trichinella Species

Ascaris lumbricoides and hookworms are acquired 
through the mouth, and, once eggs hatch in the intestines, 
larva migrate throughout the body, including the lungs, 
where they cross from capillaries to airways and migrate 
up to the upper airways to be ingested and mature into 
adults in the intestine. The larval stage is capable of pro-
ducing mechanical damage to tissues in the lungs and 
hypersensitivity reactions elicited by larval antigens 
leading to pulmonary and bronchial lesions rich in 
neutrophils, eosinophils, and macrophages (eosinophilic 
pneumonitis). Pulmonary signs and symptoms are known 
clinically as Loeffl er’s syndrome, which tends to be more 
severe in cases of ascaridiasis. Toxocara infections tend 
to be as severe as ascaridiasis and can also lead to acute 
or chronic eosinophilic pneumonitis whose severity also 
depends on the larval burden. Trichinella is also a nema-
tode that can affect several organ systems including the 
lungs, and its presentation is similar to the described 
syndromes.

Trematodes

Paragonomiasis

The best known pathogen in the genus Paragonimus 
is P. westermani, although seven more species have 
been described as human pathogens: P. westermani is 
mostly found in the Far East (from India to Japan and 
the Philippines); P. heterotremus in China and southeast 
Asia; P. skrjabini and P. hueitungensis from China; 
P. miyazakii from Japan; P. uterobilateralis and P. africanis 
from central and western Africa; P. mexicanus from Central 
and South America; and P. kellicotti from North America.91

The life cycles are very similar but the best-studied one 
is P. westermani. The cycle92 starts with ingestion of meta-
cercariae in uncooked crab or crayfi sh. The metacercariae 
are then excysted in the stomach and small bowel and 
migrate through the bowel wall, mesenteric fat, and dia-
phragm until they reach the pleural cavity and lungs 
where they mature into hermaphroditic fl ukes that cross-
fertilize. The body surrounds the parasites with a capsule 
that then cavitates, causing hemoptysis and cough. Adults 
lay eggs after fertilization, which are found in sputum and 
feces if swallowed. The eggs then embryonate in water, 
and miracidia are released that then penetrate Thiara or 
Semisulcospira snails. Once in this intermediate host, 
miracidia turn into sporocysts, rediae and then short-
tailed cercaria. The infected snails are then ingested by 
crabs or crayfi sh, and cercariae encyst as metacercariae 
in gills and muscles of these crustaceans.
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The spectrum of disease ranges from pleuropulmonary 
infections due to P. westermani, P. heterotremus, P. afri-
canis, and P. uterobilateralis to mostly cutaneous mani-
festations due to P. skrjabini. Adults can live up to 5–10 
years in human tissues and acute disease manifestations 
can occur any time during this period, but usually acute 
symptoms occur days after ingestion. They include diar-
rhea and abdominal pain followed days later by fever, 
chest pain, fatigue, urticaria, and cough that can turn 
productive with rusty-colored sputum.92 Pathologically, 
the lesions consist of cavitary lesions when adult fl ukes 
appear. Excised lesions reveal adult worms with fi brous 
cysts and egg-induced granulomas. Bronchiectasis, vascu-
litic lesions, and consolidation can also occur. Other 
organs affected include skin, brain, liver, spleen, and 
peritoneum.

Paragonimus species secrete several biologically active 
molecules called excretory–secretory products (ESPs), 
and several of them are cysteine proteases whose role is 
probably host tissue degradation.92,93 In addition, they 
might play a role in immune modulation. In vitro, micro-
glial cells exposed to low levels of EPSs secrete nitric 
oxide, whereas at high levels microglial cells die.94 Like-
wise, coincubation of eosinophils with ESPs induces rapid 
degranulation and elevated levels of granule products 
such as eosinophil-derived neurotoxin.95 In addition, 
ESPs can also induce apoptosis in eosinophils via caspase-
3 activation, facilitating survival of parasitic larvae early 
in the infectious process.96 Another important mechanism 
of survival is production of a copper/zinc-containing 
superoxide dismutase at various stages of development, 
including the adult stage.97

Cytokines and chemokines found elevated in human 
serum or pleural effusions of humans infected with Para-
gonimus species included thymus and activated-regulated 
chemokine, eotaxin, RANTES, and IL-8.98 The immune 
response in general is that of a Th2-dominated response 
with an IgG4 subclass.

Schistosomiasis

Schistosomiasis is one the main human helminthiasis 
around the world with an estimated prevalence of 200 
million people infected worldwide. The main human 
pathogens are Schistosoma mansoni, S. japonicum, and 
S. haematobium. Two other species, S. intercalatum and 
S. mekongi, have also been described in humans, although 
their geographic distribution is more limited.99

The life cycle100 starts with penetration of the host’s 
skin by forked tail cercaria after which they shed their 
tail and become schistosomulae. At the site of penetra-
tion, they induce an infl ammatory response called swim-
mers’ itch. The schistosomulae then migrate to the portal 
circulation in liver where they become adults that start 
to mate for the life of the parasite (3–30 years). Mating 

adults of S. mansoni and S. japonicum migrate to the 
mesenteric venules of bowel and rectum where females 
start laying eggs that reach the liver and eventually the 
stools. Schistosoma haematobium adults migrate to the 
venous plexus of the bladder where females lay eggs, 
leading to bacterial infections in the bladder, hematuria, 
and later in the disease process scarring and calcifi cation 
of the venules. Eggs are shed in the urine. In cases with 
heavy parasitism, eggs can embolize to other parts of the 
body, including brain and lungs. Once eggs are shed in 
stools or urine, they hatch in the outside environment and 
release miracidia that then penetrate the different snails 
(Bulinis, Biomphalaria, and Oncomelania) in which they 
develop as two generations of sporocysts. When mature, 
the snails release the forked tail cercaria to restart the 
cycle.

The disease itself is divided into the acute and chronic 
phases. During the acute phase the patient develops der-
matitis, and the circulation of schistosomulae through the 
hepatic and pulmonary vascular beds followed by matu-
ration and initial oviposition induces a systemic response 
that includes fever, chills, sweats, cough, and headaches 
(seen only in S. japonicum or S. mansoni exposure).101 
Lymphadenopathy and hepatosplenomegaly can also be 
seen. The chronic phase is characterized by a granuloma-
tous response to eggs deposited in the intestinal, portal, 
or urinary tract veins. Pulmonary schistosomiasis is the 
result of egg deposition in the pulmonary vascular bed 
resulting in granuloma formation and fi brosis.101 If a large 
area of the pulmonary circulation is involved, secondary 
pulmonary hypertension can ensue. Eggs reach the pul-
monary circulation via urinary veins draining into the 
inferior vena cava or bypassing the liver through porto-
systemic collaterals in cases of S. mansoni and S. japoni-
cum infection in which liver damage has led to portal 
hypertension.102

One of the main driving forces in mouse models of 
S. mansoni behind the formation of liver granulomas 
once eggs are deposited in the hepatic microcirculation 
is IL-13 and the IL-13 receptor complex.9 Liver fi brogen-
esis is greatly decreased in animals defi cient in IL-13 or 
treated with IL-13 antagonists. It has been shown that 
IL-13 promotes expression of arginase in myofi broblasts, 
a step necessary to increase collagen production. Other 
less important mediators include IL-4/IL-4Rα and 
STAT6.103 In fact, granulomas evolve in two phases: 
during the early stages, a short-lived type 1 cytokine 
response predominates, whereas in later stages a type 2 
response takes over and is longlived.10 The immune 
response to the eggs is necessary to neutralize an uncon-
trolled infl ammatory response to egg antigens, leading 
even to death in the early stages of the disease. The most 
important cell at this stage is the CD4+ Th2 cell. From the 
parasite’s point of view, several molecules have been 
described as important in skewing the immune response 
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toward the Th2 phenotype. An area of intense research 
is now focused on the role of several schistosomal glycans, 
including Lewis X and lacto-N-fucopentose III conju-
gates. These molecules act via Toll-like receptor 4 and 
possibly C-type lectins.104

With regard to the acute phase of the disease called 
snail fever, Katayama fever, or acute toxemic schistoso-
miasis, it is widely accepted that the signs and symptoms 
are due to large amounts of circulating immune com-
plexes, elevated levels of proinfl ammatory cytokines, and 
low type 2 responses.105 In fatal animal models an over-
whelming type 1 response is usually seen that can be 
controlled by IL-4 and IL-10. Interleukin-4 in vitro is 
necessary for development of CD4+ Th2 cells.

Cestodes: Echinococcosis

Echinococcosis is caused by cestodes belonging to the 
genus Echinococcus to which more than fi ve species have 
been described, namely, E. granulosus, E. multilocularis, 
E. oligarthrus, E. vogeli, and E. shiquicus.106 The fi rst four 
are well known as human pathogens but the newly 
described E. shiquicus is of unknown human pathogenic-
ity. Echinococcus granulosus contains several strains 
(G1–G10) based on their defi nitive host isolation.106 The 
classic form of the disease (cystic echinococcosis) is due 
to E. granulosus. Another form of the disease, known as 
alveolar echinococcosis, is a highly lethal and infi ltrative 
disease in humans caused by E. multilocularis. Infections 
by E. vogeli and E. oligarthrus lead to polycystic echino-
coccosis. The latter three are far less frequent in humans 
because their host specifi city is limited to wild animals as 
opposed to E. granulosus.

The life cycles of all of them involve two mammalian 
hosts. Defi nitive hosts are carnivores in which adult 
worms live in their intestines. The eggs from adult worms 
are shed in the environment and, when ingested by 
intermediate hosts (such as humans), hatch and liberate 
embryos that migrate to extraintestinal tissues (liver, 
lungs, brain, etc.) and turn into metacestode or larval 
forms. It is these larval forms that are known as hydatid 
cysts that take different morphologies when causing 
disease (polycystic, alveolar, or cystic).107 In nature, the 
passage from intermediate host (except for humans) to 
defi nitive host is the result of predator–prey interactions 
between those two hosts.

Echinococcus granulosus, as mentioned earlier, is the 
most common in humans because dogs are one of the 
defi nitive hosts. Infected dogs can harbor up to 40,000 
tapeworms, which in turn can release up to 1,000 eggs 
each per day. Fecal–oral transmission is therefore rela-
tively easy during close contact with the dog. Indirect 
transmission via arthropods, fomites, soil, water, and veg-
etables is also possible. Other hosts besides dogs include 
sheep, cattle, camels, pigs, and cervids.

Signs and symptoms are extremely variable and depend 
on the localization of the cyst (lungs, brain, liver, etc.), size 
of the cyst, and condition of the cyst (intact vs. ruptured). 
Conversely, in the brain and eyes, signs and symptoms 
appear more quickly. Cyst rupture can cause a variety of 
complications, including mild to severe allergic reactions, 
chest pain, cough, dyspnea, and hemoptysis. The immune 
response is usually biphasic. The fi rst phase is directed 
against the oncosphere or egg hatching in the intestine 
and penetrating the gut wall. This response is far more 
effective in controlling the infection, because the meta-
cestode in the extraintestinal tissues has more means of 
evading the immune response.

Conclusion

The classic triad of infectious agent, host, and environ-
ment plays a key role in parasitic as well as in any other 
infectious agents. The geographic distribution seen with 
some of the parasitic diseases, especially the ones due to 
helminths, is in large part because of the complex life 
cycles that most of the helminthic parasites need to survive 
in nature. The interplay between host and parasite is also 
a very complex system in which virulence factors, devel-
opmental cycles, parasite nutrition, host immune response, 
and immune modulation by the parasite interact in a 
complicated network that we are beginning to elucidate 
at the molecular level. The availability of small animal 
models has provided great insights into the pathogenesis 
of these diseases. Likewise, with the use of powerful 
molecular techniques, both in vivo and in vitro experi-
ments can now be designed to elucidate the host–parasite 
relationship and move the research to a new level.
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43
Infl ammation

Armando E. Fraire

airways. To these, virus- and bacteria-containing droplets 
can be added when respiratory secretions are released 
from others’ airways by coughing or sneezing. The 
respiratory system must recognize and eliminate these 
unwanted elements in inspired air.9 This is accomplished 
by a complex and multifaceted line of defenses designed 
to protect the integrity of the respiratory tract.9 Along 
with the cough refl ex, mucociliary clearance, and humoral 
immunity, infl ammation ranks among the most clinically 
and physiologically important defense mechanisms of the 
respiratory tract.9

Like the genitourinary tract, the skin, and the gut, the 
lung is one of the interfaces of the sterile body sanctuary 
with the environment.10 As noted, the lung is equipped 
with defense mechanisms involving cellular and humoral 
immunity. In the complex processes of cellular defense, 
two cells of hematopoietic origin, the lymphocyte and the 
pulmonary macrophage, play key roles in the infl amma-
tory response. In many ways, they represent two very 
different sides of this infl ammatory response. The macro-
phage, as a phagocytic cell, is of ancient phylogenetic 
lineage, is not antigen specifi c, and may be triggered by 
many infl ammatory stimuli. The lymphocyte is present 
only in vertebrates and represents a signifi cant refi ne-
ment in the infl ammatory response: it displays antigen 
specifi city and participates in discrimination of self and 
nonself.10

Recognized since antiquity and recorded in ancient 
texts, infl ammation is characterized by the well-known 
cardinal signs of tumor, rubor, calor, and dolor (swelling, 
redness, heat, and pain). The overall purpose of the 
infl ammatory response is to respond to an injury and its 
attendant damage. Two forms of infl ammation are classi-
cally recognized: acute and chronic. By defi nition, acute 
infl ammation takes place over a short period of time: 
hours or days. Chronic infl ammation, on the other hand, 
refers to infl ammation of prolonged duration. The time 
frame for chronic infl ammation is quite variable, ranging 
from weeks to months or years. Some authors, perhaps 

The Infl ammatory Response

In the lung, as in other anatomic sites, infl ammation can 
be regarded as a complex, generally salutary response of 
the body to injurious agents. This bodily response derives 
from a series of interconnected cellular and molecular 
events acting in concert with an equally complex array 
of neurogenic1,2 and vasogenic factors.3–5 Principal cellu-
lar actors playing a role in the infl ammatory process 
include polymorphonuclear leukocytes, lymphocytes, 
plasma cells, eosinophils, mast cells, monocytes, and mac-
rophages. Leading molecular compounds regulating cel-
lular responses are chemical mediators such as vasoactive 
amines, prostaglandins, and leukotrienes, as well as 
members of the kinin and complement activation system 
(Table 43.1).6 This chapter discusses the major forms of 
the infl ammatory response, namely, acute and chronic 
infl ammation, and addresses granulomatous infl amma-
tion. In addition, it covers mechanisms of response selec-
tion, innate immunity (Toll receptors), and specifi c cellular 
constituents, in particular, pulmonary alveolar macro-
phages and dendritic cells and their roles in antigen 
presentation and human leukocyte antigen (HLA)–
linked diseases.

As aptly stated by Muller, infl ammation can be thought 
of as an attempt to restore homeostasis.7 In the early 
story of humans, when life spans were short and people 
were more likely to die young from infection or trauma, 
the ability to fi ght pathogens and heal wounds was much 
more critical for the survival of the species.7 However, 
now that we live longer, we have come to realize that 
infl ammation can paradoxically act as a “double-edged 
sword” with potentially harmful as well as benefi cial 
effects.7 Harmful effects of infl ammation, stemming from 
excessive or defective infl ammation, have been succinctly 
summarized by Kumar et al. and are discussed further 
below.8

A considerable amount of particulates and other envi-
ronmental pollutants contaminate the air entering the 
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arbitrarily, defi ne chronic infl ammation as infl ammation 
lasting longer than 4 weeks. Regardless of its duration, 
however, chronic infl ammation usually has an antecedent 
stage of acute infl ammation, with the acute process evolv-
ing into a chronic one. In some situations, however, 
chronic infl ammation begins de novo without a preceding 
acute phase. Furthermore, acute and chronic infl amma-
tions may coexist in a superimposed state.

What causes chronicity? For an infl ammatory process 
to become chronic, the stimulus, most often injury or 
infection, must persist. Chronic infl ammation differs con-
siderably from acute infl ammation and is characterized 
by three components: active infl ammation, tissue de-
struction, and attempts at repair. The component of 
active infl ammation is characterized primarily by cellular 
recruitment of macrophages. This recruitment evolves 
from continued recruitment of monocytes through acti-
vated endothelium. In addition, macrophages are stimu-
lated to proliferate at sites of infl ammation. Thus, both 
recruitment and proliferation contribute to the mononu-
clear infi ltrates. Tissue destruction takes place in necro-
tizing diseases such as in lung abscesses secondary to 
bacterial infection. Repair is dominated by fi broblastic 
proliferation and collagen deposition.

Harmful Effects of Infl ammation

Excessive infl ammation is the basis of many categories of 
human disease. This is particularly true for disorders of 
the immune system.8 Recent studies, however, point to 
an important role of infl ammation in a wide variety of 
human diseases that are not primarily disorders of the 
immune system. These include cancer, atherosclerosis, 
and ischemic heart disease as well as some neurodegen-
erative diseases such as Alzheimer’s disease.8

Defective infl ammation typically results in increased 
susceptibility to infections, delayed healing of wounds, 
and tissue damage.8 The susceptibility to infections 

refl ects the fundamental role of the infl ammatory 
response in host defense and is the reason why this 
response is a central component of the defense mecha-
nisms that are called innate immunity.8 Delayed repair 
occurs because the infl ammatory response is essential for 
clearing damaged tissue and debris and provides the nec-
essary stimulus to get the repair process started.8

Innate Immunity: Toll-Like Receptors

The mammalian immune system is an intricate system 
that can discriminate between self and nonself, affording 
protection from a wide variety of pathogenic insults. This 
system can be viewed as consisting of two parts or sub-
systems, one dealing with innate immunity and the other 
with adaptive immunity. In general, innate immunity is a 
nonspecifi c inducible response to pathogens.11 It is present 
at birth, does not show specifi city, and does not become 
more effi cient upon subsequent exposure to pathogens. 
Components of the innate immune response include 
mechanical barriers (skin, mucosal surfaces), physiologic 
defenses (soluble factors such as lysozyme, interferon, 
complement), phagocytic cells in concert with some fami-
lies of antimicrobial proteins (defensins), compounds 
such as resolvins that reduce chronic infl ammation by 
inhibiting the production and transportation of infl am-
matory cells and chemical mediators to the site of infl am-
mation, and Toll-like receptors (TLRs) that serve to 
recognize complex molecular patterns known as patho-
gen-associated molecular patterns (PAMPs).12 To this list 
of components of the innate immune system, natural 
killer (NK) cells can be added on account of their non-
specifi c cytotoxicity against some viruses and tumor 
cells.12 This chapter, however, focuses primarily on the 
important roles of the toll gene and TLRs in the innate 
immunity subsystem and their relationship to some 
selected infl ammatory conditions affecting the lung.

Deriving its name from the German, and literally 
meaning “mad, wild, or terrifi c,”13 the toll gene has gener-
ated an excitement in the scientifi c community that 
seems to match its name. First identifi ed in the fruit fl y 
(Drosophila melanogaster), the toll gene is important not 
only in the fl y’s embryogenesis (helping to establish the 
dorsal–vertical axis) but also in contributing to its 
protection against fungal infections.14–16 Following their 
recognition in Drosophila in 1988, TLRs were identifi ed 
in mammals in 1997 and later in humans. As noted, 
TLRs serve to recognize PAMPs and are part of the 
innate immune host defenses in a great variety of 
infectious and noninfectious infl ammatory conditions 
of the lung.17 Generally, TLR proteins serve a 
protective role in infectious diseases, particularly in 
tuberculosis. The progression of chronic infl ammatory 
lung disease can be infl uenced by TLR-dependent 

Table 43.1. Infl ammatory mediators.

Polypeptides Lipids
 Cytokines
 Complement activation products
 Clotting cascade products

 Thromboxane
 Leukotrienes
 Prostaglandins

Reactive oxygen intermediates Vasoactive amines
 Superoxide
 Hydrogen peroxide
Metabolites of arginine

 Histamine
 Serotonin
 Nucleotides

 Nitric oxide
 Adenosine diphosphate

Source: From Kunkel et al.,6 with permission.
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responses.18 In higher vertebrates, TLRs play a pivotal 
role in innate immune responses by enabling the host to 
recognize a wide range of PAMPs such as bacterial lipo-
saccharides, viral RNA, and fl agellin.18 The engagement 
of TLR proteins leads to upregulation of costimulatory 
and proinfl ammatory cytokines, as well as nitrogen and 
oxygen products. The role of TLR proteins in lung dis-
eases such as allergic asthma, airway hyperreactivity, and 
tuberculosis is currently the subject of much research. As 
the identifi cation of new receptors continues to expand 
our understanding of the evolving family of TLRs and 
their ligands (PAMPs) and activation factors has grown 
exponentially, now including 13 numerically designated 
TLRs. Among these, TLR2 and TLR4 have been the 
subject of considerable attention, particularly in connec-
tion with chronic obstructive pulmonary disease, bacte-
rial pneumonias, fungal infections of the lung, and some 
allergic disorders.

Pons and associates investigated the role of TLRs in 
the induction of the infl ammatory response in patients 
with chronic obstructive pulmonary disease (COPD).19 
These authors used fl ow cytometry to analyze the 
expressions of TLR2, TLR4, and CD14 in monocytes. 
To study the functional responses of these receptors, 
monocytes were stimulated with peptidoglycan or lipo-
saccharide and levels of tumor necrosis factor (TNF)-α 
and inter leukin (IL)-6 were quantitated. In this 
model, the expression of TLR2 was upregulated in the 
peripheral blood of patients with COPD as compared 
with never-smokers or smokers with normal lung 
function.19

Toll-like receptors recognize highly conserved micro-
bial molecular patterns, such as those found in endo-
toxin.20 Using a murine model, Velasco et al. tested 
whether TLR4 and TLR2 stimulation in vivo would mod-
ulate subsequent adaptive (allergic) immune responses.20 
The authors analyzed the effects of pulmonary adminis-
tration of a TLR4 agonist, lipid A, and two TLR2 agonists, 
peptidoglycan and pan-cys, in their murine model of 
allergic infl ammation. In their experiment, Velasco et al. 
showed that both types of TLR agonists decreased the 
allergen-induced recruitment of eosinophils when admin-
istered at sensitization or challenge. The authors con-
cluded that both TLR4 and TLR2 agonists decrease 
allergen responses, supporting the concept that exposure 
to bacterial components under defi ned conditions may 
protect against allergic disease.20

Toll-like receptor 4 is considered by some to be critical 
for inducing host innate immunity against many Gram-
negative bacteria, including some respiratory pathogens.21 
Francisella tularensis, the causative agent of tularemia, is 
a Gram-negative facultative intracellular bacterium. To 
determine the role of TLR4 in host defense against air-
borne F. tularensis, Chen et al. challenged TLR4-defi cient 
and wild-type mice with low doses of aerosolized type A 

F. tularensis.21 Host responses were compared at 2 and 4 
days postinoculation (dpi). At dpi 2, bacterial burdens 
were similar between the two strains of mice, but TLR4-
defi cient mice harbored approximately 10-fold fewer bac-
teria in their spleens and livers. At dpi 4, the bacterial 
burdens were indistinguishable between the two groups. 
These data, along with the lack of differences in survival 
and cytokine levels, prompted these authors to conclude 
that TLR4 does not contribute to resistance of mice to 
airborne type A F. tularensis.21

Acinetobacter baumannii is a Gram-negative bac-
terial pathogen increasingly associated with bacterial 
pneumonia in humans.22 To gain insight into the role of 
CD14, TLR4, and TLR2 in the host response to A. 
baumannii, Knapp et al. used gene-defi cient mice that 
had been intranasally infected with A. baumannii and 
challenged with A. baumannii–derived lipopolysaccha-
ride.22 Bacterial counts were increased in CD14 and 
TLR4 gene-defi cient mice, and only these animals devel-
oped bacteremia. The pulmonary cytokine–chemokine 
response was impaired in TLR4 knockout mice, and the 
onset of lung infl ammation was delayed. In contrast, 
TLR2-defi cient animals displayed an earlier cellular 
infl ux into their lungs, combined with increased macro-
phage infl ammatory protein 2 and monocyte chemoat-
tractant protein 1 concentrations, that was associated 
with accelerated elimination of bacteria from the pulmo-
nary compartment. Neither CD14 nor TLR4 gene-
defi cient mice responded to intranasal administration of 
lipopolysaccharide, whereas TLR2 knockout mice were 
indistinguishable from wild-type animals.22 Knapp and 
associates concluded that CD14 and TLR4 play a key 
role in the innate detection of A. baumannii via the lipo-
polysaccharide moiety, resulting in effective elimination 
of the bacteria from the lung, whereas TLR2 signaling 
seems to counteract the robustness of innate responses 
during acute A. baumannii pneumonia.22

Acquired Immunity: Macrophages, 
Dendritic Cells and Antigen 
Presentation

Macrophages are ubiquitous phagocytic cells of mono-
cytic lineage that reside within various tissue compart-
ments in a variety of organs.10 They are particularly 
prominent in the lung where they serve multiple func-
tions, including augmenting particle removal on the muco-
ciliary escalator, transporting particles to regional lymph 
nodes, and promoting the generation of B and T cells.10 
Several types of macrophages and antigen-presenting 
cells are found in the lung: blood monocytes, alveolar 
macrophages, dendritic cells, epithelioid histiocytes, and 
Langerhans cells. This section focuses on alveolar 
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macrophages, dendritic cells, and epithelioid histiocytes 
occurring within granulomas.

Macrophages play an important part in the infl am-
matory response, producing TNF, interleukin (IL)-1, 
and IL-6. In addition, more than 100 other substances 
are known to be secreted by pulmonary macrophages. 
Macrophages are important in lymphocyte activation, 
where they act as important antigen-presenting cells 
for T lymphocytes. They take up antigen, from which 
they cleave immunogenic fragments. Binding and 
display of these fragments on either class I or class II 
HLA antigens stimulates T cells. Macrophages are 
commonly seen at sites of infection, a prime example 
being tuberculosis.23 The macrophages are fi rst attracted 
to an infected area by both bacterial and neutrophil 
fragments as well as by endotoxins, complement, 
immune complexes, and collagen fragments. Macro-
phages remain at a focus of infection because of a 
migration-inhibition factor generated by T lympho-
cytes.23 Besides killing organisms, macrophages play an 
important role in lysis of tumor cells by releasing sub-
stances such as TNF, complement components, and 
proteases. Macrophages are present in wounds imme-
diately after injury, where they synthesize collagenase 
and elastase, which clean the wound. They also release 
factors regulating the physiologic activity of bronchial 
epithelial cells. Pulmonary macrophages not only have 
a phagocytic role, keeping the lung sterile, but are also 
secretory and regulatory cells.23 For example, alveolar 
macrophages and epithelial cells may act in concert in 
the clearance process of removing inhaled particulate 
matter. Fujii et al. have shown that human alveolar 
macrophages and bronchial epithelial cells produce 
cytokines when macrophages phagocytize atmospheric 
particles.24 This cell-to-cell interaction results in produc-
tion of cytokines growth factors such as granulocyte-
macrophage colony-stimulating factor, add TNF-α, 
IL-7β, and IL-6.24 Histologically, macrophages are par-
ticularly prominent in smoking-related lung diseases 
such as desquamative interstitial pneumonia and respi-
ratory bronchiolitis.

Abbas et al. proposed a maturation scheme for mono-
nuclear phagocytes that is shown in Table 43.2.25 Although, 
the most commonly held view is that lung macrophages 
originate from blood monocytes, alveolar proliferation 
has also been demonstrated. However, interstitial mac-
rophages, as compared with alveolar ones, have an 
increased ability to replicate and synthesize DNA.

The alveolar macrophage varies in size from 12 to 
40 μm in diameter and has a lobulated and sometimes 
kidney-shaped nucleus, numerous mitochondria, and 
electron-dense secondary lysosomes in its cytoplasm. 
Increased numbers of macrophages are found in smokers. 
In smokers, they are larger (up to 50 μm) and contain 
pigmented intracytoplasmic inclusions. Alveolar macro-
phages have been separated into different subpopula-
tions. Membrane receptor expression and functions, such 
as phagocytosis and mediator release, vary among these 
different cell populations. Apart from circulating mono-
cytes and interstitial macrophages, a third and morpho-
logically distinct population of pulmonary macrophages 
have been described in humans. Although most attention 
has been given to parenchymal (alveolar) macrophages, 
it has been shown that if the lung is fi xed by submersion, 
intravascular fi xation, or vapor fi xation, many macro-
phages can be seen in the bronchial tree. Airway fi xation 
displaces most airway macrophages. Some of these cells 
are present in the mucociliary escalator system, but others 
are adherent to the bronchial epithelium.23

Originally identifi ed by Steinman and colleagues, den-
dritic cells represent the pacemakers of the immune 
response.26–28 They are crucial for the presentation of anti-
genic peptides to T lymphocytes and are widely recog-
nized as the key antigen-presenting cells. Dendritic cells 
are distributed throughout the respiratory tract, from the 
nasal mucosa to the lung and pleura.29 The most promi-
nent populations of dendritic cells are located within the 
epithelium of conducting airways. In the airways, den-
dritic cells form a rich cellular network comparable to 
that of Langerhans cells in the epidermis. Within the lung 
parenchyma, dendritic cells lie near or at interseptal junc-
tions between adjacent alveolar units.29

Table 43.2. Maturation of mononuclear phagocytes.

Bone marrow Peripheral blood Tissues

Stem cell → Monoblast → Monocyte → Macrophage

Activated macrophages

Activation

Differentiation

Microglia (brain)
Kupffer cells (liver)
Alveolar macrophages (lung)
Osteoclasts (bone)

Source: From Abbas et al.,25 with permission.
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Monocytes continuously exit the bloodstream and 
enter body tissues, where many differentiate to macro-
phages.30 Because there is no net accumulation of macro-
phages in tissues during the steady state, monocyte entry 
into tissues may be just suffi cient to replace dying mac-
rophages, or monocytes may only transiently traverse 
tissues.30 During resolution of infl ammation, at least some 
monocytes leave tissues by migrating to draining lymph 
nodes. However, the state of differentiation of monocyte-
derived cells that arrive in lymph nodes has not been well 
characterized.30

Randolph et al. investigated the differentiation and 
traffi cking of infl ammatory monocytes that phagocytosed 
subcutaneously injected fl uorescent latex microspheres.30 
As expected, most of the monocytes became microsphere-
containing macrophages, which remained in subcutane-
ous tissue. However, about 25% of latex-containing cells 
migrated to the T-cell area of draining lymph nodes, 
where they expressed dendritic cell–restricted markers 
and high levels of costimulatory molecules.30 Micro-
sphere-transporting cells were distinct from resident skin 
dendritic cells, and this transport was reduced by more 
than 85% in monocyte-defi cient osteopetrotic mice. Thus, 
the authors concluded that a substantial minority of 
infl ammatory monocytes carry phagocytosed particles to 
lymph nodes and differentiate into dendritic cells.30

Holt and others have implicated populations of den-
dritic cells in lung parenchyma and tissue from the airways 
as key regulators of qualitative and quantitative aspects 
of T-cell responses to antigenic challenge.29 Under steady-
state conditions, dendritic cells are specialized for antigen 
uptake but require maturation signals for full expression 
of their T-cell–stimulating activity. The functional pheno-
type of dendritic cells appears to be controlled via a 
complex series of regulatory interactions with bone 
marrow–derived cells, mesenchymal cells, and possibly 
neuroendocrine cells.29 Failure in one or more of these 
regulatory interactions may be an important etiopatho-
genetic factor in a variety of respiratory immunoinfl am-
matory diseases.29 For instance, a growing body of evidence 
suggests that upregulation of the dendritic cell popula-
tion in the respiratory tract may be an etiologic factor in 
allergic respiratory disease. Holt and others have called 
attention to such upregulation of dendritic cells in the 
nasal mucosal of patients with rhinitis, after deliberate or 
environmental allergen challenge, and also in bronchial 
mucosa of subjects with atopic asthma.31–33

Variants of Infl ammation

Granulomatous Infl ammation

Chronic infl ammation can take a variety of morphologic 
forms. It may present as a chronic abscess or granulation 
tissue or as an ulcer or granuloma. Currently, two major 

types of granulomas are recognized. The fi rst is the 
foreign-body type of granuloma, which is usually second-
ary to agents such as suture material, glass particles, or 
crystals. The immune (hypersensitivity) type of granulo-
mas represent the second largest category of granulo-
mas.34 The causes of granulomas are many (Table 43.3), 
and some are idiopathic.35

What is a granuloma? The answer to this question may 
be approached by attempting to provide a defi nition. 
Briefl y, one may say that a granuloma is a granule-like 
microstructure with a central collection of epithelioid 
macrophages surrounded by a rim of peripheral lympho-
cytes. Epithelioid cells are essentially modifi ed macro-
phages bearing some resemblance to epithelial cells, 
hence the term epithelioid. Epithelioid cells have large, 
usually oval, but sometimes elongated, pale, vesicular 
nuclei with visible nuclear membranes and a small nucle-
olus. Multinucleated giant cells often accompany the epi-
thelioid cells; these cells are histiocytic cells with two or 

Table 43.3. Some common causes of pulmonary granulomas.

Infection Bacteria Brucella abortus
Francisella tularensis
Yersinia pestis

Mycobacteria Mycobacterium tuberculosis
M. kansasii
M. leprae
M. marinum

Spirochetes Treponema pallidum
T. carateum

Metazoa Schistosoma sp.
Toxocara canis

Fungi Coccidiodes immitis
Histoplasma capsulatum

Protozoa Toxoplasma gondii
Leishmania sp.

Hypersensitivity 
pneumonitis

Farmer’s lung
Parakeet lung
Suberosis, bagassosis
Mushroom picker’s lung
Pigeon breeder’s lung

Drugs/medications Dilantin
Methotrexate
Bacille Calmette-Guerin
Mineral oil
Talc

Chemicals Beryllium
Zirconium
Hard metals
Silica

Neoplastic diseases Lymphoma
Carcinoma

Idiopathic Sarcoidosis
Wegener’s granulomatosis
Lymphomatoid granulomatosis
Vasculitides

Source: From Sharma,35 with permission.
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more nuclei and similar histologic characteristics to epi-
thelioid cells. Epithelioid histiocytes react strongly with 
CD68 and are cytokeratin negative; these features help 
to distinguish them from epithelial cells. A hypersensitiv-
ity type of granuloma with epithelioid histiocytes and 
a multinucleated giant cell in a case of hot-tub lung 
(believed secondary to nontuberculous mycobacteria) is 
shown in Figure 43.1.

How do granulomas form? In an organ that is chroni-
cally infl amed, the cellular infi ltrate usually spreads more 
or less evenly throughout the tissue, or it can gather into 
tiny, separate, more or less rounded clusters of macro-
phages with a sprinkling of other cell types such as 
lymphocytes, eosinophils, and plasma cells.34 The actual 
evolutionary mechanism leading to the formation of a 
granuloma, starting with an infl icted injury, going through 
a mid phase of macrophage accumulation, and culminat-
ing in a well-formed granuloma is shown in Table 43.4.36

As stated by Kumar et al., macrophages are the prima 
donnas of chronic infl ammation and more so in the case 
of granulomatous infl ammation, such as that seen in sar-
coidosis and tuberculosis of the lung.8 What is the func-
tion or mission of a granuloma? Paraphrasing Majno 
and Joris, we may think of a granuloma as a “specialized 
device for focusing and concentrating the cellular counter 
attack.”34 When bacteria are the offending agents, the 
granuloma per se does not act as a bacterial defense but 
rather as a manufacturing site for the production and 
release of chemical mediators, chiefl y cytokines. Immune 
granulomas may undergo necrosis, particularly in granu-
lomas associated with tuberculosis, syphilis, and rheuma-

toid arthritis. The necrosis is of the coagulative type and 
develops in the centers of the granulomas. The cause 
of the necrosis is not entirely clear. Prime causative 
agents, according to Majno and Joris, are macrophage-
derived cytokines such as TNF.34 The pathogenesis of 
tuberculous granulomas is discussed more extensively in 
Chapter 40.

Interstitial Infl ammation

Broadly characterized, the interstitium of the lung is its 
connective tissue framework.23 It can also be thought of 
as that part of the interalveolar septal wall that lies 
between the alveolar epithelial and capillary endothelial 
basement membranes.37 The interstitium is abundant 
around the airways and arteries in the centers of the 
lobules, and around the veins. The interstitium consists 
of collagen and elastin fi bers, among which are fi bro-
blasts, myofi broblasts, histiocytes, and mast cells with 
scanty nerves and nerve terminals.23 The myofi broblasts 
are closely related to the capillaries, and it is suggested 
that they control perfusion of the alveoli. Other intersti-
tial cells include mast cells and a form of histiocyte inter-
mediate between a blood monocyte and an alveolar 
macrophage. Lymphoid elements, Langerhans cells, and 
dendritic reticular cells are also contained within the 
interstitium.23

The interstitium is the target of a rather long list of 
disorders known collectively as interstitial lung diseases. 
To date, more than 100 such disorders have been identi-

Figure 43.1. Nonnecrotizing granuloma found in a patient with 
hot-tub lung. Note the arrangement of centrally located epithe-
lioid macrophages with a multinucleated giant cell (arrow). 
(Hematoxylin and eosin; ×200.)

Table 43.4. Mechanism of evolution of a granuloma.

Injury
↓

Failure to digest injurious agent
↓

Weak acute infl ammatory response
↓

Persistence of injurious agent

T-cell–mediated immune
response

Poorly digestible agent

• Activation of CD4+ T cells (release of lymphokines,
IL-1, IL-12, growth factors, IFN-γ, IFN-α)

• Monocyte chemotactic factor
↓

Accumulation of tissue macrophages
↓

Macrophages activated by IFN-γ
↓

Transformed to epithelioid cells, giant cells
↓

Granuloma

Source: From Mohan,36 with permission.
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fi ed. The term is often used somewhat imprecisely to refer 
to a group of disorders associated with physiologic restric-
tive changes and a histologic abnormality—usually 
infl ammation—of the lung interstitium, leading to slow 
accumulation of collagen (fi brosis) in the interstitium. 
However, the accumulation of other substances or cells, 
such as neoplastic cells or amyloid, may also result in 
“interstitial lung disease.”38–40

What prompts the development of interstitial infl am-
mation? The location of the stimulating antigen(s) in the 
alveolar septum is believed to be an important factor. 
Antigens bound to or expressed by alveolar lining cells 
can be recognized by CD4- or CD8-expressing T cells, 
depending on whether there is class 1 or class 2 antigen 
presentation. Disorders associated with interstitial infl am-
mation of the lung classically include viral interstitial 
pneumonias, hypersensitivity pneumonia, and autoim-
mune processes such as rheumatoid arthritis, systemic 
lupus erythematosus, and scleroderma. The predominant 
infl ammatory cells in interstitial lung diseases may be 
lymphocytic, as in nonspecifi c interstitial pneumonia, or 
neutrophilic, as in usual interstitial pneumonia (UIP). 
Nonspecifi c interstitial pneumonia has been identifi ed as 
a distinct entity with a more favorable prognosis and 
better response to immunosuppressive therapies than 
UIP. However, an increasing number of cases are being 
reported with mixed features of nonspecifi c interstitial 
pneumonia and UIP, suggesting that at least in some 
cases these disorders share a common pathogenesis.

For several decades, UIP, also known to pulmonologists 
and radiologists as idiopathic pulmonary fi brosis (IPF), 
has largely been regarded as an infl ammatory interstitial 
process.41 This belief was based to a large extent on the 
observation that bronchoalveolar lavage fl uid from 
patients with UIP/IPF had increased numbers of infl am-
matory cells (mostly neutrophils) as compared with 
normal controls.41,42 This concept pervaded the literature, 
suggesting that UIP/IPF resulted from an unremitting 
infl ammatory response to an exogenous insult, culminat-
ing in progressive fi brosis and honeycombing. The belief 
had profound clinical and therapeutic implications41 by 
targeting therapies toward interfering with the infl amma-
tory response. The basic tenet was that the fi brosis could 
be limited and/or prevented with appropriate use of 
antiinfl ammatory agents such as corticosteroids. More 
recently, however, structural abnormalities in lung archi-
tecture (traction bronchiectasis) have been recognized to 
play an important role in the pathogenesis of UIP/IPF, 
and the observed changes in infl ammatory cell traffi cking 
have been suggested to follow from the fi brotic changes.41 
Although the role of infl ammation in the pathology of 
UIP/IPF remains controversial, it is diffi cult to ignore the 
lack of effi cacy of corticosteroids.41

Infl ammation and a fi brogenic response can be seen 
concurrently. An example of this occurrence is observed 

in organizing pneumonia. In this condition, an infi ltrate 
of mononuclear infl ammatory cells (lymphocytes and 
macrophages) is seen in the pulmonary interstitium, while 
the alveolar ducts and sacs are fi lled by organizing plugs 
of young fi broblastic tissue (Figure 43.2). In contrast to 
UIP/IPF, organizing pneumonia is corticosteroid respon-
sive in a signifi cant majority of cases.

Human Leukocyte Antigen–Linked 
Lung Disease

The HLA system plays a major role in the immunoregu-
lation of infl ammatory processes in the human lung and 
is the correlate of the major histocompatibility complex 
(MHC) system in mice. A variety of pulmonary disorders 
such as hypersensitivity pneumonitis, transfusion reac-
tions, nosocomial pneumonias, bronchiolitis obliterans, 
and diffuse panbronchiolitis are immunomodulated by 
the HLA system. Class I HLA receptors are widely 
expressed, whereas class II receptors are constitutively 
expressed only by professional antigen-presenting cells, 
particularly dendritic cells and B cells.43 During infl am-
matory responses, expression can be upregulated by other 
cells, such as endothelial cells. There are three class I 
genes, HLA-A, HLA-B, and HLA-C, and at least six 
class II genes, although only three (DR, DQ, and DP) 
are particularly important in antigen presentation. For 
each gene, there exist many different alleles recognized 
originally through serotypes and more recently by 
sequencing so that at a nucleotide level individuals are 
relatively unique in their HLA structures.43

Figure 43.2. Organizing pneumonia. A plug of young fi broblas-
tic tissue fi lls an alveolar duct. The chronic infl ammatory 
response in the surrounding alveolar walls is rather mild. 
(Hematoxylin and eosin; ×200.)
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T cells in the periphery (as opposed to the thymus) will 
not respond to free antigen but only to antigen properly 
presented by HLA receptors. This represents an impor-
tant biologic control mechanism that limits reactivity to 
self-antigens. The interaction between the T-cell receptor 
and the HLA molecule is exquisitely specifi c, with altera-
tions in single amino acids in either the peptide, the HLA 
receptor, or the T-cell receptor profoundly altering the 
response. Certain peptides will bind only to certain HLA 
alleles, which probably explains the association between 
particular HLA phenotypes and certain autoimmune dis-
eases. Ankylosing spondylitis, in which over 90% of suf-
ferers have the HLA-B27 allele compared with less than 
10% of the general population, is an example.43

Superantigens are microbial toxins that can activate up 
to one third of T cells. Such activation is accomplished 
through simultaneous binding to the VB domain of the 
T-cell receptor and to the complementary chain of 
the class II HLA molecule. This common mechanism of 
microbial virulence causes a number of clinical syndromes, 
including toxic shock syndrome, tissue necrosis, and food 
poisoning.44–46 Some HLA class II molecules are better at 
binding and presenting a specifi c superantigen.44,45,47 This 
leads to an HLA class II association of superantigen 
action, with its clinical effects resulting from high T-cell 
cytokine responses. Microorganisms that produce supe-
rantigens include Staphylococcus, Streptococcus, Myco-
plasma, Yersinia, and certain retroviruses, including 
endogenous retroviruses. Superantigens have an impor-
tant role in atopic dermatitis and, possibly, chronic severe 
asthma, type I diabetes, multiple sclerosis, rheumatoid 
arthritis, Kawasaki’s disease, and psoriasis.44,48,49

Antigen presentation by macrophages is regulated by 
HLA-DR47–activated macrophages characterized by spe-
cifi c alterations of the expression of their surface markers 
under certain pathologic conditions, such as pneumonia. 
In particular, myeloid-related proteins MRP8/MRP14 
are involved in the regulation of macrophage migration 
and adhesion.50 Myeloid-related proteins are proteins of 
the S100 family of proteins that are regarded as having 
antimicrobial, chemotactic, and cytostatic properties.50 
Bühling et al. studied the cytofl uorometric expression of 
MRP8/MRP14 and HLD-DR in patients with pneumo-
nia, COPD, interstitial lung disease, and controls with no 
known lung disease.51 These investigators correlated 
phenotypic characteristics with levels of transforming 
growth factor (TGF)-β1 and IL-8 in bronchoalveolar 
lavage fl uid from the above-cited patients and controls 
and then analyzed the infl uence of TGF-β1 and IL-8 on 
the expression of MRP8/MRP14 and HLA-DR in cul-
tured monocytes. Signifi cantly, more MRP8/MRP14-
positive macrophages and less HLA-DR–positive 
macrophages were found in pneumonia patients but not 
in COPD or interstitial lung disease patients, suggesting 
that in pneumonia, but not in COPD or interstitial lung 

disease, alveolar macrophages are characterized by 
increased (salutarious) expression of myeloid-related pro-
teins and a concurrent decrease in HLA-DR expression. 
The authors suggested that characterization of subpopula-
tions of macrophages such as cited earlier may be a useful 
tool for the monitoring of disease progression.51

Anti-HLA and antineutrophil antibodies have been 
implicated in some cases of transfusion-related acute 
lung injury, which is a potentially lethal pulmonary com-
plication of transfusion.52 Nishimura et al. postulate that 
anti-HLA and antineutrophil antibodies activate leuko-
cytes in recipients of blood transfusion, resulting in the 
release of soluble factors such as reactive oxygen species 
and detrimental cytokines and chemokines (such as TNF-
α, interferon-γ, and IL-18), derived from said activated 
leukocytes.52 The harmful effects of these factors on lung 
tissues are strongly suspected to be profoundly involved 
in the pathogenesis of transfusion-related acute lung 
injury reactions.52

A serious condition of small airways, obliterative 
bronchiolitis is characterized by fi brous obstruction of 
bronchiolar lumina. Obliterative bronchiolitis develop-
ing after lung transplantation is considered to be the end 
result of multiple airway insults infl icted by immunologic 
and microbiologic processes that vary for individual 
patients and are infl uenced in their outcomes by genetic 
and environmental factors. Schulman et al. analyzed risk 
factors for obliterative bronchiolitis in 152 lung trans-
plant recipients and determined that mismatching at the 
HLA-A locus was a signifi cant risk factor for obliterative 
bronchiolitis and a determinant of its severity.53,54

A number of studies have revealed relationships 
between HLA antigen expression and the development 
of pulmonary infections. Specifi cally, low levels of HLA-
DR expression on peripheral blood monocytes have been 
demonstrated to correlate with the risk of infection in 
pediatric lung transplant recipients as well as in trauma 
patients.55–57 Furthermore, antigens of the HLA system 
are known to modulate resistance or susceptibility to a 
variety of viruses and members of the mycoplasma family. 
Human leukocyte antigen B40, for example, appears to 
be associated with resistance to infl uenza A, whereas B18 
and B21 appear to be associated with resistance to para-
infl uenza. In addition, B15 and B35 appear to be associ-
ated with resistance to Mycoplasma pneumoniae.58

As noted earlier, the HLA system plays a signifi cant 
role in hypersensitivity pneumonitis. In experimental 
models of hypersensitivity pneumonitis, there is increas-
ing evidence that a high level of antigen-specifi c suppres-
sor cell activity contributes to either completely inhibiting 
or modulating the degree of pulmonary infl ammation.59 
There is also evidence that a genetic predisposition linked 
to the HLA system determines the occurrence of hyper-
sensitivity pneumonitis. For example, in the animal model 
of hypersensitivity pneumonitis developed by Wilson 
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et al., pigeon feces extracts were given to two different 
strains of mice.60 One (high responder) mouse strain 
developed intense and diffuse interstitial infl ammation 
of the lung along with delayed hyperreactivity to avian 
antigens. The other (low responder) strain showed only 
mild perivascular infl ammation and did not demonstrate 
delayed reactivity.59,60 Several studies looking at links 
between HLA and hypersensitivity pneumonitis have 
shown a statistically signifi cant predisposition to hyper-
sensitivity pneumonitis in individuals with certain alleles 
such as HLA-DR3 and HLA-DQw3.59,61,62

Asthma is known to be associated with eosinophilic 
infl ammation of the airways, bronchial hyperresponsive-
ness, increased production of IgE, and increased levels 
of cytokines IL-4, IL-5, and IL-13. Development of 
infl ammation within the asthmatic lung depends to some 
extent on HLA class II–restricted antigen presentation 
leading to stimulation of CD4+ T cells with cytokine 
generation.57

Diffuse panbronchiolitis, a disorder of unknown etiol-
ogy, is characterized by accumulation of foamy histiocytes 
in respiratory bronchioles and alveoli. More common in 
the Far East, particularly in Japan, diffuse panbronchiol-
itis has shown a strong association with HLA class I 
alleles, supporting the view that diffuse panbronchiolitis 
is an immune-mediated disease. In Japanese patients, 
there is a strong association between the HLA-Bw54 
locus and the disease.63 In one study, 37% of patients 
possessed the HLA-B5401 allele, which is conserved pre-
dominantly in East Asians, as compared with 15% of 
healthy controls.63,64 In Koreans, an association with the 
HLA class I serotype was also seen, although in this 
group it was with HLA-A11 (53% vs. 18% of controls) 
and HLA-B55 (17% vs. 3.5%).63,64

Conclusion

The subject of infl ammation is vast and complex. A recent 
access to a PubMed yielded 57,860 citations for infl am-
mation of the lung alone and 183,184 citations for the 
subject of infl ammation at large. Such a level of knowl-
edge has taken centuries to accumulate. The past two to 
three decades, however, have seen an accelerated level 
of accrued new data.

This brief review of the infl ammatory process in the 
lung does not pretend to be comprehensive. Rather, it is 
an attempt to present the reader with recent develop-
ments, namely, the tissue response to immunoinfl amma-
tory agents, how granulomas form, mechanisms of 
response selection, and an introduction to the TLR–
PAMP story. In addition, this chapter discussed the role 
of dendritic cells in antigen presentation and the infl u-
ence of the HLA system in a variety of infl ammatory lung 
disorders.
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Oxidants and Antioxidants

Hanzhong Liu and Gary A. Visner

Oxidants in the Lung

Reactive Oxygen Species

Oxidation of organic compounds during aerobic metabo-
lism is an essential process by which mammalian cells 
generate suffi cient energy to maintain their growth and 
function. However, the resulting reactive oxygen species 
(ROS), which mainly include superoxide (O2

−⋅), hydrogen 
peroxide (H2O2), and hydroxyl radicals (⋅OH), are poten-
tially toxic to almost every biologic molecule in living 
cells. Indeed, oxidants are capable of damaging cell 
membranes, especially those rich in polyunsaturated 
fatty acids, resulting in lipid peroxidation.2 This not only 
damages the integrity of cell membranes but also pro-
duces additional products, peroxides and aldehydes, that 
are cytotoxic.3 Reactive oxygen species also modify pro-
teins, resulting in functional impairment or marking them 
for early destruction. In addition, DNA is a sensitive 
target to oxidative injury, resulting in base modifi cation, 
base-free sites, deletions, frame shifts, and strand 
breaks.4

During normal aerobic metabolism, intracellular O2
−⋅ 

is continually produced by a reaction catalyzed by cyto-
chrome oxidase in the mitochondrial respiratory chain. 
It has been estimated that each living cell is exposed 
to approximately 1010 molecules of O2

−⋅ per 24 hr. A much 
higher level of O2

−⋅ can be generated by the NADPH 
oxidase enzymatic system in “professional” phagocytes, 
that is, neutrophils and macrophages, at the site of infl am-
mation.5 O2

−⋅ is a free radical, that is, it contains an 
unpaired electron that can be transferred to nonradical 
H2O2 by a nonenzymatic or superoxide dismutase (SOD)–
catalyzed reaction (O2

−⋅ + O2
−⋅ + 2H+ → H2O2 + O2). 

Unlike O2
−⋅, H2O2 is not charged and can diffuse freely 

through cell membranes. Both O2
−⋅ and H2O2 can be used 

Introduction

Oxidants are an important source of injury to cells and 
tissues. The lung is exposed to signifi cantly more oxidants 
than are most other organs. The lung is unique because 
of its large epithelial surface area that is directly exposed 
to high levels of oxygen tension, that is, oxygen pressure 
in inhaled air is 20 kPa (150 mm Hg). Ambient air con-
tains additional oxidants, including cigarette smoke, 
asbestos fi bers, mineral dust, and environmental carcino-
gens. A common component in most lung disease is acti-
vation of the infl ammatory response, which leads to the 
generation of a relatively large quantity of oxidants. Even 
some therapeutic interventions, such as ventilation and 
oxygen therapy in the treatment of prematurely born 
neonates and acute respiratory distress syndrome, or che-
motherapeutic agents, including bleomycin, carmustine, 
and anthracyclines, enhance oxidant burden to lung 
tissue.1 Thus, the lung represents a unique tissue exposed 
not only directly to external environmental oxidants 
under normal conditions but also to infl ammation- and 
therapy-associated oxidants in disease state.

To maintain normal lung homeostasis and function, 
lung tissue is endowed with a well-established defense 
system against oxidant-mediated damage through non-
enzymatic and enzymatic antioxidants. Under certain 
circumstance, however, oxidative stress, resulting from 
disequilibrium between oxidant burden and antioxidant 
reserve, can occur and consequently lead to a series of 
pathophysiologic events that include activation of infl am-
mation, widespread tissue damage, and eventually pul-
monary dysfunction. In this chapter, the generation of 
oxidants and antioxidants in lung tissue and their regula-
tory role in expression of transcription factors involved 
in the molecular mechanisms of most lung diseases are 
discussed.
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as a source for producing ⋅OH. For example, H2O2 can be 
oxidized by eosinophil-specifi c peroxidase and neutro-
phil-specifi c peroxidase using Br or Cl as a cosubstrate to 
form hypobromous acids (HOBr) and hypochlorous 
acid (HOCl), respectively. These hypohalous acids can 
further react with O2

−⋅ to produce ⋅OH (HOBr + O2
−⋅ → 

⋅OH + O2 + Br− or HOCl + O2
−⋅ → ⋅OH + O2 + Cl−). 

Another example for ⋅OH generation from O2
−⋅ and H2O2 

is the combination of the iron-catalyzed Haber-Weiss 
reaction (Fe3+ + O2

−⋅ → Fe2+ + O2) and the Fenton reaction 
(Fe2+ + H2O2 → Fe3+ + OH− + ⋅OH). These reactions are 
important, as most of the damage done by O2

−⋅ and 
H2O2 in vivo is due to their production of ⋅OH, a very 
reactive oxygen species that plays a major role in tissue 
damage associated with acute and chronic lung 
infl ammation.6

Reactive Nitrogen Species

Nitric oxide (NO) is widely present in environmental 
pollutants and cigarette smoke.7 In addition, this gas is 
continuously being generated throughout the body and 
plays important physiologic functions such as the regula-
tion of blood pressure. Nitric oxide is formed from the 
semiessential amino acid L-arginine by the action of 
nitric oxide synthase (NOS). There are three isoforms of 
NOS. The constitutive forms, which include neuronal 
NOS (nNOS) and endothelial NOS (eNOS), are Ca2+–
calmodulin dependent and release low levels of NO in 
response to receptor and physical stimulation. The induc-
ible form of NOS (iNOS) is Ca2+–calmodulin indepen-
dent and usually produces large amounts of NO in 
response to pathologic stimuli. Nitric oxide is highly reac-
tive, as the paramagnetic molecule contains an odd 
number of electrons. In addition, it also serves as a source 
for generation of other reactive nitrogen species (RNS).

Two major pathways have been identifi ed in the forma-
tion of RNS from NO in vivo. First, autooxidation of NO 
with O2 results in the formation of nitrite (NO2

−), which 
can be further oxidized by hemeperoxidases such as 
neutrophil-specifi c peroxidase and eosinophil-specifi c 
peroxidase to generate nitrogen dioxide radical (NO2⋅) or 
related molecules, which are capable of nitrating reac-
tions. Another pathway is the reaction of NO with free 
radicals (radical–radical reaction). Nitric oxide can react 
quickly with O2⋅ to form peroxynitrite (ONOO−), which 
can be protonated to give peroxynitrous acid (ONOOH). 
Like NO2⋅, ONOOH is highly reactive and can cause 
nitration of protein, lipids, and DNA bases and conse-
quently damage cellular functions.8 It should be noted 
that, compared with other amino acids, tyrosine is par-
ticularly prone to nitration, and thus formation of its 
nitrated product, 3-nitrotyrosine, has be used as a bio-
marker for the generation of RNS in lung tissue in 
vivo.9

Antioxidants in the Lung

As mentioned, both ROS and RNS are continuously gen-
erated in lung tissue even during normal metabolism. 
Therefore, lung cells have developed a highly effective 
defense system that is crucial for ensuring the proper 
balance between oxidant and antioxidant molecules and 
maintaining normal pulmonary function.

Nonenzymatic Antioxidants

Lung extracellular fl uids including epithelial lining fl uid 
(ELF) act as an interface between ambient air and the 
epithelium and constitute the fi rst line of defense against 
inhaled oxidants. Epithelial lining fl uid contains large 
amounts of free radical scavengers, which represent a 
group of compounds that can react directly with oxidizing 
agents and inactivate them. Several vitamins contained 
in ELF can act as scavengers under certain conditions. 
Vitamin E (α-tocopherol) is a membrane-bound agent 
that can scavenge lipid peroxides, thereby terminating 
lipid peroxidation. Vitamin C is capable of scavenging 
O2

−⋅ and ⋅OH; however, it can also convert Fe3+ to Fe2+, 
which can then react with H2O2 producing ⋅OH.6 A typical 
feature in the antioxidant defense of the human lung is 
that its ELF is rich in glutathione (approximately 140 
times higher than in the circulating blood).10 Additional 
antioxidant species contained in ELF include iron-binding 
proteins (ceruloplasmin, transferrin, ferritin, lactoferrin, 
etc.), proteins with free radical scavenging capacity such 
as albumin, and low-molecular-weight substances such 
as bilirubin and uric acid.11 Moreover, some proteins 
expressed in lung cells, such as surfactant protein D in 
type II cells, also have an antioxidant function.1

Enzymatic Antioxidants

A variety of antioxidant enzymes, mainly glutathione 
peroxidases (GPs), SODs, and catalase, constitute the 
main protective mechanism of lung tissue against ROS-
mediated injury. The selenoprotein GPs are the central 
mechanism for reducing H2O2 and lipid peroxides in lung 
tissue. Four isoforms of GPs encoding different genes 
have been identifi ed: two are cytosolic enzymes, another 
one is a membrane-associated GP, and the last one is 
an extracellular GP, which is highly expressed in ELF.12 
The GP-mediated reaction uses glutathione (GSH) as the 
electron donor and produces glutathione disulfi de 
(GSSG) (ROOH + 2GSH→ ROH + GSSG + H2O or 
ONOO− + 2GSH→ ONO− + GSSG + H2O). The GSSG 
formed in the course of the reaction can be transferred 
back to the reduced form of GSH through the action of 
glutathione reductase, which uses NADPH generated 
from the hexose monophosphate shunt system as an elec-
tron donor.13 The concentration of GSH in a living cell 



472 H. Liu and G.A. Visner

ranges from 1 to 10 mM, and the GSH/GSSG ratio has 
been widely used as an indicator of the cell’s oxidative 
state. Glutamylcysteine ligase is the rate-limiting enzyme 
catalyzing the conversion of the amino acid cysteine to 
GSH. This enzyme is a heterodimer composed of a 
73-KDa catalytic heavy subunit and a 30-KDa regulatory 
light subunit.14 Like other enzyme-mediated reactions, 
glutamylcysteine ligase can be inhibited by high levels of 
GSH through a feedback mechanism.13,14

Superoxide dismutases are the only enzymatic antioxi-
dant catalyzing the dismutation of superoxide to H2O2 
and are believed to play an important protective role 
against oxidant-related lung injury. There are three dif-
ferent forms of SOD. Two are intracellular, the cytoplas-
mic copper/zinc (Cu/ZnSOD) and the mitochondrial 
manganese SOD (MnSOD), and the third is extracellular 
SOD normally found on the outside of the plasma mem-
brane (ECSOD).1 Superoxide dismutase expression has 
been observed in all types of lung cells, but individual 
isoforms show signifi cant variability in distribution. For 
example, it has been reported that ELF contains a much 
higher level of ECSOD than MnSOD and Cu/ZnSOD.6 
In contrast, alveolar type II cells have higher expression 
of CuZnSOD and MnSOD compared with ECSOD.15

Catalase, a tetrameric hemoprotein generally found 
only in peroxisomes, catalyzes the very rapid dismutation 
of H2O2 into water. Thus, there may be a functional 
overlap between catalase and GPs. However, catalase is 
most effective in the presence of high levels of H2O2, 
whereas the GPs system is able to reduce H2O2 at very 
low levels. In addition, unlike GPs, catalase cannot reduce 
large molecular peroxides such as lipid hydroperoxide, 
products of lipid peroxidation, or peroxynitrites.6,13

In addition to the above-mentioned “classic” antioxi-
dant enzymes, increasing evidence indicates that lung 
tissue from both human and animals expresses indole-
amine 2,3-dioxygenase (IDO), a cytosolic enzyme cata-
lyzing the oxidative cleavage of the indole ring of 
L-tryptophan to N-formyl-kynurenine that decomposes 
spontaneously to formate and L-kynurenine then to the 
terminal metabolites picolinic and quinolinic acid.16 This 
enzyme is unique in that it utilizes O2

−⋅ as a substrate and 
a cofactor in its catalytic process. Upon consumption of 
O2

−⋅, the dioxygenase initiates the formation of trypto-
phan metabolites including 3-hydroxyanthranilic acid 
and 3-hydroxykynurenine that are potent radical scaven-
gers. The capability of transferring a prooxidant (O2

−⋅) 
into antioxidants makes IDO a powerful antioxidant 
enzyme.17 Indeed, induction of this enzyme has been pro-
posed as a local antioxidant defense aimed at preventing 
infl ammation-mediated injury.18 In supporting the idea 
that IDO modulates the lung’s oxidative state, we 
obtained evidence showing that IDO-overexpressed lung 
cells were resistant to oxidant-induced necrosis and apop-
tosis by limiting intracellular ROS formation16. However, 

the physiologic role of IDO in lung tissue is still not fully 
understood.

Redox-Sensitive Transcription Factors

Oxidants and antioxidants have been shown to regulate 
gene expression by altering the activity of specifi c redox-
sensitive transcription factors. The transcription factors 
about which there is the most information regarding 
lung infl ammation and antioxidant responses are nuclear 
factor-κB (NF-κB) and activator protein-1 (AP-1). The 
binding sites for these two transcription factors are 
located in the promoter region of a variety of proinfl am-
matory genes associated with different lung diseases. 
In this section the mechanisms involved in the oxidative 
regulation of these transcription factors are briefl y 
reviewed.

Nuclear factor-κB controls expression of many genes 
involved in infl ammation/oxidative stress–associated lung 
injury. For example, activation of NF-κB leads to gene 
expression of a variety of adhesion molecules, including 
intercellular adhesion molecule-1, vascular cell adhesion 
molecule-1, and E-selectin, which play key roles in recruit-
ing infl ammatory cells such as neutrophils, eosinophils, 
and T lymphocytes from the circulation to the site of 
infl ammation.19 This transcription factor is a member of 
the Rel family of proteins, which share sequence homol-
ogy over a 300-amino acid region termed the NF-κB/Rel 
domain.20 Nuclear factor-κB is a dimer, with the most 
abundant form being a heterodimer of a 50-kDa (p50) 
and a 65-kDa (p65) polypeptide subunit. In resting cells, 
NF-κB resides in the cytoplasm, and its subunits are 
bound to the inhibitor protein inhibitory κB (IκB), which 
masks the nuclear translocation signals and thus prevents 
translocation of NF-κB to the nucleus. Upon activation 
of the cell, IκB is phosphorylated by IκB kinase, leading 
to the release of NF-κB (p65/p50) from IκB. The free IκB 
is degraded by proteasomes, whereas the active p65/p50 
translocates to the nucleus and binds to specifi c motifs in 
the promoter regions of target genes. The NF-κB/DNA 
binding activates transcription of mRNA for producing 
various mediators, including chemokines, cytokines, and 
growth factors.20

There is mounting evidence that NF-κB can be 
regulated by oxidants and antioxidants. Rahman et al. 
demonstrated that depletion of GSH with buthionine 
sulfoximine led to activation of NF-κB and consequently 
enhanced H2O2-induced lung epithelial cell injury.21 It 
was also found that O2

−⋅ accumulation caused by cigarette 
smoke increased the DNA-binding activity of NF-κB and 
interleukin (IL)-8 mRNA expression in the airways of 
guinea pigs.22 Lipid peroxidation products were shown to 
induce rapid phosphorylation and degradation of IκB 
and consequently activate NF-κB.23 In supporting the 
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view that oxidants enhance NF-κB expression/activity, 
other studies using antioxidants reported opposite effects. 
In vitro study demonstrated that treatment of airway 
epithelial cells with N-acetyl-cysteine or GSH prevented 
translocation of the NF-κB p65 unit from the cytoplasm 
to the nucleus and subsequent IL-8 gene expression in 
response to tumor necrosis factor (TNF)-α.24 Similarly, it 
has been shown that a natural antioxidant pomegranate 
wine could act as a potent inhibitor of NF-κB activation 
in bovine artery endothelial cells by preventing its migra-
tion into the nucleus and DNA binding activity.25

Activator protein-1 is a leucine-zipper transcription 
factor composed of homo- or heterodimers of the Jun 
(e.g., JunB and JunD) and the Fos (FosB, Fra-1, and 
Fra-2) protein families. These proteins control the tran-
scription of several genes involved in cell proliferation, 
apoptosis, and tumor promotion. Specifi cally, AP-1 can 
bind to the 12-O-tetradecanoylphorbol 13-acetate–
responsive element (5′-TGAG/CTCA-3′) in the promoter 
region of a number of genes involved in pulmonary 
infl ammation such as transforming growth factor (TGF)-
β.19,26 Whereas the Jun family of proteins is capable of 
forming homo- and heterodimers, Fos proteins, which 
cannot be bound to each other, are capable of associating 
with any member of the Jun family to produce stable 
heterodimers with enhanced DNA binding activity. It 
should be noted that the individual Jun and Fos proteins 
have signifi cantly different transactivation potentials. In 
general, Jun, Fos, and FosB exhibit higher transactivation 
potential than JunB, JunD, Fra-1, and Fra-2 proteins.26

Activator protein-1 activation is achieved by the Jun 
N-terminal kinases (JNK) cascade. The JNKs are members 
of the mitogen-activated protein kinase superfamily and 
comprise three isoforms: JNK1, JNK2, and JNK3.27 The 
activated JNKs in the nucleus can phosphorylate the N-
terminal transactivation domain (residues Ser63 and 
Ser73) of Jun protein as well as Fos protein, which dimer-
ize to produce active AP-1.27 Evidence suggests direct 
involvement of ROS in activation of AP-1 and its down-
stream target gene expression. In bleomycin-induced 
lung fi brosis, Jun and Fos protein were found to be over-
expressed in alveolar macrophages and type II pneumo-
cytes.28 Clinical studies provided similar results. For 
example, it has been shown that free radicals in cigarette 
smoke increased DNA binding of AP-1 in human type II 
alveolar epithelial cells.29 Moreover, cigarette smoke led 
to overexpression of AP-1 and its subunits Jun and Fos 
in human airways.30 On the other hand, it has been shown 
that the antioxidant N-acetyl-cysteine was able to inhibit 
AP-1 activation and prevent the induction of Jun and Fos 
mRNA expression in mesothelial cells in vitro.19

It is important to note that the two oxidant-sensitive 
transcription factors AP-1 and NF-κB can physically and 
functionally interact. For example, the IL-2 gene contains 
DNA binding sites for both AP-1 and NF-κB.31 Moreover, 

it has been shown that the NF-κB p65 unit can directly 
cross-couple with AP-1 subunits and synergistically 
promote their biologic function.32

Oxidative Stress-Associated Lung 
Disease/Injury

There is good evidence that oxidative stress plays a major 
role in the development of chronic obstructive pulmo-
nary disease (COPD), a progressively disabling condition 
characterized by airfl ow limitation resulting from patho-
logic changes of chronic bronchitis/bronchiolitis in the 
airways and destruction of alveolar walls. Cigarette smoke 
contains a large amount of free radicals and has been 
identifi ed as a major etiologic factor for this disease. 
Indeed, a high level of H2O2 in breath condensate, which 
is a direct measurement of oxidant burden in lung tissue, 
has been found in patients with COPD.33 Furthermore, 
lipid peroxidation products are signifi cantly increased 
in urine, plasma, and bronchoalveolar lavage fl uid of 
smokers and patients with COPD compared with healthy 
controls.34,35 Increased levels of NO in exhaled breath, 
a marker of nitrosative stress, was also found in patients 
with stable COPD.36 In addition to the direct evidence 
showing enhanced oxidant burden, infi ltration of neutro-
phils occurs in lung tissue from patients with COPD.37 
Activated neutrophils have a high capacity to produce 
ROS and have been used as a reliable marker for infl am-
mation-associated oxidative stress in lung tissue.38

Free radicals also participate in the pathogenesis of 
lung disease with evidence of chronic infl ammation, pos-
sibly through activating TGF-β and infl ammatory cells. 
Heme oxygenase-1 is a sensitive marker of oxidative 
stress, and we found that the development of cystic fi bro-
sis is closely associated with induction of heme oxygen-
ase-1 in the airway.39 Occupational exposure to crystalline 
silica has been linked to pulmonary fi brosis (i.e., chronic 
silicosis). The production of ROS and NO caused by silica 
is believed to be an important part of the pathogenesis 
of the resulting fi brotic lung disease through activation 
of NF-κB and AP-1 pathways.40 In addition, the role of 
ROS/RNS in other lung diseases, including asthma,41 
idiopathic pulmonary fi brosis,42 and primary pulmonary 
hypertension,43 has also been documented.

Allogeneic lung transplantation has become a common 
life-saving therapy for many patients with end-stage lung 
disease. However, lung allografts are especially prone to 
ischemia/reperfusion injury and acute rejection, which, in 
addition to infi ltrating lymphocytes, are accompanied by 
neutrophil infi ltration and neutrophil-associated oxida-
tive stress.44 The infl ammation-associated oxidative stress 
contributes importantly to the lung allograft injury, as 
demonstrated by our fi ndings that treatment with the 
anti-TNF-α drug pirfenidone38 and genetic upregulation 
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of the antioxidant enzyme IDO in donor lungs16 signifi -
cantly attenuated neutrophil-related oxidative stress and 
consequently showed therapeutic effects. Thus, oxidative 
stress is involved not only in the pathogenesis of lung 
diseases but also in lung injury caused by therapeutic 
interventions. At the present time, however, few effective 
antioxidant therapies are available for treating oxidant-
related human lung disease/injury, indicating that the 
molecular mechanisms of oxidative stress effects on lung 
cells and integrated function remain a subject for further 
study.
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45
Epithelial Repair and Regeneration

Steven L. Brody and Jeffrey J. Atkinson

cells are also found in the epithelial layer. The alveolar 
epithelium covers the surfaces of the alveolar ducts and 
alveoli and is composed of primarily the type I and type 
II pneumocytes. Differences in cell populations and gene 
expression dictate some differences in repair mechanisms 
between these regions.

Steady-State Kinetics of Lung 
Epithelial Cells

Studies of pulmonary cell kinetics in rodents have dem-
onstrated that the epithelial compartment in the adult 
lung is mitotically inactive, based on 3H-thymidine label-
ing indices.1 This overall low proliferation rate and the 
diverse number of cell types in the lung have made deter-
mination of steady-state kinetics diffi cult. Following post-
natal growth, the mitotic index in the rodent lung was 
calculated to be less than 0.4% per day.2 In tracheal epi-
thelial cells, 4-week-old rats had a turnover of about 1 
month, whereas very low mitotic activity has been identi-
fi ed in the epithelial cells of the postgrowth trachea 
and terminal bronchiolar epithelium.3 Prolonged studies 
achieved by the addition of radiolabeled thymidine to 
drinking water have demonstrated that alveolar epithe-
lial cells can survive for 125 days in young animals.4 These 
observations were obscured by the prolonged period 
of postnatal alveolar growth that occurs in animals and 
humans. When labeling of alveolar wall cells was consid-
ered relative to age, cell turnover in the alveolar epithe-
lium was noted to decrease even further.5 Thus, in the 
absence of injury, the epithelial cells of all lung compart-
ments are mitotically quiescent.

Steps in Injury and Repair

Classic wound healing has been investigated in great 
detail in the skin where a paradigm for repair that is 
similar to the lung has been established.6 This regenera-

Introduction

Contact with the environment positions the respiratory 
epithelium at risk for acute and chronic injury from infec-
tious pathogens, noxious agents, and infl ammatory pro-
cesses. Thus, to protect gas transfer within the lung the 
epithelium is programmed for routine maintenance and 
repair. Programs for repair are directed by epithelial, mes-
enchymal, and infl ammatory signals that collectively con-
stitute highly regulated networks. Principal components 
of the repair network are developmental morphogens, 
integrin and growth factor signaling molecules, and tran-
scription factors. The epithelium responds to these signals 
with a remarkable plasticity and is bulwarked by a popu-
lation of lung progenitor cells to ensure maintenance and 
repair for fl uid balance and host defense functions.

Insight into mechanisms of injury response and epithe-
lial cell repair comes from observations of human disease 
that have been tested using in vivo and in vitro models. 
Epithelial cell responses have been studied by numerous 
methods, initially based on morphologic image analysis, 
cell radiolabeling, and more recently by immunolabeling 
of molecular markers, receptors, ligands, and genetic tags 
for lineage analysis. Together, these data have been inte-
grated with a classic injury-wound healing paradigm to 
create a multistage model (Figure 45.1). Although specifi c 
injury/repair responses initiate programs, the resulting 
steps of epithelial differentiation for repair recapitulate 
embryonic patterns. In the pathologic state, repair pro-
grams are perturbed, leading to states characterized by 
fi brosis, metaplasia, or carcinogenesis.

Repair mechanisms discussed in this chapter encom-
pass mainly the airway and alveolar epithelium of the 
lung. The proximal airway epithelium lines the trachea 
and bronchi and forms the attendant bronchial glands. 
The distal airway includes bronchiolar epithelium that 
extends to the junction of the alveolar ducts. Major epi-
thelial types of the airway include ciliated, secretory 
(Clara), mucous (goblet), and basal cells. Neuroendocrine 
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Figure 45.1. Steps in repair of airway epithelial cell injury. Conceptual stages of repair of the airway epithelium. See text and 
Table 45.1 for details of each step. Mitotic or label-retaining cells are indicated by dark nuclei.

tive response was observed over 50 years ago following 
direct wound injury of the tracheas of rats7 and subse-
quently in large numbers of in vivo and in vitro models 
utilizing mechanical injury in airway and alveolar cell 
models.8–15 A similar pattern of behavior is often observed 
in respiratory epithelial cells injured by chemical or infec-
tious agents, suggesting a stereotypical repair program.16–

18 Although not a simple linear process, the programmed 
response to injury and repair can be condensed into a 
model, shown in Figure 45.1 and Table 45.1.

Although shown for an airway epithelial cell model, 
concepts are similar during alveolar epithelial cell repair.15 
Each of these stages involves participation of multiple 
factors that are directed by the mesenchymal and epithe-
lial cells. For the purpose of this section, we discuss repair 
after classic wounding that includes loss of the epithelial 
cell barrier and, critically, disruption of the basement 
membrane and underlying interstitial matrix. However, 
injured epithelial cells may also be selectively removed 
without disruption of the basement membrane.
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Formation of A Provisional Matrix

Loss of Normal Basement Membrane

In the steady state, the basement membrane is composed 
of two parallel sheets of laminin and collagen. The upper-
most layer (adjacent to the epithelial cells) is composed 
primarily of laminin-5 and laminin-10, while the lower 
layer is collagen IV.19 The layers are connected by entac-
tin/nidogen and multiple, highly charged, heparan sulfate 
proteoglycans (HSPGs) that are distributed throughout 
the basement membrane.19,20 The underlying interstitial 
matrix contains fi broblasts in a fi brillar collagen (types I 
and III) matrix with additional HSPGs. Following disrup-
tion of the epithelial cell layer and basement membrane, 
a provisional matrix is formed predominantly by passive 
leakage of serum factors from local vasculature into 
the disrupted epithelial basement membrane and into the 
exposed airspace.6,21 Cellular components including red 
blood cells (passively) and neutrophils (actively) move 
into the wound. The serum components form a fi brin clot 
that is present for up to 4 days.7 In acute alveolar injury, 
the “hyaline membranes” seen in acute respiratory dis-
tress syndrome (ARDS) are an example of exuberant 
provisional matrix after breach of epithelial and endothe-
lial barriers.22 Inhibitors of fi brinolysis, such as serine pro-
tease inhibitors, are present at this point to stabilize the 
provisional matrix.23 The passive provisional matrix for-
mation is accompanied by active production of fi bronec-
tin by fi broblasts and epithelial cells.24 Although many 
molecules compose the provisional matrix, the major 
factors are fi brin (most prominently), fi bronectin, and 
vitronectin.

Functions of the Provisional Matrix

The provisional matrix provides a temporary barrier and 
contains multiple molecules to signal subsequent steps in 

repair. At the defect, a fi brin plug acts as a scaffold for 
fi bronectin and vitronectin molecules but must be 
removed during reepithelialization.25 The fi bronectin and 
vitronectin contain multiple arginineglycine-aspartic acid 
(RGD) epitopes that are not present within the steady-
state matrix. This peptide sequence provides sites for 
interaction of epithelial and fi broblast cell surface recep-
tors (predominantly integrins) during cell migration and 
barrier restitution.26–28 In addition to RGD epitopes, pro-
infl ammatory neoepitopes and exposed cryptic sites are 
present that function in growth factor signaling and 
immune cell recruitment.29 Furthermore, alterations in 
matrix-associated HSPGs result in liberation of seques-
tered growth factors and cytokines.30 Also, infl ammatory 
and epithelial cells secrete platelet-derived growth factor 
that acts as both a mitogen and motogen (stimulating cell 
motility) for fi broblasts31 that subsequently restore normal 
matrix components. Once established, the provisional 
matrix provides a rich source of matrix epitopes and seques-
tered growth factors that function as a scaffold and signal-
ing unit for future reepithelialization.

Restitution of the Epithelial Barrier

Processes to return basement membrane to a fully estab-
lished barrier covered with a layer of epithelial cells are 
initiated almost immediately following injury by several 
simultaneous processes. First, as discussed earlier, a 
change in basement membrane composition as mediated 
by epithelial and mesenchymal cell secretion occurs 
rapidly to provide barrier protection and matrix-
dependent signals for epithelial cells and fi broblasts.32 
Second, epithelial cells, in response to matrix and growth 
factors, dedifferentiate, stretch, and migrate to cover the 
basement membrane for reestablishment of functional 
epithelial cells for barrier, host defense, and fl uid equi-
librium. Third, proteolytic cleavage of the provisional 
matrix returns the steady-state composition.33 Using mor-
phologic methods, these changes are observed to occur 
within hours following mechanical injury.8,11

Epithelial Cell Dedifferentiation 

Soon after injury (1–2 hr), the epithelial cells at the edge 
of the wound undergo dynamic cytoskeletal rearrange-
ment resulting in changes in morphology, featuring for-
mation of lamellipodia.14 This is the result of the loss of 
components of cell–matrix and cell–cell junctions leading 
to dissolution of focal adhesions, adherens junctions, and 
hemidesmosomes, untethering of intermediate fi laments, 
and thus reorganization of the actin cytoskeleton. The 
change in morphology is accompanied by loss of features 
of differentiation (e.g. microvilli) as cells spread over the 
newly formed surface of provisional matrix. Following 
mechanical or naphthalene (selectively toxic for Clara 

Table 45.1. Stages and components of repair after epithelial 
cell injury.

1. Formation of provisional matrix
 Loss of epithelial cells during injury
 Loss of normal basement membrane matrix
 Vascular-derived factors for fi brin clot production
2. Restitution of the epithelial barrier
 Epithelial cell dedifferentiation, spreading, and migration
 Integrin-dependent epithelial cell signaling
 Proteolytic degradation of intracellular adhesions
 Subepithelial fi broblast migration and proliferation
3. Reconstitution of epithelial cell density
 Growth factor–mediated epithelial cell proliferation
 Progenitor and stem cell cycling
4. Epithelial cell redifferentiation
 Growth/transcription factor–mediated epithelial cell differentiation
 Metaplasia and hyperplasia of epithelial cell populations
 Compensatory apoptosis of cell populations
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cells) injury, the ciliated cells assume a squamous cell-like 
form and lose cilia.7,8,16 Molecular marker studies indicate 
that following naphthalene injury virtually all of the cells 
participating in the squamous cell-like barrier are from 
endodermally derived epithelial cells that were present 
at the time of injury.34,35

Signals for Dedifferentiation

Regulation of cell dedifferentiation is thought to result 
from alterations in matrix–integrin binding, growth factor 
secretion, and loss of cell–cell junctions. The Wingless 
(Wnt)/β-catenin pathway is intimately related to cell–cell 
junction complexes and epithelial cell differentiation.36 
Following injury, the disassembly of E-cadherin at cell 
junctions releases β-catenin to the cytoplasm where it 
can be translocated to the nucleus in a Wnt-dependent 
process.37 Nuclear β-catenin activates signaling via the 
transcription factor lymphoid enhancer factor-1/T-cell 
factor. Consistent with this, after naphthalene-induced 
injury, β-catenin is diffusely upregulated in the cytoplasm 
of epithelial cells that are dedifferentiating to cover the 
provisional matix.38

Epithelial Cell Migration 

In large wounds, both cell extension and migration occur. 
The rate of cell migration based on a moving front of cells 
has been determined to be 1–3 μm/min over the fi rst 8 hr 
of mechanical injury.8 Migration is dependent on growth 
factor activation, matrix–epithelial integrin binding, 
and matrix metalloprotease expression. Migration can be 
activated by growth factors such as epidermal growth 
factor (EGF) and trefoil factor in airway cell models; 
however, it is likely that other growth factors in serum 
also potentiate cell movement.39,40 The predominant cell 
that migrates varies with the injury model, the cell type 
targeted, and the animal species studied.17,35,41 In all cases, 
the matrix integrins play a critical role in directing epi-
thelial adhesion and fi broblast movement into the wound. 
Simultaneously, proteases from epithelial and mesen-
chymal sources release cell–cell and cell–matrix contacts 
for epithelial cell cytoskeletal reorganization and 
migration.

Matrix–Epithelial Cell Interactions 
During Migration

Migrating cells must alter surface receptors for adhesion 
and traction across the provisional matrix. Integrins are 
heterodimeric proteins that adhere to many matrix 
substrates27 but also transmit signals after ligation of 
substrate.42 Alveolar and bronchiolar epithelial cells 
demonstrate directional migration (both chemotactic and 
haptotactic) toward many matrix proteins. Fibronectin is 

the most potent promigratory substance for these cells.12,28 
There is a switch in the expression of integrin receptors 
on epithelial cells during injury that facilitates migra-
tion over the provisional matrix. During steady state, the 
matrix-associated receptors in lung epithelial cells are 
predominantly collagen and laminin binding integrins 
(α2β1, α3β1, and α6β4) but α5 and αv are not present.43 
With injury, integrins α5 and αv are expressed on epithe-
lial cells at the wound edge.43 These integrins are specifi c 
receptors for RGD epitopes in fi bronectin and vitronec-
tin and are required for migration.12,28 Fibroblasts also 
express α5 to facilitate migration on fi bronectin. In addi-
tion to integrins, cell surface proteoglycan adhesion mol-
ecules such as syndecan and CD44 are also increased on 
migrating fi broblasts to bind components of provision 
matrix.44,45

Protease Functions in Epithelial 
Cell Migration

Two major categories of proteases are involved in cellu-
lar spreading and migration, matrix metalloproteases 
(MMPs) and serine. These proteases function by releas-
ing epithelial cell–cell junctions and primordial contacts 
with the matrix. Of the MMPs, both MMP-7 and MMP-9 
are required for normal airway epithelial cell migra-
tion.46,47 Migrating epithelial cells secrete MMP-7 (matri-
lysin) in a basolateral direction to degrade the extracellular 
domain of E-cadherin,46 contributing to cell detachment 
and spreading at the wound edge. Gelatinase B (MMP-9) 
releases lamellipodia of migrating cells from the matrix 
surface to allow extension.47,48 Tissue inhibitor of matrix 
metalloproteinase (TIMP)-1 present in early wounding 
inhibits all secreted MMPs (including MMP-7 and MMP-
9). A defi ciency of this antiprotease accelerates wound 
closure.49 Serum-derived serine protease plasminogen 
within the wound is activated to plasmin by uroplasmino-
gen activator secreted by bronchial epithelial cells.50 The 
primary role of plasmin is fi brinolysis of the provisional 
fi brin plug. Plasmin also promotes MMP synthesis and 
activation.48 Plasmin activator inhibitor-1 is also present 
and blocks migration by binding to and obscuring vitro-
nectin epitopes.51 Fibroblasts also require proteases for 
migration, and membrane type 1 MMP (MT1-MMP, 
MMP-14) may be crucial for migration through fi brillar 
collagen and fi brin.52 Additionally, infl ammatory cells 
present in the wound can alter the activation of these 
proteases and alter the epitopes present in the provi-
sional matrix.53

Reestablishment of the Normal 
Basement Membrane 

Epithelial cells synthesize and remodel basement 
membrane components during migration. Migrating 
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epithelial cells grown on glass slides secrete a trail of 
synthesized basement membrane composed of fi bronec-
tin, laminin, collagen IV, and factors that newly arriving 
cells can use as a path for repairing a wound.54 Other 
matrix components such as HSPGs, entactin/nidogen, 
and fi brillar collagens are supplied by the underlying 
fi broblasts. Restitution of basement membrane also 
requires removal of the provisional matrix. Failure to do 
so may result in prolonged signaling, recruitment of fi bro-
blasts, and scar formation.55 Furthermore, reestablish-
ment of stable cell–matrix adhesions is not passive, and 
some proteases must continue to be expressed for pro-
teolytic modifi cation of the basement membrane.54,56 For 
instance, laminin-5, the major matrix component of 
hemidesmosomes, requires proteolytic cleavage by serine 
proteases for enucleation of the hemidesmosomes.56 
Once the basement membrane and extracellular matrix 
are in the mature, stable confi rmation, promigratory 
signals are quenched.

Reconstitution of Epithelial Cell Density

Epithelial Cell Proliferation 

Following epithelial cell stretch and migration to cover a 
reestablished basement membrane, the epithelium must 
replace the cells lost during injury. A major mediator of 
proliferation during this stage is EGF and related family 
members; however, other growth factors, including fi bro-
blast growth factor (FGF)-7 and hepatocyte growth factor 
(HGF), contribute to this function (Table 45.2) and are 
discussed later.57–59 Epithelial cell proliferation has been 
noted to occur within 24–48 hr of mechanical and inhala-
tion injury (e.g., ozone, nitrogen dioxide).7,8,13,18 After 
injury, 20%–30% of undifferentiated epithelial cells cov-
ering the wound contain proliferation markers at 24–
48 hr, followed by a marked decrease by 72 hr.8,13,41,60 After 
nitrogen dioxide injury, an increase from 1% to 24% 
labeling index (proportion of labeled cells) of Clara cells 
and type II cells is observed at 24 hr.41 The appearance of 
differentiated epithelial cells follows the peak of mitotic 
activity (the fi nal stage in the repair model).10

Lung Progenitor and Lung Epithelial Stem 
Cells Roles

Observations many decades ago, based on thymidine 
labeling during development and after injury, suggested 
that the basal cell was the progenitor cell of the tracheal 
epithelium, the Clara cell provided this function in the 
distal airway,61,62 and type II cells proliferated and gave 
rise to type I pneumocytes in the alveoli.18,63 Recent 
injury–repair models and genetic approaches have con-
fi rmed many of these observations. Lineage tagging by 
conditional recombination in mice engineered with 
airway and alveolar epithelial cell specifi c promoters that 
drive cell markers has identifi ed a single pool of progeni-
tor epithelial cells present during early lung develop-
ment.64 Within fully formed adult lung, injury models 
reveal regional niches (proximal airway, distal airway, 
alveolar) for progenitor cells.34,64–66 These lung cells are 
considered to be slow cycling but can give rise to progeni-
tor cells that are capable of further cell division (transit 
amplifying cells). In the proximal airway, a niche of label-
retaining cells has been localized within the submucosal 
glands and basal cells of the mouse trachea.65,67 The 
expression of cell cycle protein Ki-67 in basal cells of 
cystic fi brosis bronchi identifi es a similar proliferating 
population in human disease.68

In the distal airways, naphthalene injury models suggest 
that pulmonary neuroendocrine cells provide a protec-
tive niche for label-retaining Clara-like cells that are 
capable of epithelial reconstitution.35 Similar studies 
identifi ed injury-resistant cells expressing Clara cell 
secretory protein (CCSP) at the bronchoalveolar duct 
junction that are reparative.34 Consistent with this, in the 
terminal airways of humans, 20%–40% of the proliferat-
ing cells express CCSP.69 Cells expressing ciliated cell 
markers (e.g., transcription factor Foxj1) were not 
observed to proliferate in naphthalene or virus injury 
models.17,38 Progenitor cells that repair the alveolar epi-
thelium are less well defi ned. During alveolar injury, 
labeling studies show that type II but not type I cells 
proliferate and that type II can generate type I cells after 
lung injury.70 Subpopulations of type II alveolar epithelial 

Table 45.2. Growth factors in epithelial cell repair.

Ligand Major sources Key targets Proliferation Migration Differentiation Reference

EGF family Epi Epi + + + 57

TGF-β Epi, Fib, Mφ Epi, Fib − − + 58

FGF-7 (KGF) Fib, SM Epi + + + 59

HGF Fib, En, Epi, Mφ Epi + + − 59

PDGF Mφ, Epi Fib + + − 31

Note: EGF, epidermal growth factor; En, endothelial; Epi, epithelial; FGF, fi broblast growth factor; Fib, fi broblast; HGF, hepatocyte growth 
factor; KGF, keratinocyte growth factor; Mφ, macrophage; PDGF, platelet-derived growth factor; SM, smooth muscle; TGF, transforming growth 
factor.
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cells resistant to injury and capable of proliferation have 
been identifi ed in vitro,71 but compelling data suggests 
that a bronchoalveolar duct cell may function as a pro-
genitor for both alveolar type II pneumocytes and Clara 
cells.72

Bone Marrow Stem Cells in Repair

New information is evolving concerning the reparative 
role of bone marrow–derived cells in lung injury repair 
(see Chapter 47). Some evidence suggests that adult stem 
cells can function to reconstitute at least a small percent-
age of the airway and alveolar epithelium of an injured 
lung.66

Growth Factor Functions in Epithelial Cell 
Reconstitution

Signaling between cells of endodermal and mesenchymal 
origin is a fundamental process in development that is 
shared with repair and is predominantly mediated by 
growth factors (see Table 45.2 and later discussion).73,74 
Growth factors that play key roles in epithelial cell repair 
include EGF, transforming growth factor (TGF)-β, FGF-
7, platelet-derived growth factor, and HGF family 
members. Other growth factors are known to be critical 
in lung development, but specifi c roles in repair are not 
described.73,74 Growth factors function during epithelial 
cell repair and reconstitution by motogenic, mitogenic, 
and prodifferentiation effects.

Epithelial Cell Redifferentiation

Differentiating epithelial cells within a repairing wound 
arise primarily from three different populations: dediffer-
entiated cells, proliferating cells, and multipotent stem or 
progenitor cells. In turn, differentiation is regulated by 
three major groups of molecules: secreted growth factors 
and other developmental signaling molecules, transcrip-
tion factors, and extracellular matrix proteins (discussed 
earlier). In addition, multiple cofactors play important 
roles in differentiation, including retinoic acid75 and those 
known to be critical for in vitro differentiation of primary 
epithelial cells such as insulin, epinephrine, thyroid 
hormone, and corticosteroids.70,76 Epithelial cell differen-
tiation during repair relies on programs similar to those 
used during lung development.17,38,73

Epithelial Cell Redifferentiation 
and Transdifferentiation

Morphologic evidence of redifferentiation commences at 
3–10 days in vivo depending on wound model.7,8,11 Multi-

ple epithelial cell populations contribute to the redif-
ferentiating airway epithelia within the repairing 
wound.34,38,62,67,77 First, a large number of the redifferenti-
ated cells arise from previously differentiated cells that 
have dedifferentiated to cover the provisional matrix. 
It has been observed that, following naphthalene injury, 
former ciliated cells that squamate to cover a wound 
continue to express the Foxj1 transcription factor for sub-
sequent ciliated cell redifferentiation.38 Second, prolifer-
ating cells also become differentiated cells. As noted 
earlier, these are either of Clara cell or basal cell origin 
in the airway or of type II cell origin in the alveolar com-
partment.78,79 Third, it is likely that there is a multipotent 
or progenitor cell that can contribute to lung-specifi c 
lineages that is capable of resupplying all epithelial cell 
types. Here, genetic tagging and clonogenic studies have 
indicated that niches of specialized cells can generate 
multiple differentiated cell types.65,67,72

Developmental Signaling Pathways 
Mediating Differentiation

Developmental signaling proteins that are members of 
the Wnt, Sonic hedgehog (Shh), and bone morphogenic 
protein (BMP) pathways play essential roles in differen-
tiation.73,74 Each pathway contains multiple members and 
receptors that are functionally interdependent. Although 
these families have been studied in detail during lung 
development (specifi cally in branching morphogenesis), 
their roles in repair are not as well defi ned.

Wnt signaling regulates cell proliferation, migration, 
and differentiation.36,80 The canonical Wnt/β-catenin 
pathway involves the binding of Wnt ligands to the recep-
tor complex and regulation of β-catenin. Noncanonical 
Wnt signaling, such as utilized by Wnt5, is required for 
normal alveolar differentiation and alters expression of 
Shh and BMP4.80 Sonic hedgehog is expressed in devel-
oping lung epithelium where it signals through its recep-
tor Patch to activate the transcription factor Gli. Gli1 and 
Gli2 are expressed in developing lung mesenchymal cells 
budding from the foregut and instruct the tracheal epi-
thelial cells during branching morphogenesis.81 However, 
Shh and Gli are also highly expressed in the epithelium 
following naphthalene injury and are upregulated in 
small cell lung cancer.82 Overactivation of the Shh 
pathway results in proliferation and perturbation of dif-
ferentiation, notably in epithelial neuroendocrine cells of 
the lung, but the role in normal lung epithelial cells is 
unclear.82 BMP4 is expressed in the lung epithelium, 
regulates proximal–distal patterning, and is required 
for normal alveolar epithelial cell differentiation.83 This 
pathway may be interrupted in infl ammatory states 
where activation of transcription factor NF-κB has been 
shown to alter epithelial–mesenchymal signaling through 
interruption of BMP4 in a chick lung model.84
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Transcription Factors Mediating Differentiation 
Following Injury

Transcription factor expression in epithelial cells during 
injury and repair also recapitulates developmental 
sequences.17,38 Transcription factors with central roles in 
lung epithelial cell differentiation are homeodomain 
thyroid transcription factor 1 (TITFI or TTF-1; Nkx2.1), 
forkhead family members (Foxa1, Foxa2, Foxj1), and 
GATA-6.85 Lung morphogenesis requires both Gli and 
TITF-1.86,87 Molecular analysis of mice defi cient in TITF-
1 showed a requirement for this factor in differentiation 
of epithelial cells of the distal airways and alveoli.86 
Thyroid transcription factor 1 and Foxa2 are expressed 
in epithelium in early development, persist in the adult, 
and activate epithelial cell-specifi c genes such as surfac-
tant proteins and CCSP, suggesting major roles in epi-
thelial differentiation.85 Persistent Foxa2 and TITF-1 
expression during injury in airway and alveolar (type II) 
epithelial cells may be due to a relative resistance of some 
cell populations and indicates that early programs of epi-
thelial cell differentiation remain intact.17,38,78 Selective 
cytotoxic injury of alveolar epithelial cells markedly 
increased transient expression of Foxn1 in airway and 
alveolar proliferating cells; however, a specifi c role for 
this factor in differentiation has not been described. Foxj1 
is expressed later in repair when it is required for cilio-
genesis.17,38,88 Similarly, GATA-6 is required for differen-
tiation of alveolar epithelial cells and the transition of 
type II to type I cells.89

Metaplasia and Compensatory 
Apoptosis of Epithelial 
Cell Populations

Mucous cell metaplasia commonly occurs during abnor-
mal airway repair. Injury-associated infl ammatory cells 
secrete proteases (neutrophil elastase) and cytokines 
(e.g., IL-13 and IL-9) to induce mucous cell metaplasia 
in animal models and human disease.90–93 Metaplasia may 
be persistent or be remedied through apoptosis.94 In 
normal repair of alveolar epithelium, type II cell hyper-
plasia after lung injury is followed by compensatory 
apoptosis.95,96

Roles for Growth Factors in Epithelial 
Cell Repair

Growth factor–mediated signaling between cells is a con-
stant feature of repair and does not exist as a discrete 
stage of repair; however, specifi c growth factors may 
dominate at one point. Several growth factors with roles 

in injury an repair are noted in Table 45.2 and discussed 
in this section.

Epidermal Growth Factor Family

Epidermal growth factor is the prototypic member of the 
EGF family of ligands.57 Epidermal growth ligands are 
key factors in airway and alveolar epithelial repair 
through their activation of epithelial cell migration, pro-
liferation, and differentiation.15,39,40,92 The EGF receptor 
Her1 (EGFR, ErbB1) and other family members (Her2–
4) are receptor tyrosine kinases with affi nity for multiple 
EGF ligands, including TGF-α, heparin binding EGF, 
amphiregulin, epiregulin, and neuregulin. Signaling occurs 
after homo- or heterodimerization of receptor family 
members. At steady state, EGF receptors are localized 
predominantly on the basolateral surface of epithelial 
cells, providing ligand–receptor exclusion. Following 
injury, there is redistribution of receptors to apical cell 
surfaces, enhancing ligand-receptor interaction and sub-
sequent repair.79,92,97 Epidermal growth factor, TGF-α, 
and other ligands are elevated in human disease (e.g., 
cystic fi brosis, asthma) and cell and animal models of 
airway and alveolar epithelial cell injury.68,97–99

Transforming Growth Factor-β Family 

Transforming growth factor-β functions in both epithelial 
maintenance and injury–repair.21,58 The three TGF-β 
forms all signal through the same receptor but have 
unique functions.100 Abundant latent TGF-β is stored 
within the extracellular matrix at steady state and is acti-
vated after injury through proteolytic and nonproteolytic 
mechanisms.58 Transforming growth factor-β activation 
results in increased synthesis of matrix factors by epithe-
lial cells and fi broblasts, differentiation of epithelial cells, 
enhanced survival and proliferation of fi broblasts, inhibi-
tion and apoptosis of infl ammatory cells, and maturation 
of certain infl ammatory cell subsets. Failure to activate 
TGF-β in the lung matrix results in excessive infl amma-
tion and lung destruction.101 Excessive or prolonged 
TGF-β activation leads to fi brosis (see Chapter 46). It 
also prevents normal epithelial cell differentiation due to 
TGF-β signaling via Smad that inhibits TITF-1 to subse-
quently reduce surfactant protein gene expression.102 
Additionally, TGF-β promotes epithelial-to-mesenchymal 
transdifferentiation.103

Fibroblast Growth Factor

Fibroblast growth factor-7 (keratinocyte growth factor 
[KGF]) functions as a potent mitogen for both Clara and 
type II cells.104,105 In lung injury, FGF-7 is produced by 
fi broblasts and vascular smooth muscle cells and has high 
affi nity for only the FGFR2-IIIb splice variant that is 



45. Epithelial Repair and Regeneration 483

expressed on airway and alveolar epithelia.59 Proinfl am-
matory cytokines stimulate fi broblast production of FGF-
7 in vitro.106 Fibroblast growth factor-7 enhances epithelial 
cell spreading and motility107 by increasing MMP-9 and 
uroplasminogen activator secretion from wounded epi-
thelial cells.108 It also enhances differentiation and surfac-
tant synthesis by alveolar type II cells.109 Fibroblast growth 
factor-7 is elevated in human ARDS bronchoalveolar 
lavage fl uid and in models of acute lung injury.59 Exoge-
nous intratracheal or systemic delivery prior to lung 
injury ameliorates damage in animal models.59

Hepatocyte Growth Factor

Hepatocyte growth factor is a mitogen and motogen for 
alveolar type II cells.59 Hepatocyte growth factor is syn-
thesized by fi broblasts, bronchial epithelial cells, endothe-
lial cells, and alveolar macrophages as a precursor that is 
proteolytically processed.110 The HGF receptor c-Met is 
a receptor tyrosine kinase that is present on epithelial 
cells, fi broblasts, endothelial cells, and hematopoietic 
cells. Hepatocyte growth factor is increased in human and 
animal models of lung injury, in part through proinfl am-
matory cytokines (e.g., IL-1 and IL-6) that stimulate HGF 
secretion from fi broblasts.59 Following alveolar epithelial 
cell injury, HGF secretion precedes FGF-7111 and is tem-
porally related to type II cell DNA synthesis during the 
cell proliferation phase, suggesting that HGF is a promi-
nent mitogen in ARDS.59

Epithelial Cell Repair Following 
Prototypic Injuries

Human diseases characterized by respiratory epithelial 
cell injury provide insight into normal and abnormal 
repair mechanisms. Epithelial injury and repair occur 
commonly after respiratory viral and bacterial infections 
but may also occur with acid aspiration or toxic gas or 
steam inhalation. In contrast, chronic injury associated 
with cigarette smoking, asthma, and chronic bronchitis 
results in an interruption of normal repair. Normal and 
pathogenic mechanisms that follow acute respiratory epi-
thelial injury in human disease demonstrate the impor-
tance of each stage of the injury–repair model described 
earlier (see Figure 45.1). Below, events occurring during 
repair of the airway after respiratory virus infection 
(Figure 45.2) and of the alveolar epithelium in ARDS 
demonstrate the relevance of the repair model.

Airway Epithelial Cell Repair Following 
Respiratory Virus Infection

Reestablishment of epithelium following viral injury 
mirrors the stages of the classic wound injury–repair 

model (compare Figures 45.1 and 45.2). Information 
regarding airway epithelial injury induced by respiratory 
viruses has been derived from natural human infections, 
but especially from studies of experimental infections 
in animals with paramyxovirus (e.g., parainfl uenza and 
respiratory syncytial virus) and infl uenza virus. These 
infections result in loss of cilia and ciliated cells (based 
on virus-specifi c receptor targeting) and metaplasia of 
epithelial cells during repair.17,112–115

Morphologic Events Following Respiratory 
Virus Infection

Morphologic events of injury and repair following respi-
ratory virus infection, as observed by electron and light 
microscopy studies, are similar across several animal 
infection models (see Figure 45.2A). A common initial 
event is sloughing of epithelial cells, resulting in denuded 
basement membrane in airways and alveoli.17,112 This is 
followed by cell dedifferentiation, marked particularly by 
cell elongation covering the provisional basement mem-
brane and by ciliary shorting and loss.17,112,113 Concomi-
tant are subepithelial cell infl ammatory infi ltrates and/or 
alveolar pneumonitis.113 Virus clearance is coupled with 
regeneration of the epithelium, typically at days 5–8 
postinoculation. In contrast to mechanical injury, 
experimental virus infection in animals showed that 
airway and alveolar epithelial cell proliferation occurred 
at 5 days after inoculation.17,113 In the Sendai virus–
infected mouse, bromodeoxyuridine labeling peaked at 
day 12 and was absent by day 21.17 Airway and alveolar 
epithelial cell differentiation normalizes within 3–4 weeks 
postinoculation.17,112,113 Functionally, injury is marked by 
decreased bacterial clearance and secondary bacterial 
infections, and repair tracks with measured mucociliary 
clearance.17,113

Molecular Correlates of Morphologic Events

Molecular markers of epithelial cell differentiation char-
acterized in the developing lung have been assessed in 
postinfection repair (see Figure 45.2B).17,85 As in naph-
thalene injury, throughout virus injury and repair Foxa2 
and TITF-1 remain expressed.38 Depressed expression of 
ciliated cell marker Foxj1 and Clara cell marker CCSP 
during injury and early repair refl ects a relatively undif-
ferentiated state of the epithelium as has been observed 
following human respiratory syncytial virus infection.17 A 
relative absence of CCSP in epithelial cells postinjury 
suggests it is unlikely that mature Clara cells are function-
ing as a reservoir for new differentiated cells. Foxj1 
expression was not detected in proliferating cells identi-
fi ed by bromodeoxyuridine labeling,17 suggesting mature 
ciliated cells are nonmitotic. Instead, it is more probable 
that Foxj1 is important for late-stage ciliogenesis.88 The 
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sequence of differentiation during the repair phase, 
including the lag of CCSP expression relative to the 
appearance of cilia markers, is similar to that seen in the 
developing lung, supporting the idea that repair recapitu-
lates development.85

Mucous Cell Metaplasia Following Respiratory 
Virus Infection

Mucous cell (goblet cell) metaplasia is a feature of chronic 
airway diseases including asthma and COPD. These 
diseases have been linked to preceding respiratory 
virus infections and have implicated several factors 
including aberrant EGF receptor and IL-13 signaling.92 
Mouse models of respiratory virus infection show 
mucous cell metaplasia in the late repair phase that per-
sists despite virus clearance, suggesting that the virus 

reprograms epithelial cell responses through persistent 
immune responses.92,93,116,117

Alveolar Epithelial Cell Repair Following 
Acute Respiratory Distress Syndrome

Acute lung injury and the clinical manifestation ARDS 
are a classic example of alveolar injury and repair. Diffuse 
alveolar damage, the histologic correlate of acute lung 
injury/ARDS has been subdivided into three phases that 
parallel the wound–repair model.22 The early exudative 
phase (days 1–7) is characterized by necrosis of pneumo-
cytes and endothelial cells and by interstitial and alveolar 
edema with hemorrhage and hyaline membranes. The 
ensuing proliferative phase (days 7–21) is marked by type 
II cell hyperplasia, fi broblast migration into organizing 
areas of luminal fi brosis, and infl ammation. The fi brotic 
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Figure 45.2. Airway epithelial cell repair following respiratory 
viral injury. (A) Scanning electron micrographs of mouse 
trachea following in vivo infection with Sendai paramyxovirus. 
(Reprinted from Am J Pathol 2001;159:2055–2069, with permis-
sion of the American Society for Investigative Pathology.) 
(B) Molecular and functional events following the respiratory 

virus infection shown in A. Relative changes in expression of 
airway epithelial cell markers and transcription factors. CCSP, 
Clara cell secretory protein; Foxj1, transcription factor; MCC, 
mucociliary clearance; TITF-1 (also known as TITF1, Nkx2.1), 
thyroid transcription factor 1. 
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phase entails fi brosis with variable degrees of architec-
tural remodeling.

Establishment of a Provisional Matrix in 
Acute Respiratory Distress Syndrome

The hallmark of the early exudative phase is the leakage 
of serum proteins, including serum albumin, β2-
microglobulin, ceruloplasmin and fi brinogen, into the 
alveolar space for provisional matrix formation.22,118 An 
infl ux of platelets and infl ammatory cells also occurs by 
passive and active mechanisms. Antiprotease production 
in this phase favors stabilization of the provisional matrix 
by inhibition of fi brinolytic activity.23 Gene profi ling of 
animals in this phase of acute lung injury suggests that 
three major cellular processes occur: (1) loss of the func-
tional activity of differentiated type II cells, (2) produc-
tion of inhibitors of the serine and matrix metalloproteinase 
family, and (3) production of cytokines and growth 
factors.23 The loss of differentiated alveolar epithelial 
cells (type II cells) is likely due to injury and dedifferen-
tiation to replace necrotic type I cells and is marked 
by decreased ion channel and surfactant-associated 
gene production.23 Transforming growth factor-β1-
induced genes are rapidly upregulated within 72 hr after 
alveolar epithelial damage.23,119 Blockade of TGF-β sig-
naling in the exudative phase prevents alveolar edema, 
suggesting that TGF-β activation inhibits alveolar epithe-
lial repair during this stage.120

Restitution and Reconstitution of the 
Epithelial Cell Barrier

The proliferative phase is characterized by migration of 
alveolar epithelial cells over the provisional matrix and 
type II cell proliferation. These processes are responsive 
to growth factors EGF and KGF as well as to matrix 
RGD epitopes.28 Also during this phase, fi broblasts and 
myofi broblasts migrate toward the fi bronectin cross-
linked within the fi brin of the provisional matrix.25 Failure 
of repair, associated with inability to reconstitute the epi-
thelial barrier, results in fi broblast/myofi broblast pro-
duction of collagen and fi bronectin, contraction, and 
fi brosis.

Summary: Epithelial Cell Repair 
Following Injury

Repair of the epithelium can be conceptualized as a 
stage-dependent process, but lines of division of biologic 
activities are not discrete. Instead, an orchestration of 
mesenchymal and epithelial interactions directed by 
matrix and epithelial signaling in response to fundamen-
tal development, growth, and matrix factors results in the 

repair process. Models of repair after respiratory viral 
infection and acute lung injury provide useful informa-
tion for understanding the molecular basis of repair in 
human lung diseases.
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with oxygen and a transition metal to form an activated 
complex, which binds and cleaves DNA. Activated bleo-
mycin can also damage proteins and lipids, in part by 
release of hydroxyl radicals. Bleomycin toxicity is most 
prominent in the lung; vascular injury, cell death, and 
infl ammation occur acutely, followed by collagen deposi-
tion. The pathology is more similar to the acute respira-
tory distress syndrome (ARDS) than it is to IPF. Other 
fi brosis models utilize radiation exposure; intratracheal 
silica, asbestos, or fl uorescein isothiocyanate; and adeno-
viral or transgenic expression of transforming growth 
factor (TGF)-β or interleukin (IL)-13.

Most experimental models consist of two components: 
an injury and a fi brotic response. In most models the 
injury is severe, associated with infl ammation, and pro-
duces fi brosis rapidly. Hence, these are poor models of 
the postulated initial injury in IPF, which is so subtle that 
it has not yet been identifi ed. Only one model has been 
reported that reproduces many of the histologic features 
of UIP/IPF: interferon-γ receptor knockout mice (which 
preferentially develop a Th2 cytokine response) chroni-
cally infected with murine γ-herpesvirus 68 (MHV68).3 
Using these models, in particular the murine bleomycin 
model, investigators have identifi ed many factors involved 
in fi brosis. For example, around 40 different knockout 
mice have an altered fi brotic response in the bleomycin 
model (Table 46.2).

Fibroblastic Foci and the 
Fibroblast Phenotype

Ultimately, IPF is a disease of fi broblasts and the connec-
tive tissue they deposit. In seminal studies, Kuhn, McDon-
ald, and colleagues used antibodies against procollagen I 
that stain cells actively synthesizing collagen.4 These anti-
bodies preferentially react with small clusters of fi bro-
blasts in IPF lungs. These clusters, called fi broblastic foci, 
are one of the pathologic hallmarks of UIP/IPF. The 

Introduction

Pulmonary fi brosis can be idiopathic or secondary to 
infl ammatory states or injuries (Table 46.1). The tempo 
ranges from insidious to rapid, and the location of the 
fi brous tissue can be centered around or in the airways 
(bronchiolitis obliterans) or in the alveolar compartment 
(idiopathic pulmonary fi brosis [IPF]). In this chapter, we 
focus on IPF, the paradigmatic fi brosing lung disorder.

Early attempts to explain IPF emphasized infl amma-
tion (“alveolitis”) and the effects of infl ammatory and 
profi brotic cytokines.1 The current consensus proposes 
instead that an initial epithelial injury provokes a wound 
repair response (Figure 46.1). Instead of restoring normal 
tissue architecture, in some cases the repair process goes 
awry, and persistent matrix deposition ensues; in turn, 
these events may produce signals that further damage 
epithelium.2 Experimental models have allowed us insight 
into many cellular processes and molecular mediators 
that are triggered by injury and lead to fi brosis in suscep-
tible animals. What remains elusive is the nature of the 
inciting injury in IPF and the host and environmental 
factors that determine whether the response to injury is 
adaptive or maladaptive.

Experimental Models of Lung Fibrosis

Animal models are valuable for testing the roles of spe-
cifi c molecules by using genetically altered mice or 
administering a specifi c factor or inhibitor; testing poten-
tial therapeutic compounds; distinguishing between 
the roles of resident lung cells and marrow-derived cells; 
and assessing the genetic factors through comparative 
genetics studies (e.g., linkage analysis using inter-
crosses of fi brosis-prone and fi brosis-resistant strains of 
mice).

Bleomycin, given either intratracheally or systemically, 
is the most commonly used model. Bleomycin interacts 
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extent of fi broblastic foci in IPF lung biopsy material 
predicts mortality (the extent of fi brosis and infl amma-
tion, in contrast, do not).2

Fibroblastic foci are relatively small collections of 
fi broblasts (as few as 3, up to 30 or more) located just 
below the alveolar gas–tissue interface (Figure 46.2). 
Infl ammatory cells are rarely present. The fi broblasts are 
arranged parallel to the alveolar surface and are often 
hypertrophied. The fi broblasts stain for procollagen I and 
for cellular fi bronectin, indicative of active matrix protein 
synthesis. The fi broblasts also express α-smooth muscle 
actin, indicating that they are contractile myofi broblasts. 
The remnants of a basement membrane, identifi able by 
collagen IV staining, are typically present below the fi bro-
blastic focus, indicating that the fi broblasts have migrated 
into the alveolar space. If basement membrane can be 

identifi ed at the epithelial layer rather than buried within 
the focus, it is frequently interrupted and distorted. Occa-
sionally, two or three layers of basement membrane are 
detectable within a focus, suggesting repeated episodes of 
fi broblast invasion and epithelial repair. Fibrin is often 
present, indicating leakage of plasma.

The epithelium overlying fi broblastic foci is abnormal. 
The epithelial cells are cuboidal and hyperplastic. A base-
ment membrane is often lacking, placing epithelial cells 
in direct contact with fi broblasts. Perhaps as a result, the 
epithelial cells are poorly adherent. In addition, by mor-
phologic criteria and in situ end labeling, many epithelial 
cells are apoptotic or necrotic; dead or dying epithelial 
cells are preferentially located at fi broblastic foci.5 
Paradoxically, the underlying myofi broblasts are not 
apoptotic.

These observations suggest that an initial epithelial 
injury leads to a disruption of the normal barrier of the 
alveolus, with formation of a fi brin-rich exudate that is 

Table 46.1. Disorders associated with pulmonary fi brosis.

Usual interstitial pneumonia/idiopathic pulmonary fi brosis and other 
idiopathic pneumonias

Acute respiratory distress syndrome
Collagen vascular diseases
Bronchiolitis obliterans
Cryptogenic organizing pneumonia
Sarcoidosis
Langerhans cell histiocytosis
Dust exposures
Radiation injury
Asthma (subepithelial fi brosis)

Figure 46.1. The current conceptual model of fi brogenesis in 
idiopathic pulmonary fi brosis. An inciting factor causes epithe-
lial injury. Depending on the nature and repetitiveness of the 
injury, as well as genetic and environmental factors, the injury 
undergoes either normal repair or an abnormal repair process 
with associated fi brosis. Signals related to the abnormal repair 
process (e.g., oxidative stress or angiotensin II) may cause 
further epithelial injury.

Table 46.2. Gene products involved in bleomycin-induced 
fi brosis, revealed by use of knockout mice.

Profi brotic Antifi brotic

Chemokines
 CCL11, CCR2 CXCR3, CXCL10
Cytokine and other signaling 

 pathways
 IL-4, Smad3, IFN-γ, TGF-β, Stat1, GM-CSF, IL12p40, CD73
 TNF receptors, angiotensin 1a 

receptor
Coagulation
 TAFI, PAR-1, PAI-1
ROS
 p47phox, iNOS Nrf2
Lipid mediators
 Leukotriene C(4) synthase, CysLT2 receptor
  cytosolic phospholipase A2,
  5-lipoxygenase
Leukocyte function
 L-selectin, ICAM-1, perforin, 

 CD28
Proteases
 Matrix metalloproteinase-7 Cathepsin K
Apoptosis
 Bid, Fas, Fas ligand
Other
 β6-Integrin (activates TGF-β1), 

 C5, γ-glutamyl transpeptidase
SP-C, SPARC, Thy-1

Note: C5, complement factor 5; CysLT2, cysteinyl leukotriene 2; GM-
CSF, granulocyte-macrophage colony-stimulating factor; ICAM, inter-
cellular adhesion molecule; IFN, interferon; IL, interleukin; iNOS, 
inducible nitric oxide synthase; Nrf2, nuclear factor E2 p45-related 
factor 2; PAI-1, plasminogen activator inhibitor-1; PAR-1, protease-
activated receptor-1; SPARC, secreted protein, acidic and rich in cys-
teine; SP-C, surfactant protein C; TAFI, thrombin-activatable 
fi brinolysis inhibitor; TGF, transforming growth factor; TNF, tumor 
necrosis factor.
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then invaded by activated, contractile fi broblasts (see 
Figure 46.2). The perpetuation of fi broblast activation, 
matrix synthesis and contraction, accompanied by epithe-
lial cell death, defi nes the pathobiology of IPF.

Many laboratory investigators have compared IPF and 
normal lung fi broblasts. These studies consistently fi nd 
that IPF fi broblasts behave differently in culture—but 
not always in the same way. For example, IPF fi broblast 
growth rates have been reported as increased and 
decreased compared with normal fi broblasts.2 Several 
proteins are selectively expressed by IPF fi broblasts, 
including discoidin domain receptor 1 (a receptor tyro-
sine kinase that binds collagen),6 fi broblast activation 
protein α (a membrane protease).7 and Thy-1.

Thy-1 is a glycosylphosphatidylinositol-anchored cell 
surface protein expressed on many cells, including some 
fi broblasts.8 It is a ligand for several integrins, interacts 
with signaling molecules such as the Src family kinase c-
fyn, and localizes to lipid rafts. Cross-linking Thy-1 with 
antibodies triggers apoptosis. The activated fi broblasts in 
fi broblastic foci are Thy-1 negative, whereas most fi bro-

blasts in normal human lung are Thy-1 positive. Thy-1 
knockout mice are generally healthy; however, upon 
challenge with bleomycin, Thy-1 knockout mice develop 
increased fi brosis. In addition, absence of Thy-1 expres-
sion in lung fi broblasts correlates with higher TGF-β 
expression, the ability to activate latent TGF-β in response 
to fi brogenic stimuli, increased expression of the platelet-
derived growth factor-α receptor, enhanced migration, 
and increased α-smooth muscle actin expression.8

Sources of Fibroblasts

Three sources of the increased number of fi broblasts in 
interstitial lung disease have been proposed: proliferation 
of existing interstitial fi broblasts, transdifferentiation of 
epithelial cells into fi broblasts (epithelial–mesenchymal 
transition), and bone marrow–derived precursor cells 
referred to as circulating fi brocytes. The relative contribu-
tion of each source is not known for lung fi brosis models, 
but in a model of kidney fi brosis (unilateral ureteral 

Figure 46.2. The fi broblastic focus. (A) A normal alveolus with 
alveolar type 1 (AT1) and type 2 (AT2) cells, capillaries (Cap), 
and an interstitial fi broblast (IF). BM, basement membrane. 
(B) Epithelial injury is followed by formation of a fi brin-rich 
provisional matrix on the alveolar surface. Fibroblasts are acti-
vated, and an infl ammatory response may occur (not shown). 

(C) A fi broblastic focus with numerous myofi broblasts (MF) 
forms. The alveolar epithelium is hyperplastic and poorly 
adherent. A collagen-rich matrix is formed, and neovasculariza-
tion occurs. (D) Photomicrograph of a fi broblastic focus (FF). 
Hyperplastic epithelial cells are indicated by arrowheads. 
(Courtesy of Herman Yee, PhD, MD.)
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obstruction) it was estimated that approximately one 
third of interstitial fi broblasts derived from epithelial–
mesenchymal transition and one sixth originated from 
bone marrow.9

Circulating fi brocytes constitute <1% of circulating 
leukocytes and express a distinctive set of proteins, includ-
ing collagens I and III, vimentin, CD34, CD45, CXCR4, 
CXCR7, major histocompatibility complex class II, 
and CD86.10,11 When cultured, fi brocytes adopt a spindle 
shape, continue to express extracellular matrix proteins, 
and become α-smooth muscle actin positive; TGF-β 
enhances these changes. The fi brocytes undergo chemo-
taxis in response to the chemokines CCL21 and CXCL12 
and are recruited from the circulation to sites of tissue 
injury, including the lung.

In two models, the degree of lung fi brosis correlated 
with the extent of fi brocyte recruitment. Phillips et al. 
showed that fi brocytes are recruited to lung in the bleo-
mycin model, that the kinetics of recruitment parallel 
collagen deposition, and that blocking recruitment of 
fi brocytes with anti-CXCL12 antibody reduces fi brosis.12 
Similarly, Moore and colleagues found, in the fl uorescein 
isothiocyanate–induced lung fi brosis model, that fi bro-
cytes are recruited to the lung in a CCL12- and CCR2-
dependent manner and that CCR2 knockout mice have 
reduced lung fi brosis.13

Epithelial–mesenchymal transition may also be a 
source of fi broblasts in lung fi brosis. The fact that TGF-β, 
a key mediator of fi brosis, induces epithelial–mesenchy-
mal transition in a variety of epithelial cells in cell culture, 
including alveolar type 2 (AT2) cells,14,15 lends appeal to 
this idea. Willis and colleagues have presented evidence 
that epithelial–mesenchymal transition occurs in human 
IPF lung based on the identifi cation, by three-dimen-
sional deconvolution microscopy, of cells that coexpress 
epithelial and mesenchymal markers.14

Mechanisms of Fibrosis

Oxidative Stress

Lung cells must deal with a signifi cant oxidant load 
derived from high oxygen tension, inhaled substances 
(e.g., tobacco smoke, ozone, and particulates), and acti-
vated leukocytes.16 Endogenously generated oxidants 
include superoxide (O2

−), hydrogen peroxide (H2O2), 
hypochlorous acid (HOCl), and hydroxyl radical (OH.). 
Oxidants modify biologic macromolecules, potentially 
leading to cellular dysfunction and death. In addition, the 
redox state can alter gene expression via effects on redox-
sensitive transcription factors such as nuclear factor-κB 
and activator protein-1. Defenses against oxidants include 
superoxide dismutases, which convert O2

− to H2O2; cata-
lase and other enzymes that decompose H2O2; and anti-
oxidants such as glutathione, a tripeptide derived from 

glutamate, cysteine, and glycine. Glutathione con-
centrations in epithelial lining fl uid (≈400 μM) are 
approximately two orders of magnitude higher than in 
nonlung extracellular fl uids and plasma, and within cells 
glutathione constitutes ≈90% of the nonprotein thiol 
groups.16

Circumstantial evidence suggests that alterations in 
redox balance promote fi brosis. Many agents that induce 
fi brosis (e.g., asbestos, silica, bleomycin, ionizing radia-
tion) produce reactive oxygen species (ROS) directly. 
Infl ammatory cells from IPF lungs produce higher 
concentrations of oxidants than normal cells, and lavage 
fl uid from IPF patients contains a high level of 8-isopros-
tane, a product of lipid peroxidation widely used as a 
marker of oxidative stress. Epithelial lining fl uid from 
IPF patients has a reduced glutathione concentration 
(≈25% of normal).17

There are compelling links between redox biology and 
the fi brotic process. Transforming growth factor-β, a key 
profi brotic cytokine, causes reduced expression of γ-
glutamyl cysteine synthetase, the rate-limiting enzyme for 
glutathione production, and induces the production of 
ROS by myofi broblasts isolated from IPF lung.18 In addi-
tion, the latent form of TGF-β is activated by ROS.19 Mice 
defi cient in the redox-regulated transcription factor Nrf2, 
which is involved in the expression of several antioxidant 
enzyme systems, have increased fi brosis after bleomycin 
injury.20 Reactive oxygen species can increase prolifera-
tion of fi broblasts and cause epithelial cell death.

There is also evidence that enhancing lung antioxidant 
functions reduces fi brosis. Administration of superoxide 
dismutase, or small molecules with superoxide dismutase 
activity, reduces fi brosis in several models. Because the 
availability of cysteine is rate limiting for glutathione syn-
thesis, N-acetyl cysteine, which is converted to cysteine, 
has been used to augment glutathione levels. N-acetyl 
cysteine attenuates bleomycin-induced lung infl amma-
tion and subsequent fi brosis in mice and stabilizes lung 
function in IPF patients.21

Apoptosis

Apoptosis is a form of programmed cell death charac-
terized by activation of a set of cysteine proteases (cas-
pases), packaging of the cell remnants into membrane-
bound vesicles that are taken up by surrounding cells, 
and lack of an infl ammatory response.22 Apoptosis is con-
ceptually distinct from another form of programmed cell 
death (autophagy) and from nonprogrammed cell death 
(necrosis), although in practice these forms of cell death 
are often not clearly distinguishable. Triggers of apopto-
sis involve extrinsic signals that trigger tumor necrosis 
factor receptor superfamily members with a death domain 
(e.g., the Fas receptor) and/or intrinsic signals such as 
DNA damage that cause release of mitochondrial 
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cytochrome c and subsequent activation of a caspase 
cascade. Apoptosis can be induced by interruption of 
normal cell adhesion to the extracellular matrix, a process 
referred to as anoikis.

Increased numbers of apoptotic epithelial cells are 
present in IPF lungs, particularly adjacent to fi broblastic 
foci, but also in relatively normal areas of lung.5,22 In 
animal models, apoptosis is causally related to fi brosis. 
Inhibition of apoptosis with the broad-spectrum caspase 
inhibitor zVADfmk inhibits fi brosis in the bleomycin 
model. The role of apoptosis has also been studied in 
mice with an inducible TGF-β transgene expressed in 
lung epithelium; TGF-β expression in these mice causes 
a wave of apoptosis, followed by fi brosis, both of which 
are blocked by zVADfmk.23,24 Finally, intratracheal 
administration of an activating anti-Fas antibody, which 
binds to Fas expressed on epithelial cells, leads to lung 
epithelial cell apoptosis and fi brosis.22

There are several possible causes for increased numbers 
of apoptotic epithelial cells in IPF. Epithelial cells overly-
ing a fi broblastic focus may undergo anoikis. Li and 
colleagues showed that IPF myofi broblasts release angio-
tensin II, which triggers epithelial cell apoptosis, and cap-
topril prevents fi brosis in several rodent models.25 Oxidant 
stress and TGF-β signaling may also contribute to epithe-
lial apoptosis. In patients with mutations in the gene 
encoding surfactant protein-C (SP-C), cellular dysfunc-
tion and the endoplasmic reticulum stress response may 
cause apoptosis of AT2 cells, and one can speculate that 
protein misfolding or traffi cking abnormalities in AT2 
cells might occur in IPF due to environmental and/or 
genetic factor(s). Vandivier and colleagues suggest that 
impaired apoptotic cell removal may also be a factor.26

How epithelial cell apoptosis leads to fi brosis is not 
known. A simple explanation is that loss of epithelial 
barrier function leads to formation of a fi brinous exudate 
followed by an abnormal fi broblast response. Also, apop-
totic cells or the cells that engulf them can release the 
profi brotic cytokine TGF-β,26 triggering other cellular 
and biochemical changes that promote development of 
fi brosis.

Transforming Growth Factor-β
Transforming growth factor-β is a multifunctional cyto-
kine involved in development, the immune system, matrix 
production, angiogenesis, and control of proliferation. 
Essentially all cells express TGF-β and have TGF-β 
receptors. Overwhelming evidence implicates TGF-β as 
a major factor in fi brosis.27 Transforming growth factor-β 
levels are increased in IPF lung. In animal studies, over-
expression of TGF-β in lung causes fi brosis,24,28 and inter-
ruption of TGF-β signaling prevents fi brosis in lung,29,30 
kidney, skin, and liver models. There are three isoforms 

of TGF-β; TGF-β1 is the main isoform involved in the 
pathogenesis of fi brosis.

The activated TGF-β receptor complex has serine/
threonine kinase activity, and its major substrates are the 
receptor Smad (R-Smad) proteins Smad2 and Smad3. 
Phosphorylated R-Smads combine with a Co-Smad 
(Smad4), translocate to the nucleus, and, in conjunction 
with cell- and context-specifi c coactivators and corepres-
sors, alter transcription of target genes.31 Smad3 knock-
out mice have impaired fi brosis and wound healing 
responses.

Transforming growth factor-β is secreted in a latent 
form that results from noncovalent interaction between 
TGF-β and its propeptide (latency-associated peptide 
[LAP]). Latency-associated peptide also forms a di-
sulfi de linkage with proteins of the latent TGF-β binding 
protein (LTBP) family. Latent TGF-β binding proteins, 
in turn, are covalently attached to extracellular matrix 
proteins.32

Latent TGF-β must be released from LAP before it 
can bind to its receptors. This process, called latent TGF-
b activation, is highly regulated and can be accomplished 
in several ways.32 Proteases (plasmin and several matrix 
metalloproteinases) can degrade LAP and release TCFβ-
1. Reactive oxygen species activate latent TGF-β1 by 
denaturing LAP. Thrombospondin-1 binds to LAP, trig-
gering a conformational change that releases active TGF-
β. Finally, the integrins αvβ6 and αvβ8 activate TGF-β1 
by binding to an integrin binding motif (arginine-glycine-
aspartic acid) near the C terminus of LAP.

Sime et al. demonstrated the critical importance TGF-
β activation in lung fi brosis.28 Using an adenoviral system, 
they expressed either wild-type TGF-β1 or a mutated 
form bearing mutations in the LAP domain that elimi-
nate the inhibitory function of LAP. Only the constitu-
tively active form of TGF-β1 produced fi brosis, despite 
the presence of high lung levels of total TGF-β1 protein 
in both cases. This result indicates that TGF-β activating 
capacity, rather than the amount of substrate (latent 
TGF-β), can be the limiting factor in TGF-β–mediated 
fi brotic lung reactions.

αvβ6-mediated TGF-β activation appears to be a par-
ticularly important activation mechanism in the lung. 
Integrins are heterodimeric cell surface receptors, each 
composed of an α- and a β-subunit. αvβ6 is one of 24 
mammalian integrins, 8 of which bind arginine-glycine-
aspartic acid sequences. αvβ6 is mainly expressed in epi-
thelial cells. Activation of TGF-β1 by αvβ6 requires an 
intact actin cytoskeleton and tethering of latent TGF-β1 
to the extracellular matrix by LTBP1.33 Protease-
activated receptor-1 signaling enhances actin contractility 
and αvβ6-mediated TGF-β1 activation.34

In the lung, αvβ6 normally is expressed at a low level 
but is sharply upregulated by infl ammatory stimuli. β6-



46. Fibrogenesis 495

integrin knockout mice develop lung infl ammation and 
ultimately emphysema, are protected from acute lung 
injury, and are resistant to fi brosis.35,36 All these effects 
are due to, or at least consistent with, reduced TGF-β 
signaling. Bleomycin-treated β6 knockout mice have 
more lung infl ammation than wild-type controls, indicat-
ing that infl ammation and fi brosis can be dissociated. 
Other mechanisms of TGF-β activation in the lung may 
also come into play; for example, IL-13–dependent lung 
fi brosis is dependent on TGF-β signaling, and proteases 
(plasmin and matrix metalloproteinases) appear to be 
the activators.29,30 Also, bleomycin-stimulated alveolar 
macrophages activate TGF-β using plasmin and 
thrombospondin-1.37

Once activated, TGF-β sets in motion a wide range 
of profi brotic processes (Figure 46.3). In addition to its 
direct effects, TGF-β upregulates other profi brotic mol-
ecules such as platelet-derived growth factor, ROS, and 
connective tissue growth factor. Connective tissue growth 
factor, a member of the CCN family of matricellular pro-
teins, is a downstream mediator of TGF-β effects. Its 
signaling function is not well understood but may derive 
in part from its ability to enhance binding of TGF-β to 
TGF-β receptors.38 Transforming growth factor-β signal-

ing causes autoinduction of the TGFb-1 gene and upregu-
lation of TGF-β activators (αvβ6 and ROS), suggesting 
the possibility of a positive feedback loop in TGF-β sig-
naling. Endogenous negative regulators of TGF-β signal-
ing include an inhibitory Smad (Smad7), which is induced 
by TGF-β, and extracellular molecules such as decorin 
and α2-macroglobulin. Impaired Smad7 expression may 
contribute to scarring in scleroderma.39

Viral Infection

Accumulating evidence supports the intriguing hypothe-
sis that chronic viral infection of alveolar epithelial cells 
triggers fi brosis in susceptible hosts.40 Tang et al.41 found 
that 97% of IPF biopsy specimens were positive for one 
or more of four herpesviruses tested compared with only 
36% of controls, and others have reported the presence 
of actively replicating Epstein-Barr virus (EBV) in IPF 
lung.42 Although EBV DNA can be detected in the blood 
of most people, it is less commonly detected in the lung; 
EBV can be detected in lungs of IPF patients about four 
times more frequently than in controls. Furthermore, a 
specifi c form of EBV (the Wzhet rearrangement) that 
favors active replication was found to occur much more 
frequently in IPF patients (59%) than in controls 
(2%).42

Causality cannot be proved in such studies but can be 
assessed in animal models. The murine γ-herpesvirus 68 
(MHV68), analogous to EBV, has been used in several 
studies.40 BALB/c mice, normally fi brosis resistant, 
develop fi brosis if infected with MHV68 prior to bleomy-
cin injury. Also, MHV68 infection of interferon receptor 
knockout mice results in lung fi brosis with many of the 
pathologic features of human UIP/IPF.

Angiogenesis

Idiopathic pulmonary fi brosis lungs have abnormal anas-
tomoses between the systemic and pulmonary circula-
tions, and neovascularization also occurs in animal 
models. In addition, extracts of fi brotic lungs have angio-
genic activity when tested in the corneal pocket assay. 
Strieter and colleagues showed that the abnormal angio-
genic activity of fi brotic lung is due to an imbalance 
between angiogenic CXC chemokines (e.g., CXCL5 and 
CXCL8, which signal through the receptor CXCR2) and 
interferon-inducible angiostatic CXC chemokines 
(CXCL9, CXCL10, and CXCL11, which signal through 
CXCR3).43,44 Increasing angiostatic activity (e.g., by 
administration of recombinant CXCL10 or CXCL11) or 
reducing angiogenic activity (e.g., in CXCR2 knockout 
mice) reduces fi brosis in the bleomycin model, support-
ing the concept that neovascularization may be causally 
connected to the fi brotic process.

Figure 46.3. The central role of transforming growth factor-β 
(TGF-β) in lung fi brosis. Latent TGF-β is converted to active 
TGF-β by thrombospondin-1 (TSP-1), αvβ6 integrin, proteases, 
or reactive oxygen species (ROS). Transforming growth factor-β 
may positively regulate its own signaling by upregulating two 
activation mechanisms (ROS and αvβ6 expression) and autoin-
ducing transcription of the TGF-β1 gene. Transforming growth 
factor-β signaling also positively regulates multiple fi brogenic 
factors and processes. CTGF, connective tissue growth factor; 
ECM, extracellular matrix; EMT, epithelial-mesenchymal tran-
sition; MMPs, matrix metalloproteinases; PDGF, platelet-
derived growth factor; SP, surfactant protein.
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Inherited Forms of Interstitial 
Lung Disease

Surfactant Protein C Mutations

Surfactant protein C (SP-C) mutations are the best-
characterized genetic cause of IPF-like lung disease. Sur-
factant protein C is produced by AT2 cells and contributes 
to the surface tension–reducing properties of surfactant 
and to innate immune defense. Because of its hydropho-
bicity and tendency to form insoluble aggregates, includ-
ing amyloid fi brils in aqueous solution, SP-C poses a 
processing challenge to the AT2 cell. The 3.7-kDa mature 
protein is generated from a 21-kDa precursor (Figure 
46.4). Surfactant protein C processing involves transloca-
tion of the proprotein to the endoplasmic reticulum, 

folding, and addition of two palmitic acid residues, a total 
of four proteolytic cleavages of the N- and C-terminal 
propeptide domains to generate mature SP-C, release of 
SP-C into the lumen of the lamellar body where it associ-
ates with surfactant phospholipids and proteins, and 
secretion into the alveolar space.45

Surfactant protein C mutations in patients with inter-
stitial lung disease occur in several locations and act in 
an autosomal dominant fashion. Almost all mutations 
occur in the luminal part of the proprotein, and most are 
within the ≈100 amino acid C-terminal region (Phe94–
Ile197) that forms a so-called BRICHOS domain. The 
BRICHOS domain affects targeting, processing, and 
folding of proteins that contain them.

The clinical manifestations of these mutations are 
varied. Some patients present within weeks of birth, 
whereas others manifest disease as adults. Pathologic 
fi ndings range from UIP and nonspecifi c interstitial pneu-
monia to pulmonary alveolar proteinosis.

The molecular basis of the lung disease appears to be 
loss of normal SP-C levels in surfactant and/or toxic 
effects of misfolded mutant SP-C within the AT2 cell. 
The toxic “gain-of-function” effects of mutant proteins 
have been studied by expressing mutant SP-C in epithe-
lial cells. Depending on the mutation and level of expres-
sion, mutant protein accumulates in the endoplasmic 
reticulum, in perinuclear collections termed aggresomes 
or in endosomal vesicles. Misfolded protein can induce 
the endoplasmic reticulum stress response, leading to 
apoptosis or increased expression of infl ammatory medi-
ators.46 Also, accumulations of mutant protein may be 
directly toxic to the cell, as postulated for other proteins 
that form amyloid.

Mutant SP-C acts in a dominant-negative fashion to 
block release of wild-type, mature SP-C. This effect 
appears to be restricted to SP-C mutations within the 
BRICHOS domain; patients with these mutations fail to 
secrete mature SP-C. Amin and colleagues described a 
patient with interstitial lung disease who had no detect-
able mature SP-C within the lung despite the absence of 
mutations within the SP-C gene coding regions, suggest-
ing that absence of SP-C may cause lung disease.47 
However, patients with SP-C mutations outside the 
BRICHOS domain produce mature SP-C, suggesting 
that toxic gain-of-function effects may be the dominant 
mechanism leading to lung disease.

Mice lacking SP-C or overexpressing mutant SP-C 
have lung abnormalities but do not recapitulate the fi nd-
ings found in humans. Surfactant protein C knockout 
mice are viable and develop lung infl ammation and 
emphysema; when exposed to bleomycin they have an 
exag gerated fi brotic response.48 Mice overexpressing a 
mutant SFTPC transgene lacking much of the BRICHOS 
domain have a lethal disruption of branching 
morphogenesis.49

Figure 46.4. Schematic diagram of prosurfactant protein C and 
mutations that cause interstitial lung disease. Mature surfactant 
protein C (SP-C) is shown in blue. Pro-SP-C associates with 
the cell membrane via a transmembrane domain and two 
palmitic acid residues before it is translocated into the lumen 
of the lamellar body. After removal of the N- and C-terminal 
prodomains, mature SP-C is translocated to the lumen of 
the lamellar body where it associates with the other constitu-
ents of surfactant. Lamellar bodies are lysosome-related 
organelles unique to AT2 cells. Amino acid substitutions 
causing interstitial lung disease are shown in green. Two dele-
tions causing interstitial lung disease are shown in red. The 
mutations interfere with normal processing, causing protein 
aggregation and in some cases impaired secretion of mature 
SP-C.
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Hermansky-Pudlak Syndrome

Hermansky-Pudlak syndrome (HPS) is another inherited 
disorder leading to interstitial lung disease, and, interest-
ingly, the defect also targets AT2 cells. Hermansky-Pudlak 
syndrome is due to mutations in one of eight genes in 
humans (HPS1–8)50–52; corresponding mutations occur in 
mice (Table 46.3). Patients manifest reduced skin and eye 
pigmentation, a bleeding diathesis due to platelet dys-
function, and, in some cases, progressive lung fi brosis in 
middle age. The defect underlying these abnormalities is 
impaired genesis or function of lysosome-related organ-
elles.51 These organelles are variants of lysosomes that 
perform specialized functions. The affected organelles are 
melanosomes in melanocytes, cytotoxic granules in lym-
phocytes, platelet dense granules, and lamellar bodies in 
AT2 cells. Biopsy specimens reveal proliferative, enlarged 
AT2 cells containing giant lamellar bodies packed with 
surfactant. The AT2 cells appear degenerative and often 
desquamated. There is infl ammation centered on respira-
tory bronchioles and fi brosis with honeycombing.

The disorder is autosomal recessive and involves two 
classes of genes. One group encodes proteins with known 
roles in protein traffi cking (e.g., adaptor protein-3). The 
second group encodes proteins that are subunits of 
protein complexes called BLOCs (biogenesis of lyso-
some-related organelles complex). The BLOCs are ubiq-
uitously expressed, but the cellular localization and 
precise function of these multiprotein complexes have 
not been defi ned.

While the mouse strains with HPS mutations have 
pigmentation and platelet defects that mimic HPS, the 
lung pathology is quite different.52 The HPS-like strains 

in general have reduced life spans and develop emphy-
sema. Lyerla and colleagues generated a double homozy-
gous mutant (HPS1 and HPS2 genes); the AT2 cells in 
these mice are enlarged and contain enlarged lamellar 
bodies engorged with surfactant, as well as signifi cant 
infl ammation, as seen in humans with HPS lung disease.53

The mechanism connecting the genetic defects and 
lung fi brosis in humans is not known. Toxicity to AT2 
cells and/or reductions in surfactant components may be 
involved. Toxicity to AT2 cells is readily apparent in 
biopsy tissues of patients. Alterations in surfactant secre-
tion in patients have not been defi ned. In HPS1/HPS2 
double mutant mice, total lung phospholipid, SP-B, and 
SP-C levels are increased (and SP-C is processed to the 
3.7-kDa form), but alveolar levels of these components 
are reduced and isolated AT2 cells from these mice have 
reduced basal and stimulated phospholipid secretion.52,53

Genetic Studies of Sporadic and Familial 
Interstitial Lung Disease

Case–control studies have been carried out to test 
the association of polymorphic variants of candidate 
genes with the risk for IPF. Positive results have been 
reported for genes encoding angiotensin-converting 
enzyme, complement receptor-1, IL-1 receptor antago-
nist, TNF-α, and SP-A and SP-B.54 Interestingly, the SP-
A1 variant (6A4) encodes a protein with an altered amino 
acid (tryptophan rather than arginine) that appears to 
affect aggregation.55

Sometimes interstitial lung disease cases cluster within 
families. Inheritance is autosomal dominant with reduced 
penetrance. In about half the families the disease is uni-
formly UIP/IPF, and in the others there are various pre-
sentations (as occurs in families with SP-C mutations).
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Table 46.3. Hermansky-Pudlak syndrome (HPS) genes in 
humans and mice.
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Stem Cells in Nonneoplastic Lung Disorders

Dani S. Zander

in localized regions know as stem cell niches that regulate 
their behavior.5–8 The stem cell niche is the microenviron-
ment that supplies the external signals that control 
stem cell behavior. Secreted factors, cell–cell interactions 
mediated by membrane proteins, and interactions with 
extracellular matrix proteins via adhesion molecules are 
important elements of the stem cell niche. Transit-ampli-
fying (TA) cells arising from these dedicated stem cells 
demonstrate a high rate of proliferation, short-term self-
renewal capability, and the ability to produce one or more 
differentiated cell types characteristic of the particular 
organ.5

Although the classic stem cell hierarchy presented in 
Figure 47.1 is generally well established, it is not unalter-
able.9 Under appropriate environmental conditions, some 
TA cells may be induced to acquire properties of stem 
cells.9–11 Transdifferentiation, that is, transformation of 
one differentiated cell type into another, may occur via 
TA cells that are given particular signals.5,12 The concept 
of the “facultative” stem cell has also been put forth to 
explain how organs without functional undifferentiated 
stem cell populations can regenerate themselves in the 
face of injury, probably through the acquisition of capa-
bilities for self-renewal and differentiation by a differen-
tiated cell type.13,14

In human and animal lungs, several populations of resi-
dent cells with properties of self-renewal and differentia-
tion have been defi ned. Recently, also, the phenomenon 
of repopulation of the postnatal lung by progeny of bone 
marrow–derived cells has been a topic of active investiga-
tion. Evidence for both circulating mesenchymal and epi-
thelial progenitor cells that traffi c to the lungs has been 
increasingly published over the past few years. Nonethe-
less, our understanding of these phenomena is incom-
plete, and effective therapeutic strategies remain to be 
developed.

Introduction

Over the past decade, our knowledge regarding pulmo-
nary stem cells has undergone dramatic expansion. 
Research has focused on (1) identifying and characteriz-
ing populations of resident pulmonary stem cells and 
(2) determining whether, and to what extent, bone 
marrow–derived stem cells contribute to pulmonary 
repair. It is hoped that the regenerative properties of 
stem cells can be harnessed to provide a new approach 
to treatment of diffuse lung diseases that are poorly 
responsive to current therapies. Acute respiratory dis-
tress syndrome is a prime example. Acute respiratory 
distress syndrome is associated with a mortality rate as 
high as 60% and leads to pulmonary disability in the 
majority of survivors. Whether stem cells could be uti-
lized to promote recovery has been a topic of intense 
interest. Chronic obstructive pulmonary disease and 
usual interstitial pneumonia produce chronic lung dys-
function and, in their advanced forms, represent common 
indications for lung transplantation. Given the lack of 
curative therapies for these disorders, stem cell–based 
approaches have been viewed as a potential avenue for 
development. Gene therapy administered via stem cells 
represents another focus of investigation because of its 
potential applications to the treatment of inherited 
genetic disorders such as cystic fi brosis.1–4 The roles of 
stem cells in pulmonary carcinogenesis represent another 
topic of current investigation.

Criteria for defi ning stem cells vary, but, at minimum, 
stem cells are viewed as having the properties of self-
renewal and differentiation. Organs that undergo con-
tinuous regeneration throughout postnatal life, such as 
the gastrointestinal tract, blood, and hair follicles, contain 
“dedicated” adult stem cells that undergo long-term self-
renewal, have a relatively low proliferation rate, and live 
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Pulmonary Repopulation by 
Bone Marrow–Derived Adult 
Stem Cells

A large number of studies have sought to determine 
whether bone marrow–derived adult stem cells can 
repopulate the lung and participate in pulmonary repair. 
Although most data support the existence of this phe-
nomenon, with subsequent differentiation into epithelial, 
endothelial, and mesenchymal cells, a signifi cant minor-
ity of published studies have yielded negative results. 
The concept of adult stem cell plasticity remains 
controversial.9,15–18

Epithelial Cells

Most reports of adult stem cell plasticity show low fre-
quencies of marrow-derived nonhematopoietic cells in 
target organs, usually 1 in 1,000 to 1 in 10,000 epithelial 
cells, frequencies that are likely to be insuffi cient to 
achieve therapeutic results.15 Mechanisms accounting for 
the ability of bone marrow–derived cells to take on non-
hematopoietic phenotypes have not yet been clarifi ed, 
but possibilities include cell-to-cell fusion,19,20 direct dif-
ferentiation of a nonhematopoietic precursor cell from 
the bone marrow, and transdifferentiation of a bone 
marrow cell that had previously been committed to a 
different phenotype.15 Existing data support the fi rst two 
possibilities but are lacking to support the third process.15 
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Figure 47.1. Classic stem cell hierarchy. Model of the “classic” 
hierarchy of undifferentiated epithelial stem cells, transit-
amplifying (TA) progenitor cells, and mature postmitotic dif-
ferentiated cells. Cell fate choices are indicated by red arrows. 
In this model, the stem cell in its “niche” and different TA cell 
subclasses can self-renew (curved arrows). Stem cells self-renew 
infrequently and TA cells more rapidly. Early TA cells may be 
able to replace stem cells if the niche is depleted (dashed arrow 
1). The niche probably consists of several cell types and associ-
ated molecules, including blood vessels and nerves. “Transdif-

ferentiation” of one well-defi ned differentiated cell type into 
another could occur directly, without cell division (dashed arrow 
2) or might also involve reversion or dedifferentiation between 
distinct TA progenitor populations (dashed arrows 3). Rarely, 
stem cells switch from one tissue-specifi c lineage to another 
(dashed arrow 4) in a process called metaplasia or transdetermi-
nation. (Adapted from Watt and Hogan,8 with permission. Mod-
ifi ed and reprinted from Rawlins and Hogan,5 with permission 
of the Company of Biologists.)
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Investigation is ongoing to identify mechanisms for 
increasing levels of engraftment and to explain how bone 
marrow–derived cells develop into mature-appearing 
epithelial cells.

Animal models used to study this process employ 
donor bone marrow that expresses a marker, such as the 
Y chromosome, green fl uorescent protein (GFP), lacZ, 
or β-galactosidase, that distinguishes cells that are derived 
from the donor from those derived from the recipient. 
Similarly, human lung transplant and bone marrow trans-
plant recipients with gender-mismatched donors have 
been frequent choices of experimental subjects for these 
studies. A landmark investigation published by Krause 
and colleagues tested whether a single bone marrow–
derived cell could engraft into a lethally irradiated reci-
pient mouse and generate epithelial cells of donor 
phenotype.21 Examination of the mice 11 months after 
transplantation showed engraftment of cytokeratin-
positive, CD45-negative cells in the lung (columnar respi-
ratory epithelial cells and pneumocytes), gastrointestinal 
tract, liver, and skin.21 Theise and colleagues treated mice 
with lethal irradiation and then subjected them to cross-
gender bone marrow transplantation.22 They discovered 
that up to 14% of the type II pneumocytes in the injured 
lung possessed the donor karyotype and that the kinetics 
of bone marrow engraftment as type II pneumocytes 
coincided with the development of severe radiation pneu-
monitis.22 Grove et al. took wild-type bone marrow–
derived cells from male mice that had been transfected 
with a lentivirus encoding the GFP transgene expressed 
on the constitutively active long terminal repeat pro-
moter and transplanted these cells into irradiated female 
mice.4 Between 1% and 7% of cytokeratin-positive cells 
expressed GFP, and these cells had characteristics of type 
II and type I pneumocytes, indicating maintenance of 
transgene expression after differentiation of the bone 
marrow–derived cells to epithelial cells. These last results 
suggest that marrow-derived cells can be used as a vehicle 
for targeted transgene expression in epithelial cells of the 
lungs, an approach that could be important for diseases 
caused by single gene mutations, such as surfactant defi -
ciencies or cystic fi brosis.

Bone marrow–transplanted mice subjected to lipo-
polysaccharide-induced airway injury were observed to 
demonstrate alveolar repopulation by donor-derived epi-
thelial and endothelial cells.23 Likewise, bone marrow–
derived progenitor cells were shown to differentiate into 
alveolar epithelial cells and endothelial cells after treat-
ment of elastase-induced emphysema with all-trans reti-
noic acid or granulocyte colony stimulating factor,24 and 
administration of adrenomedullin was found to enhance 
this phenomenon.25 Abe and colleagues employed a para-
biotic mouse model and radiation and/or elastase to 
create lung injury.26 They observed that cells with char-
acteristics of interstitial monocytes/macrophages, subepi-

thelial fi broblast-like interstitial cells, and type I alveolar 
epithelial cells in one mouse appeared to be derived from 
the other mouse, ostensibly via circulating cells.26 Another 
study showed that freshly isolated side population cells 
derived from ROSA26 adult bone marrow contributed 
to reconstitution of injured tracheal epithelium in vivo, 
and the donor-derived epithelial cells accounted for 
0.83% of epithelial cells.27 Bone marrow–derived mesen-
chymal cells administered systemically to mice also 
appeared to generate donor-derived respiratory bron-
chiolar cells.28 Finally, Gomperts and colleagues identi-
fi ed a CK5-positive, CD45-positive, CXCR4-positive cell 
in the bone marrow and blood of mice and showed that 
these circulating cells were capable of contributing to 
large airway epithelial repair in a murine model of 
gender-mismatched tracheal transplantation.29 Repopu-
lation appeared to be dependent on the CXCR4/CXCL12 
chemokine biologic axis.

In contrast, however, hematopoietic stem cell differen-
tiation in the lung was not identifi ed in transplantation 
and parabiotic models by Wagers and colleagues.30 Kotton 
and colleagues also did not fi nd evidence of reconstitu-
tion of pulmonary epithelial cells by bone marrow–
derived stem cells in studies employing transplantation 
of GFP-expressing unfractionated bone marrow, bone 
marrow side population cells, or a single bone marrow 
side population cell into mice treated with lethal irradia-
tion and then bleomycin to induce lung injury.31 Although 
transplantation of GFP- or lacZ-labeled bone marrow 
into lethally irradiated wild-type mice revealed what 
appeared to be labeled bone marrow–derived cells with 
prosurfactant protein C expression and features of type 
II pneumocytes, deconvolution microscopy and fl ow 
cytometry did not demonstrate distal airway engraftment 
of bone marrow–derived cells as type II pneumocytes, 
and the original interpretation was thought to stem from 
artifact.32

Evaluations of gender-mismatched human lung 
allografts have also yielded confl icting results. Earlier in 
situ hybridization studies of lung allografts from female 
donors, which were transplanted into male recipients, 
revealed Y chromosome–expressing cells with pheno-
typic characteristics of leukocytes, but not epithelial cells, 
in the allografts.33,34 Kleeberger et al., however, reported 
different results than the two earlier studies.35 Using 
methods that included laser microdissection followed by 
short tandem repeat analysis of a polymorphic marker, 
these investigators studied lung allografts and reported 
signifi cant numbers of recipient-derived epithelial cells, 
including 6%–26% of the bronchial epithelial cells, 9%–
20% of the type II pneumocytes, and 9%–24% of the 
seromucinous glandular epithelial cells. These investiga-
tors associated higher percentages of recipient karyotype 
cells with histologic evidence of chronic injury. Tissue 
samples from gender-mismatched lung and bone marrow 
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transplant specimens were studied by Albera and col-
leagues who reported fi nding evidence of repopulation 
with differentiation into type II pneumocytes and endo-
thelial cells, but assessment of the percentages of donor-
derived cells could not be performed because of technical 
factors.36 No evidence of polyploidy was observed, sug-
gesting that fusion was not responsible for the fi ndings. 
Zander and colleagues likewise evaluated lung biopsy 
specimens from seven male recipients of transplanted 
lungs from female donors and performed sequential 
immunohistochemistry and fl uorescent in situ hybridiza-
tion to assess for Y chromosome–containing type II 
pneumocytes.37 They found that Y chromosome–contain-
ing type II pneumocytes were present in approximately 
one-third of the biopsy specimens from fi ve of the seven 
transplant recipients and accounted for 0%–0.553% of 
the type II pneumocytes. Furthermore, no evidence of 
polyploidy was identifi ed to suggest cell–cell fusion, and, 
like the results of Kleeberger and colleagues, the number 
of type II pneumocytes of recipient origin appeared to 
correlate with lung injury. Fusion was also not observed 
in the lungs by Harris and colleagues, who used a Cre-
Lox system together with β-galactosidase and enhanced 
GFP expression in transgenic mice to evaluate whether 
fusion plays a role in the development of marrow-derived 
epithelial cells.38

Hematopoietic cell transplant patients are vulnerable 
to many types of lung injury and represent a natural 
patient group to study. Diffuse alveolar damage is rela-

tively common in this group of patients because of 
the administration of high-dose chemotherapeutic agents 
and radiation and the frequent development of opportu-
nistic infections or graft versus host disease. Like the 
animal studies, investigations of tissues from human 
hematopoietic cell transplant recipients have produced a 
spectrum of results regarding the existence of pulmonary 
epithelial chimerism. Suratt and colleagues evaluated 
lung tissues from three female cross-gender hematopoi-
etic cell transplant recipients and reported 2.5% and 
8.0% epithelial chimerism in two of the patients’ lungs, 
as well as very high degrees (35.7% and 42.3%) of endo-
thelial chimerism.39 The locations of the epithelial cells 
were described as alveolar and occasionally bronchiolar. 
Similar results were reported by Mattsson and colleagues 
in two female cross-gender hematopoietic cell transplant 
recipients.40 On the other hand, the study by Kleeberger 
described no epithelial chimerism in bronchial tissues 
derived from three bone marrow transplant recipients, 
but pneumocytes were not evaluated in this work.35 
Finally, a recent study by Zander and colleagues evalu-
ated the lungs of four cross-gender hematopoietic cell 
transplant recipients using sequential immunohistochem-
istry and fl uorescent in situ hybridization to assess for Y 
chromosome–containing type II pneumocytes and found 
only a single Y chromosome–containing type II pneumo-
cyte (Figure 47.2) in one lung biopsy specimen from one 
transplant recipient, accounting for 1.75% of all type II 
pneumocytes in the biopsy section.41

Figure 47.2. Hematopoietic cell transplant patient (female 
recipient of bone marrow from male donor). (A,B) A large 
reactive type II pneumocyte is stained for prosurfactant protein 
B (DAB, brown) and epithelial membrane antigen (Vector 

Blue, blue). (Original magnifi cations, A. ×200; B, ×1,000.) (C) 
The cell, viewed under fl uorescence microscopy, has a Y chro-
mosome (green) in the nucleus. (Original magnifi cation ×1,000. 
Reprinted from Zander et al.,41 with permission.)
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The sources of the discrepancies among these reports 
have been addressed by many authors, who cite a number 
of variations in experimental methods. Regarding the 
animal studies performed by Wagers et al.,30 explanations 
put forth by Theise et al.42 to account for the lack of 
demonstration of engraftment included older donor and 
recipient pairs, shorter time periods of study after bone 
marrow transplantation, reliance of stem cell isolation 
protocols that may have selected for a less plastic cell 
than was used in other studies, and use of a GFP donor 
with expression of this protein as the sole marker of 
donor origin. Regarding the studies of human lung trans-
plant recipients by Yousem et al.33 and Bittman et al.,34 
which did not show the presence of recipient-derived 
type II pneumocytes, Zander and colleagues37 noted that 
the pepsin digestion step used in the study published by 
Yousem et al.33 was substantially shorter than the step 
used by their group, and may not have been long enough 
to allow for probe uptake by the type II pneumocyte 
nuclei, and that Bittman and colleagues34 evaluated only 
100 interphase pneumocyte nuclei, which may not have 
been suffi cient to detect very low levels of microchime-
rism. Others have suggested that immunofl uorescence 
microscopy cannot reliably detect rare engrafted cells in 
lung tissues and that artifact introduced by overlapping 
nuclei may account for many of the positive results 
reported.31

Finally, if bone marrow–derived stem cell repopulation 
of adult lungs occurs, can gene therapy be applied to 
progenitor cell populations in order to correct a genetic 
defect? There are undoubtedly many steps involved in 
the process of answering this question and devising a 
protocol that will provide safe, long-term restitution of 
gene function, but some progress has been made. Grove 
et al. transplanted male marrow that had been transduced 
with retrovirus encoding GFP into irradiated female mice 
and found transgene-expressing lung epithelial cells in all 
recipients analyzed at 2, 5, or 11 months after transplanta-
tion.4 Wang and colleagues followed this work by showing 
that human bone marrow stromal stem cells have the 
potential to differentiate into airway epithelial cells; that 
MSCs from patients with cystic fi brosis can be isolated, 
expanded, and gene corrected ex vivo; and that these 
gene-corrected MSCs can contribute to apical chloride 
secretion in response to cyclic adenosine monophosphate 
stimulation, which is critical for successful therapy for 
cystic fi brosis.1

Endothelial Cells

As discussed above, Yamada et al.23 and Ishizawa et al.24 
reported endothelial repopulation by donor-derived cells 
in bone marrow–transplanted mice subjected to lipopoly-
saccharide-induced airway injury and treatment of elas-
tase-induced emphysema with all-trans retinoic acid or 

granulocyte colony-stimulating factor, respectively. Suratt 
and colleagues reported a high degree (37.5%–42.3%) of 
endothelial cell chimerism in lung biopsy specimens from 
female allogeneic hematopoietic stem cell transplant 
recipients who received stem cells from male donors,39 
but this result has not been confi rmed by others. None-
theless, others have shown in mice that adult bone 
marrow–derived, phenotypically defi ned hematopoietic 
stem cells (c-Kit positive, stem cell antigen-1 [Sca-1] posi-
tive, lineage negative) can give rise to functional endo-
thelial cells that express CD31, produce von Willebrand 
factor, take up low-density lipoprotein, and are not the 
products of cell fusion.43 Whether the number of circulat-
ing endothelial progenitor cells correlates with outcome 
in acute lung injury and acute respiratory distress syn-
drome was recently studied.44 Endothelial progenitor cell 
colony numbers generated from buffy coat samples were 
signifi cantly higher in patients with acute lung injury 
compared with healthy control subjects, and, in the 
patients with acute lung injury, a higher colony count 
correlated with improved survival.

That tumors may recruit CD34-positive progenitor 
cells to build their vascular networks was suggested by 
work done using the Lewis lung carcinoma (LLC) 
model.45 In vitro studies showed that LLC cells could 
chemoattract CD34-positive cells predominantly through 
tumor production of vascular endothelial growth factor 
and that LLC-conditioned medium containing angiopoi-
etin-1 could promote differentiation of CD34-positive 
cells toward endothelial cells expressing CD31 and 
CD144. Additional in vivo studies showed that infusion 
of lacZ-positive, CD34-positive cells from the bone 
marrow of transgenic mice into wild-type mice bearing 
LLC tumors resulted in the accumulation of lacZ-
positive cells within the tumor mass, particularly at the 
tumor’s periphery, and that these infused CD34-positive 
progenitor cells acquired the endothelial cell markers 
CD31 or CD144 within the tumor tissue. However, in a 
subsequent study, development of functional tumor vas-
culature from recruited lineage-negative, c-Kit-positive, 
Sca-1–positive cells was not observed.46

Fibrocytes

The peripheral blood includes small numbers (0.1%–
0.5% of nucleated cells) of circulating collagen-, vimen-
tin-, and CD34-positive cells with fi broblastic properties, 
termed fi brocytes, that participate in scar formation.47 
In culture, these cells express α-smooth muscle actin 
(αSMA), and exposure to transforming growth factor-β 
(TGF-β) or endothelin-1increases their expression of 
αSMA while promoting acquisition of the morphologic 
features of myofi broblasts.48,49 A loss of CD45 and CD34 
expression accompanies increasing development of myo-
fi broblast-like features,49–52 suggesting a loss of stem cell 
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marker expression with increased degrees of differentia-
tion. Fibrocytes express CXCR4, migrate in response to 
CXCL12 under specifi c in vitro conditions, and traffi c to 
the lungs, as shown in a murine model of bleomycin-
induced pulmonary fi brosis.50 Maximal intrapulmonary 
recruitment of these fi brocytes correlated with increased 
pulmonary collagen deposition, and treatment of the 
bleomycin-exposed mice with neutralizing antibodies to 
CXCL12 inhibited both fi brocyte recruitment and pul-
monary fi brosis. Analysis of the lungs from bleomycin-
treated wild-type mice previously transplanted with 
GFP-labeled bone marrow–derived cells showed that 
>80% of collagen I–expressing cells also demonstrated 
GFP expression, indicating an origin from circulating 
bone marrow–derived cells.53 Another group induced 
radiation pneumonitis in mice transplanted with whole 
bone marrow or a clonal bone marrow stromal cell line 
and demonstrated repopulation by fi broblastic cells of 
bone marrow origin.54 Furthermore, the numbers of 
donor-derived fi broblastic cells in the lungs could be 
reduced by prior administration of manganese superox-
ide dismutase–plasmid/liposome intratracheal injection, 
which inhibits development of radiation pneumonitis. 
Schmidt and colleagues studied the role of circulating 
fi brocytes in the genesis of subepithelial fi brosis, a feature 
of the remodeling process associated with asthma.49 These 
investigators found that allergen exposure induced the 
accumulation of CD34-, collagen I-, and αSMA-positive 
fi brocyte-like cells in the subepithelial bronchial mucosa 
of patients with allergic asthma. Additionally, by tracking 
labeled circulating fi brocytes in a mouse model of allergic 
asthma, they demonstrated recruitment of fi brocytes into 
bronchi following allergen exposure, with a decrease in 
the expression of CD34 and an increase in collagen I and 
αSMA expression (greater myofi broblastic differentia-
tion) in the cells in the airway tissues as compared with 
cells recovered from the peripheral blood.

Resident Pulmonary Stem Cells

A rich and voluminous literature has developed over 
several decades regarding pulmonary epithelial cell pop-
ulations possessing the stem cell-like properties of self-
renewal and differentiation. These cells are believed to 
give rise to the spectrum of histologically differentiated 
cell types that we recognize today, cell types that, for the 
most part, are believed to have little or no capacity to 
self-renew. Currently, these cell groups are believed to 
include undifferentiated basal cells residing in the epithe-
lium of the large airways and populations of cells found 
at the bronchoalveolar duct junctions and in neuroepi-
thelial bodies. Some or all type II pneumocytes may also 
be included in this category. The mechanisms controlling 
progenitor cell functionalities are not well understood, 

but it is likely that future research will shed more light 
on the signaling pathways involved in these processes and 
provide insight into methods that can be used to enhance 
pulmonary repair.

Large Airways

Multiple studies suggest that undifferentiated (basal) 
cells in the bronchi and trachea represent a population 
of stem cells.55–67 Basal cells appear to proliferate in asso-
ciation with injury and express the proliferation marker 
MIB1 to a higher degree than more differentiated cells.68 
Studies using heterotopically implanted tracheal grafts 
have shown that deepithelialized grafts that were inocu-
lated with basal cell–rich cell suspension fractions or 
mixed tracheal cell fractions were eventually reepithelial-
ized with an epithelium containing basal cells, goblet cells, 
other secretory cells, and ciliated cells.60,69,70 Nettesheim 
and colleagues also demonstrated that vitamin A–depleted 
basal cell cultures can undergo squamous differentiation, 
analogous to the common process of squamous differen-
tiation that occurs with airway epithelial injury.60 Inter-
esting studies performed by Borthwick and colleagues 
evaluated the localization of bromodeoxyuridine (BrdU) 
label-retaining cells (LRCs) in mice receiving weekly epi-
thelial damage by intratracheal detergent or SO2 inhala-
tion.71 At 3 and 6 days after injury, basal and lumenal 
BrdU-positive epithelial cells were distributed along the 
entire trachea. At 20 and 95 days after injury, LRCs were 
localized to gland ducts in the upper trachea and to sys-
tematically arrayed foci in the lower trachea, typically 
near the cartilage–intercartilage junction, suggesting that 
these areas represent stem cell niches in the tracheal 
epithelium. Furthermore, heterotopic tracheal grafts that 
were denuded of surface epithelium demonstrated epi-
thelial reconstitution from gland remnants. A bronchial 
xenograft model of the human airway was also used by 
Engelhardt and colleagues to identify submucosal gland 
progenitor cells within the surface airway epithelium.72 
Replication-defective recombinant retroviruses were 
used to study the development of submucosal glands and 
led to the identifi cation of a pluripotent progenitor cell 
in the airway epithelium that retains a capacity for glan-
dular development. Other studies using tracheal grafts 
suggest that nonbasal (secretory or ciliated) cell popula-
tions can also restore the tracheal epithelium,67,73,74 raising 
the question of “facultative” stem cell capabilities in the 
nonbasal cell populations studied.

Small Airways

A number of studies have supported the capacity of Clara 
cells to reproduce themselves and differentiate into 
ciliated cells in bronchioles.75–79 Using a heterotopic tra-
cheal xenograft model, Hook and colleagues observed 
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repopulation of the denuded tracheas by Clara cell–rich 
isolates from the lungs of rabbits, with production of an 
epithelium resembling bronchiolar epithelium composed 
of ciliated cells and Clara-like cells.80 Naphthalene has 
been used in animal models to destroy Clara cells and 
examine mechanisms of airway epithelial repair. Naph-
thalene is an aromatic hydrocarbon that selectively kills 
cells that express cytochrome P450–2F2, which is con-
verted to toxic epoxides in such cells. Within a few hours 
of exposure, most of the Clara cells die, except for the 
few that do not express cytochrome P450–2F2. A small 
population of resistant Clara cell secretory protein 
(CCSP)-expressing Clara cells (variant CCSP-expressing 
cells) that survive naphthalene injury appear to prolifer-
ate and renew the Clara cell population, and these cells 
are found in the neuroepithelial bodies (NEBs).81,82 
Localization of proliferating Clara cells at bronchiolar 
bifurcations was also noted by Stripp and colleagues after 
induction of naphthalene airway injury.83

A similar population of pollutant-resistant CCSP-
expressing cells that localized to the bronchoalveolar 
duct junction and contributed to epithelial renewal in 
Clara cell–depleted terminal bronchioles with few NEBs 
was described by Giangreco et al.84 Immunohistochemi-
cal colocalization studies involving CCSP and the NEB-
specifi c marker calcitonin gene-related peptide showed 
that these bronchoalveolar duct junction–associated 
CCSP-expressing stem cells function independently of 
NEBs. Kim and colleagues85 reported isolation of a 
CD34-positive cell population localized to the murine 
bronchioalveolar duct junction that they termed bron-
chioalveolar stem cells (BASCs), that may be the same 
cell population studied by Giangreco et al.84 These cells 
exhibit self-renewal, are multipotent in clonal assays, are 
resistant to bronchiolar and alveolar damage, and coex-
press the Clara cell–specifi c marker CCA (identical to 
CCSP) and prosurfactant protein C, a major product of 
type II pneumocytes. In culture, these cells gave rise to 
progeny expressing markers for either Clara cells or type 
I or type II pneumocytes. Further experiments showed 
that BASCs were increased in murine lung adenocarci-
nomas and precursor lesions and that cultured BASCs 
expanded in response to oncogenic K-ras, suggesting that 
these cells may represent candidate cells of origin for 
pulmonary adenocarcinomas.

Regarding pulmonary neuroendocrine stem cells, a 
transgenic mouse model was used to defi ne the contribu-
tion of NEB-associated CCSP-expressing progenitor 
cells to pulmonary neuroendocrine cell hyperplasia after 
Clara cell ablation.86 After selective ablation of CCSP-
expressing cells, proliferation and hyperplasia of pulmo-
nary neuroendocrine cells occurred without detectable 
proliferation among other residual airway epithelial cell 
populations, indicating that pulmonary neuroendocrine 
cells function as a self-renewing progenitor population. 

The Sonic hedgehog pathway may play a role in neuro-
endocrine cell renewal; naphthalene-induced Clara cell 
depletion was followed by marked expression of both 
Sonic hedgehog ligand and Gli1, a transcriptional target 
of hedgehog signaling.87 This pattern of signaling was also 
noted in airway development during normal differentia-
tion of pulmonary neuroendocrine precursor cells, as 
well as in a subset of small cell lung cancers.

Type II pneumocytes may represent another popula-
tion of resident cells manifesting the properties of self-
renewal and differentiation into type I pneumocytes.88–92 
Whether the type II cells possessing stem cell properties 
reside at the bronchoalveolar duct junction and represent 
the same population identifi ed by Kim and colleagues85 
as the “bronchioalveolar stem cell” is unclear. The iden-
tifi cation of subsets of type II cells differing in expression 
of telomerase and E-cadherin suggest the existence of 
multiple populations of type 2 alveolar epithelial cells.93 
Telomerase expression, which is considered to be a char-
acteristic of stem or progenitor cells, was increased in a 
subpopulation of type 2 alveolar epithelial cells with 
exposure to hyperoxia and showed a strong correlation 
with proliferating cell nuclear antigen expression.94 Other 
in vitro studies have shown conversion of type I pneumo-
cytes to type II pneumocytes with changes in culture 
conditions95 or treatment with keratinocyte growth 
factor,96 raising the question of whether type 1 pneumo-
cytes may represent another potential pool of progenitor 
cells or exist in a dynamic continuum with type II cells 
under varying conditions in vivo.

Side Population Cells

Side population (SP) cells constitute a rare cell popu-
lation that is enriched for stem cell activity and is identi-
fi ed by the cells’ ability to effl ux the vital dye Hoechst 
33342.97,98 In the murine lung, SP cells are found in proxi-
mal and distal lung regions and comprise 0.03%–0.07% 
of total lung cells.99 These cells express hepatocyte nuclear 
factor-3β but not thyroid transcription factor-1 and dem-
onstrate cell surface expression of Sca-1 and breast cancer 
resistance protein 1 (BCRP1), as well as variable ex-
pression of CD45.99 Experiments using bone marrow 
transplantation revealed that both CD45-positive and 
CD45-negative lung SP cells are derived from the bone 
marrow.100 CD45-positive lung and bone marrow SP cells 
showed similar morphologic features (small, round cells 
with scant cytoplasm), while CD45-negative lung SP 
cells were larger and contained abundant granular cyto-
plasm.100 Gene expression patterns for hematopoietic 
transcription factors GATA-1, GATA-2, and PU.1, and 
for αSMA and cytokeratin, differed between bone 
marrow and lung SP subtypes, and considerable hetero-
geneity existed within each population of SP cells.100 In 
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another study, CD45-negative lung SP cells were found 
to express Sca-1 reactivity and molecular markers indi-
cating either airway epithelial (CCSP) or mesenchymal 
(vimentin) characteristics.101 A lack of cytochrome P450–
2F2 RNA was found in the CD45-negative SP cell popu-
lation, a property that is consistent with the molecular 
phenotype of a cell population residing in the NEB, a 
location previously found to harbor stem cells.

Conclusion

Multiple progenitor cell populations reside in the lung 
and contribute to recovery from lung injury. Identifi ca-
tion and characterization of these cell populations con-
tinues to advance, fostered by use of modern technologies 
to create models of pulmonary injury and measure the 
responses of individual cell types to these environmental 
changes. Contributions of adult stem cells to pulmonary 
regeneration continue to be investigated, and the possi-
bility of combining gene therapy with stem cell approaches 
represents another intriguing avenue of research. There 
is a need for additional mechanistic research to deter-
mine the molecular events responsible for stem cell 
behavior. The infl uences of neighboring cells and secreted 
substances must be defi ned. As a consequence, delinea-
tion of these events may lead to new therapeutic 
approaches that harness the regenerative capacities of 
stem cells to enhance the native processes involved in 
pulmonary repair.
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generally destroy DNA because of the physical forces 
exerted on it during its passage through the equipment.1,2 
Newer nebulization systems, with single passage of DNA 
through a porous membrane, may allow for better results.1 
Bronchoscopic techniques such as injection or instillation 
are appropriate for single application localized gene 
therapy delivery, such as for treatment of endobronchial 
tumors; however, such a delivery system is not practical 
for diseases such as CF that require repeated deliveries 
to a widespread area.1

The ineffi ciency of current aerosol delivery systems has 
led to the development of more effi cient systems such as 
soft mist inhalers.2 Microspraying technology has been 
shown to be substantially superior to oral nebulization 
in animal studies but has the disadvantage of requiring 
bronchoscopy and administration through an endotra-
cheal tube.2 One challenge of any aerosol delivery system 
is overcoming the effect of airway obstruction on aerosol 
deposition in the lungs of adult CF patients with signifi -
cant airways disease.2 With respect to systemic therapy, 
several barriers exist, including crossing the bronchial 
and pulmonary circulatory systems, that limit that route’s 
effi cacy.1

Barriers to Gene Transfer

Several signifi cant barriers hinder gene transfer to the 
lungs and airways.3–5 Because of the need to protect itself 
from the environment, the lung has developed effi cient 
mechanisms to exclude exogenous substances, including 
gene transfer agents.1,3,4 Investigators, attempting to over-
come these protective mechanisms, have used viral and 
nonviral vectors to achieve effi cient, persistent, and sus-
tained gene transfer to airway epithelial cells in vivo; 
however, that goal has been diffi cult to achieve despite 
high transduction levels and phenotypic correction dem-
onstrated in vitro with a variety of vectors.3,5–22

A major reason for this diffi culty arises from the role 
of the natural airway defenses to pathogens, which 

Introduction

The genetic basis of some nonneoplastic lung diseases 
and the accessibility of the pulmonary airways for admin-
istration of aerosol therapy make the concept of gene 
therapy for these diseases one worthy of the intense 
examination that it has been given.1 Cystic fi brosis (CF) 
and α1-antitrypsin defi ciency (AATD), two common and 
incurable lung diseases that are caused by mutations in a 
single gene, have been closely investigated for potential 
treatment with gene therapy.1

Gene Therapy in the Lung

As a hollow organ, the respiratory tract is well-suited for 
topically administered therapies, and presently a variety 
of conventional therapies are delivered to airways via 
inhalers and nebulizers.1 Other therapies, such as antibi-
otics, are typically delivered systemically. Both routes 
have been investigated for administration of gene therapy, 
and the one chosen depends on the nature of the disease 
being treated, the cellular site requiring gene expression, 
and the limitations of the gene transfer agents and deliv-
ery systems.1

Administration

Direct administration onto the airway surface is an 
appropriate method for delivering therapeutic epithelial 
membrane-bound proteins such as the cystic fi brosis 
transmembrane conductance regulator (CFTR) protein—
mutated in CF—as well as for AATD, a disease character-
ized by protein secretion into the airway.1 Widespread 
delivery is most likely to occur by inhalation or nebuliza-
tion of the therapeutic agent.1 Nebulization has been 
used widely for nongene-based drug delivery to airways 
and has been investigated for gene therapy delivery; 
however, nebulizer systems that are currently available 
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provide a strong barrier to gene therapy delivery at the 
airway surface—including mucus and mucociliary clear-
ance, the epithelial cell glycocalyx, and, for most viruses, 
the basolateral cellular localization of their cognate 
receptors.3,23–29 Ciliated and mucous-secreting epithelial 
cells line the conducting airways and function in rapidly 
removing inhaled material via mucociliary clearance.1,30 
This mucous barrier prevents direct contact between 
inhaled particles and the cell surface and reduces the 
epithelial infl ammatory response to pathogens.1 In normal 
persons, the mucociliary clearance mechanism is a signifi -
cant barrier to topical gene therapy delivery.1

As discussed in more detail later, CF patients have an 
even greater barrier to delivery because their sputum, 
abnormal in both volume and composition, inhibits gene 
transfer by both viral and nonviral vectors.5,27,31–34 As 
these multiple barriers effi ciently protect lung epithelium 
from infectious organisms and particulates, chemical 
modifi cation of these barriers will almost certainly be 
necessary to achieve effi cient and sustainable gene trans-
fer to the airway epithelium.3 Therapies that reduce 
mucus viscosity have been studied preclinically and have 
the potential of being clinically applicable.1,35,36 Surfac-
tant, other low surface tension liquids, and thixotropic 
agents (gels that become fl uid when stirred or shaken and 
return to the semisolid state upon standing), as well as 
other gelling agents, have been investigated to facilitate 
the spread of gene transfer vectors throughout the respi-
ratory tract and increase vector contact time; however, 
these agents could probably be clinically applicable only 
for targeting of distal airways and alveoli because they 
increase distal airway and alveolar expression of thera-
peutic genes at the expense of more proximal airway 
expression.1,3,37–40

The divalent cation chelator ethylene glycol-bis(2-
aminoethylether)-N,N,N′N′-tetraacetic acid (EGTA), as 
well as sodium caprate and sodium laurate, were each 
shown by Johnson et al. to enhance gene delivery in vivo 
to tracheal epithelium with an adenoviral vector.3,41 EGTA 
functions by disrupting epithelial cell tight junctions. Tight 
junction disruption might provide more effi cient targeting 
of epithelial stem cells, because adult stem cells and pro-
genitor cells reside in airways behind tight junctions.3,42 
Cystic fi brosis gene therapy involving stem cells and pro-
genitor cells is discussed in greater detail later.

The detergents polidocanol and α-L-lysophosphatidyl-
choline have been investigated for their potential to 
enhance gene transfer by disrupting epithelial cell tight 
junctions.3 Parsons et al. found that murine nasal airway 
treatment with polidocanol 1 hour before instillation with 
an adenoviral vector enhanced gene transduction in vivo 
and caused little histologically-identifi able airway 
damage.43 Polidocanol has also been shown to enhance 
gene transfer with a lentiviral vector, which is discussed 
in detail below.3,44 α-L-lysophosphatidylcholine was found 

to provide sustainable (3 months) gene expression with 
no diminution in transduced cell number when used with 
a lentiviral vector carrying the CFTR gene.45,46 Because 
α-L-lysophosphatidylcholine is found in low concentra-
tions naturally in airways, it may be converted rapidly to 
the nontoxic dipalmitoylphosphatidylcholine, ubiquitous 
in biologic membranes, an additional benefi t.3,45 Perfl uo-
rocarbons have also been studied to enhance delivery of 
gene vectors.3

Cell Entry and Nuclear Entry

If a gene transfer agent can overcome the mucociliary 
clearance mechanisms and come into direct contact with 
a target cell, cell entry by the agent must be managed in 
a manner that protects the agent from destruction.1 Cell 
surface glycocalyx is resistant to gene transfer agent entry, 
but investigators have studied methods, such as enzy-
matic removal of the agents’ sialic acid moieties, to assist 
in overcoming that resistance.1,23 Although their safety to 
the patient has not been determined, agents that break 
intercellular tight junctions permit basolateral cell surface 
access to gene therapy agents and increase viral and syn-
thetic vector cell uptake.4–49 Because some viral vectors 
can use specifi c cell surface receptors to enter a cell, 
ligands for specifi c cell surface receptors have been 
attached to synthetic vectors in an attempt to mimic the 
process, including the successful targeting of serpin–
enzyme complex receptor (sec-R).1 Ziady and Davis 
found that sec-R–targeted CFTR led to some chloride 
ion transport correction in the CF mouse nose, whereas 
nontargeted complexes did not.31 Integrins, cell adhesion 
molecules located on the apical membrane of respiratory 
epithelium, were targeted by Scott et al. and showed 
increased uptake of plasmid coupled to an integrin-
binding motif by receptor-mediated endocytosis.50 The 
clinical effectiveness of targeting cell surface receptors 
for gene therapy agent cell entry has yet to be 
demonstrated.

Systemic delivery of gene therapy agents has been 
evaluated as a potential method of introducing therapy 
intracellularly while avoiding the hindering mucosal 
surface barriers.1 The basolateral membrane of airway 
epithelial cells, having a higher rate of endocytosis and 
increased receptor density, can potentially be accessed 
with intravenous administration.1 Unfortunately, studies 
to date have shown that systemic circulation-driven 
administration has resulted in little airway epithelial cell 
transfection, with primarily pulmonary endothelial cells 
and alveolar epithelial cells being transfected.51–53 This 
phenomenon is considered to be related to the barriers 
to cell entry, including reticuloendothelial system clear-
ance, serum protein inhibition, vascular compartment 
escape, the interstitium, and the epithelial cell basement 
membrane.1,54,55
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After the gene therapy agent enters a cell, it must cross 
the cytoplasm to enter the nucleus while avoiding cyto-
plasmic DNase destruction.56 Various methods to promote 
such avoidance have been investigated, including cou-
pling the agent with peptides similar to those used by 
viruses to avoid escape, the use of proton sponges with 
intrinsic endosomolytic activity, the introduction of pH-
responsive histidine-based systems, conjugation of non-
viral vectors with specifi c sugar moieties, and the addition 
of peptides to facilitate cytoskeletal transport.57–59 Nor-
mally, molecules required within the nucleus enter it 
through the nuclear pore complex, assisted by the posses-
sion of specifi c nuclear localizing sequences (NLS).1 The 
nuclear envelope prevents entry of foreign material into 
the nucleus, and in nondividing cells it is a major barrier 
to gene transfer.1 Incorporation of specifi c NLS peptide 
sequences, such as those from human immunodefi ciency 
virus TAT protein, and the identifi cation of novel NLS 
have been attempted to overcome the barrier.1,60,61 Brisson 
et al. have attempted to avoid the nuclear envelope 
barrier by using cytoplasmic expression systems such 
as those incorporating the T7 promoter and RNA 
polymerase.62

Physical Methods of Overcoming Gene 
Transfer Barriers

Strategies to overcome airway gene transfer diffi culties 
have resulted in the investigation of a variety of methods, 
including electroporation, ultrasound, and magnetism.1 
Electroporation is the application of an electronic pulse 
across tissue in an attempt to improve gene transfer agent 
uptake, probably by either cell membrane permeabiliza-
tion or DNA electrophoresis, depending on the pulse 
adnimistered.1,63 Little tissue damage has been identifi ed 
in animal models by the use of this method, with rela-
tively successful attempts using skeletal muscle, various 
tumors, blood vessels, skin, and neural tissue.1,64 Dean et 
al. showed a dose-dependent transfer of naked DNA by 
electroporation through the chest wall in mice.65 Gene 
transfer was identifi ed in both alveolar and airway cells, 
with no macroscopic or microscopic damage identifi ed 
with the doses employed.65 Pringle et al. showed reporter 
gene expression in mice lungs after thoracotomy and 
direct placement of electrodes on the lung surface.66 
Machado-Aranda et al. noted that the electroporation-
mediated transfer of naked NDA encoding the Na+-K+/
ATPase led to enhanced fl uid clearance in rat lung.67 The 
use of this technique in the larger chests of human beings 
and in isolated areas are challenges that the development 
of bronchoscopic techniques might address in the 
future.1

Ultrasound, via a mechanism of action that may include 
heating and cavitation, has been investigated in both pre-
clinical and clinical studies to increase percutaneous 

absorption of drugs such as insulin, local anesthetics, and 
nonsteroidal antiinfl ammatory agents, with some studies 
demonstrating increased drug uptake.1,68,69 Studies to date 
have been performed on tumors, joints, and blood vessels 
but not lung tissue or airways.1,70–72 It may be suitable for 
pulmonary purposes, as studies have shown that low-
frequency (<100 MHz) ultrasound can traverse air-fi lled 
spaces.1

Magnetofection, the application of a magnetic fi eld to 
an organ or animal administration of gene transfer agent-
linked magnetic nanoparticles, has been attempted in 
order to increase contact time between host cells and 
DNA, increasing uptake likelihood.1 In vitro studies have 
shown vector particle binding to up to 100% of cells 
within a few minutes via mangetofection.1 Scherer et al. 
found that coxsackie adenovirus receptor–defi cient cells, 
resistant to adenoviral gene transfer, were transfectable 
by magnetofection, probably because of increased contact 
time and enhanced uptake.73 Gersting et al., studying a 
porcine airway model, found signifi cantly increased 
reporter gene expression in a short time with magneto-
fection partly because of reduced mucociliary escalator 
clearance.74

Gene Transfer Effi cacy 

Various mechanisms limit transgene expression duration. 
Gene transfer agents utilizing viral promoters often yield 
high, early peak expression levels, with rapid decline due 
to infl ammatory cytokine-mediated transcriptional silenc-
ing.1 Human promoters such as polyubiquitin C has 
extended expression of naked DNA from 2 weeks to 6 
months in murine lung, and such prolonged expression 
might provide a major clinical benefi t.1,75 Transfected-cell 
death, from usual cell turnover or from host recognition 
response, is another reason for shortened transgene 
expression duration.1 Terminally differentiated conduct-
ing airway cells live several months, but once one dies, 
the transgene is lost, and additional, repeated dosages are 
required.5,76 Selective transfection of progenitor or stem 
cells has been considered as a method of overcoming this 
barrier, with the potential to effect long-term CFTR 
expression in progeny cells.1,5 Clara cells, basal cells, neuro-
epithelial cells, and type II pneumocytes in the airways 
have been considered as potential target cells for such 
transfection.1 Use of viral vectors could give rise to gen-
erations of corrected progeny cells, a benefi t not appar-
ent with the use of nonviral vectors here.1 Insertion of 
DNA directly into the host genome, the transposon 
system, may also help extend transgene expression dura-
tion, but concerns over insertional mutagenesis, as with 
viral vector systems, would have to be addressed.77,78

Gene transfer effi ciency and duration may be limited 
by innate and adaptive host immune responses regardless 
of administration route.1 In the lung, alveolar macro-
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phages rapidly clear topically applied gene transfer 
vectors.1,79 Reticuloendothelial system macrophages can 
similarly clear systemically applied vectors.1,80 Also adap-
tive immune responses, both humoral and cell mediated, 
can impair gene transfer and expression of viral and non-
viral vectors.1 Clinical trials have shown major toxicity 
with viral vectors in this capacity.1 Transduced cells 
may be killed by initiation of a cytotoxic T lymphocyte 
response, thereby limiting transgene expression dura-
tion.1 Antibody production to previously unencountered 
transgene-derived proteins is a potential risk.1 Viral and 
non viral vectors in the context of CF are discussed in 
more detail.

Cystic Fibrosis

Cystic fi brosis occurs in about 1 in 2,500 live births and 
is one of the most common life-threatening monogenic 
disorders in Caucasian populations of Northern Euro-
pean ancestry.3 Cystic fi brosis is caused by a variety of 
mutations in the gene encoding the CFTR protein, a 
cAMP-regulated chloride channel in the apical surface 
of epithelial cells.5,81,82 Cystic fi brosis transmembrane con-
ductance regulator protein is active in several organs, 
including the intestine, pancreas, lung, sweat glands, eyes, 
and kidneys.3 Besides functioning as a cyclic adenosine 
monophosphate–regulated chlorine ion channel, the 
CFTR gene product regulates fl uid secretion from various 
epithelial membranes, regulates the epithelial sodium 
channel, controls the effl ux of glutathione, is involved in 
bicarbonate transport, and as such controls airway surface 
liquid and submucosal gland secretion; it also possibly 
plays a role in lipid metabolism.3,83–90

Cystic fi brosis manifests itself clinically in epithelial 
tissues of various organs, including the intestine, pancreas, 
respiratory tract, sweat glands, liver, and reproductive 
organs.3 Lung disease, the cause of death in over 90% of 
patients, occurs because of impaired hydration and 
impaired mucociliary clearance caused by abnormal epi-
thelial ion transport, chronic bacterial infection, and 
severe infl ammation.31,91 Treatment today at best slows 
the unrelenting progression of lung disease, and median 
survival is about 30 years.1,3,5 Lung disease involves the 
proximal and distal airways and is characterized by 
severe and sustained neutrophil-mediated infl ammation, 
purulent mucus, recurrent infections, chronic infl amma-
tion, epithelial cell necrosis, and progressive lung damage 
with functional deterioration.3,5 Lung pathology is attrib-
utable to insuffi cient or absent CFTR in airway epithelial 
cells, with a resultant decrease in airway surface liquid 
volume and associated decreased mucus hydration, 
increased mucus viscosity, and poor mucociliary clear-
ance, combining to produce mucus stasis and progressive 
microbial colonization and infection of airways.92,93 New 

therapeutic approaches, including curative therapies, are 
needed.

Cystic Fibrosis Transmembrane Conductance 
Regulator Protein and Gene Therapy

Since the CFTR gene was isolated in 1989, researchers 
have considered gene therapy as a promising treatment 
for CF lung disease.3,94 The goal of CFTR gene therapy 
in CF patients is to deliver the CFTR gene in suffi cient 
quantity specifi cally to affected cells for a period of time 
that allows for therapeutic benefi t.31 Different levels of 
CFTR gene expression may be required to restore the 
various CFTR functions, and studies have varied in deter-
mining how many cells require transfection.1,5 Some 
authors have suggested that normal CFTR function in 
20% of epithelial cells may correct or prevent the CF 
phenotype; whereas others believe over 80% of epithelial 
cells will require transfection in order to correct the CF 
phenotype.3,31,95–97 Some researchers consider that as few 
as 10% of normal levels of CFTR are enough to prevent 
lung disease, suggesting that, as the number of transcripts 
per cell is usually low, the number of cells transduced, 
rather than the level of CFTR expression, will ultimately 
determine whether CFTR gene therapy succeeds.5,31,98,99 
It is unknown whether CFTR expression in other cell 
types such as the gland ducts will be required for success-
ful treatment or whether ectopic expression in cells 
normally free of CFTR will yield any untoward side 
effects.3,100

Although organs other than the lung are affected in CF 
patients, the lung is the primary site of pathology. As such 
airways have been the target for the majority of CF gene 
therapy clinical trials, and trials with topical gene delivery 
to airway epithelium—inserting a normal copy of the 
CFTR gene into the cell, most often the nucleus—have 
aimed to normalize CFTR function, including its ion 
transport function.1,5 Studies investigating the location of 
normal CFTR expression in the lung have found high 
levels of CFTR in serous cells of submucosal glands and 
much lower levels in the surface epithelium in distal small 
airways where clinically detectable CF begins.3,5,101–103 
Brochiero et al., in a recent study using improved reagents 
and techniques, found that CFTR expression diminishes 
from proximal to distal areas of the lung, and, although 
CFTR expression occurs in the terminal bronchioles and 
alveoli, it does so minimally.104 Brochiero et al. identifi ed 
no goblet cell, basal cell, or Clara cell CFTR expression, 
in contrast to previous studies, supporting the hypothesis 
that effective CF gene therapy will require ongoing 
CFTR expression in some proportion of ciliated airway 
epithelial cells.104 It is presently unknown whether induc-
tion of CFTR expression in ciliated cells within gland 
ducts will be necessary in order to normalize mucus 
composition.3
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Stem Cells and Progenitor Cells

In rodents, terminally differentiated airway epithelial 
cells have been found to have a life span of approxi-
mately 3 months, and other mammals, including human 
beings, likely have similar cell longevity.3,105 Effective CF 
gene therapy therefore will require targeting of stem cells 
and other progenitor cells in order to produce prolonged, 
sustainable benefi t.3 Identifi cation of populations of stem 
and progenitor cells in proximal and distal airways has 
been an active focus of investigation and is discussed in 
another chapter. Along with investigation of other poten-
tial pulmonary stem cells, researchers are examining the 
potential for hematopoietic cell stem cell engraftment in 
the lung as another potential stem cell approach to CF 
gene therapy.106–113 Future studies will be required to 
develop delivery methods, target appropriate stem cell 
populations, and assess the affects of these interventions 
on patient safety.

Cystic Fibrosis Transmembrane Conductance 
Regulator Protein Function and Safety

Different levels of gene therapy may be required to 
restore CFTR functions.1 Lower numbers of transfected 
cells would probably be required to restore chloride 
transport, and higher levels would be needed to normal-
ize sodium absorption.21 It is not known which CFTR 
functions would require correction to prevent CF 
progression or disease initiation; however, 5%–10% of 
wild-type CFTR levels might be enough to produce a 
disease-free phenotype.114 Organs differ in their various 
epithelial sensitivities to low CFTR levels, with the male 
reproductive system being very sensitive, airways appear-
ing of intermediate sensitivity, and pancreas exhibiting 
low sensitivity.115 As such, although airways are the major 
targets for gene therapy, the levels of gene expression 
necessary for normal function will probably differ.1 In 
addition, although mRNA or CFTR protein detection is 
evidence of gene expression, their presence is not neces-
sarily indicative of functional correction.1

Ion transport, the fi rst CFTR function identifi ed, is 
considered to be critical in CF pathophysiology and is the 
function most commonly assessed in gene-based and 
pharmacologic clinical trials.1,5 The measurement of tran-
sepithelial potential difference at baseline and in response 
to various drugs that block the sodium channel or that 
stimulate chloride secretion is the means most readily 
used to assess ion transport in vivo and is obtainable 
within the airway by bronchoscope and from nasal epi-
thelium.116–118 Ex vivo techniques such as epifl uorescence 
microscopy have been helpful in some investigations, and 
alternative protein functions, such as those concerning 
bacterial adherence, have been used by some researchers 
to assess CFTR function.116,119

After clinical trials involving liposome-mediated CFTR 
gene transfer to nasal epithelium safely demonstrated 
functional correction, clinical trials of liposome-mediated 
CFTR gene therapy to the lower airways of CF patients 
were conducted.22,116,120–124 Cystic fi brosis patients have 
tolerated inhalation treatments relatively well, with mild 
infl uenza-like symptoms generally thought to relate to 
the CF patients’ lung infl ammation.125,126 In a trial exam-
ining the effi cacy of gene therapy in the lower airway by 
measuring lower airway transepithelial potential differ-
ence, Alton et al. noted no change in sodium absorption 
parameters in patients given placebo, but found a signifi -
cant response of about 25% of non-CF values to perfu-
sion with low chloride and isoprenaline.116 Hyde et al. 
found repeated nasal administration to be well tolerated 
and effective, unlike other studies identifying problems 
with readministration of adenoviral-mediated gene trans-
fer.127 Konstan et al. confi rmed the safety and noted 
partial chloride transport correction in some CF patients 
by using nanoparticles composed of a single plasmid 
DNA molecule and polyethylene glycol–substituted 
polylysine.128

Vectors

As discussed earlier, sustained, effective gene therapy to 
airway epithelium has been a very diffi cult task, and in 
CF patients, thickened mucus is an additional barrier to 
gene delivery, as is the infl ammation accompanying 
ongoing infections that impede gene delivery with various 
viral and nonviral vectors.3,34,129–134

Because of the low transfection levels achieved with 
naked DNA, most CF gene therapy research has involved 
viral vectors as facilitators of cell and nuclear DNA 
uptake.5,31,135–139 Vectors for treating CF airway disease 
include both virus-derived and nonviral or synthetic 
vectors.5 The majority of studies concerning CF gene 
therapy vectors have involved viruses that have a propen-
sity for airway infection, specifi cally adenovirus and 
adeno-associated virus (AAV).3,140 More recently, other 
respiratory viruses have been investigated for CF gene 
therapy, including Sendai virus, respiratory syncytial virus, 
polyomavirus, and human parainfl uenza virus.31,94,141–146 
Unfortunately, sustained and effi cient gene transfer to 
airway epithelium has not resulted from investigations 
of most vectors, even when in vivo studies have shown 
limited airway cell gene transduction.3 As an effi cient 
vector will be required for airway gene therapy, investiga-
tors have studied other potential vectors. Mitotically 
stable episomal plasmid vectors are being developed in 
an attempt to overcome the barrier of lack of persistence 
in airway epithelial cells.3,147–149 These vectors also seem 
to provide more effi cient delivery because of compacted 
DNA.3,149 Adenoviral vectors using modifi ed, replication-
defi cient adenoviruses have been by far the most widely 
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studied viral vectors; however, nonintegrating viral 
vectors may be unusable as CF gene therapy vectors 
because of the patients’ life-long requirement for repeated 
treatments and the patients’ immune recognition of these 
vectors.3,5 Development of neutralizing antibodies to viral 
proteins may signifi cantly reduce the effi cacy of treat-
ment over time.5 Clinical trials have borne this out.3,33

Adeno-associated virus and retroviral vectors, more 
recently investigated, have potential as CF gene therapy 
vectors.6,27 Adeno-associated virus has the ability to trans-
duce both dividing and nondividing cells, opening an 
avenue for stem cell transduction.3,150 Adeno-associated 
virus vectors are therefore being intensely studied for CF 
gene therapy.6,31,133,134,151 Adeno-associated viruses are 
non-enveloped viruses that have a protein capsid and 
a single strand of DNA encoding for two genes, rep, 
encoding replication proteins, and cap, encoding capsid 
proteins.3 Adeno-associated viruses in human beings 
are nonpathogenic and are located in the respiratory 
and gastrointestinal systems.3 Adeno-associated virus is 
capable of integrating into host cell chromosomes as 
tandem arrays.3 McCarty et al., using recombinant AAV 
(rAAV) vectors, and Schnepp et al., using wild-type AAV 
vectors, have shown genomic persistence for relatively 
long time periods as episomes.3,150,152 Adeno-associated 
virus vectors have several benefi ts, including their poten-
tial ability to integrate into host chromosomes, relatively 
high infectivity, and viral noninfectivity.3,133 The primary 
disadvantage to AAV vectors is their relatively small size 
(4.7 kb) that may be problematic given the relatively 
large size of the CFTR coding sequence (4.5 kb).3 Several 
researchers have constructed CFTR minigenes, used 
minimal promoter elements, and used split genome 
systems, including recombination and trans-splicing, in 
attempts to overcome the genomic capacity barrier.3,153–155 
Adeno-associated virus capsid immunogenicity is also a 
potential concern were readministration of CF gene 
therapy required.3 A variety of studies have shown that 
AAV vector genomes remain stable, even after several 
months.3,28,150

Various serotypes of AAV vectors have been investi-
gated for CF gene therapy.3 Unfortunately, clinical studies 
with AAV vectors have been disappointing, possibly 
because most have used the AAV-2 serotype, which does 
not infect the apical surface of airway epithelial cells 
effi ciently.3,31 Newer AAV serotypes that target the apical 
surface might show improved transduction of lung airway 
epithelium.3 As well as their potential improved trans-
duction effi ciency, other AAV serotypes, unlike AAV-2, 
are not naturally found in human beings, so concerns 
regarding preexisting immunity are not as great.3,156,157 
Adeno-associated virus-5, for example, has been found to 
bind strongly to apical surfaces of cells and result in a 
50-fold more effi cient gene transfer to ciliated human 
airway epithelial cells in vitro, with signifi cantly higher 

transduction effi ciency in mouse lung airway epithelium 
in vivo.3,156,158 Various agents, discussed earlier, including 
gelling agents and perfl uorocarbons, have been shown 
to enhance airway gene delivery by several AAV sero-
types.40,159,160 Future studies using various AAV serotypes 
may produce effi cient, sustainable gene transduction in 
CF patients.

Recombinant AAV vectors examined in preclinical 
studies have shown that they are capable of long-term 
gene transfer and expression in bronchial epithelium of 
animal models and importantly have shown that rAAV 
vectors did not increase infl ammatory cells or proinfl am-
matory cytokines.32,161–165 Phase I and phase II clinical 
trials using rAAV vectors have been performed and 
showed evidence of dose-related DNA transfer and gene 
expression.8,161,166–168 Neutralizing antibodies were also 
identifi ed however, and repeated doses did not show evi-
dence of repeated effi cient gene transfer.8,161,166–168 These 
studies have disclosed some key limitations in rAAV 
vector use, including the relative paucity of AAV recep-
tors and coreceptors in airway cell luminal surfaces, inac-
tivation of rAAV within the airway, rapid turnover of 
airway epithelium in CF patients, limiting the persistence 
of rAAV episomes, and development of neutralizing anti-
AAV antibodies, limiting the effi ciency of repeated 
dosing.161 Presently, rAAV research is ongoing, with 
newer generations of rAAV vectors being developed in 
order to attempt to overcome these barriers, and addi-
tional technologies being applied to rAAV, for example, 
spliceosome-mediated RNA trans-splicing.133,157,161,169,170

Lentivirus, a retrovirus, is the only retroviral vector 
able to transduce nondividing cells.3,171 Lentiviral vectors, 
relatively recently developed from lentiviruses such as 
human immunodefi ciency virus, feline immunodefi ciency 
virus, and equine infectious anemia virus, are promising 
vectors for CF gene therapy because of their ability 
to integrate in nondividing cells and, as retroviruses, 
integrate into the host cell chromosome.31,94,171–173 Their 
chromosomal integration ability makes them especially 
attractive as potential stem cell–targeted vectors.3,174 Len-
tivirus vectors may also be pseudotyped with various 
viral envelopes so that they can target the apical surface, 
the basolateral surface, or both surfaces of the epithelial 
cells.40,175,176 More research is necessary with lentivirus 
vectors to further assess their potential benefi ts, as well 
as to assess safety concerns and whether their benefi ts 
can translate into CF patient benefi t clinically.3,177

To circumvent the safety concerns of viral vectors, syn-
thetic vectors are being investigated for use in CF gene 
therapy, and cationic liposomes or other synthetic poly-
mers have undergone clinical trials.5,178,179 DNA com-
plexed to lipids (lipoplexes) and molecular conjugates 
(polyplexes) are less effi cient in vivo than viruses, and 
much of the DNA fails to reach the nucleus with these 
vectors.5,31 A major potential benefi t of these nonviral 



516 T.C. Allen and P.T. Cagle

vectors is their relative lack of toxicity or immunogenic-
ity; however, lipoplexes have elicited a host cytotoxic 
response associated with bacterial unmethylated cyto-
sine-pyrimidine-guanine sequences present in plasmid 
DNA.5,31,180 Nanoparticles, short pieces of DNA that are 
compact and small in diameter—facilitating their trans-
port through the nuclear pore—with the addition of a 
receptor to mediate cellular uptake, such as the sec-R, 
have shown promising results in animal models.5 Research 
in nanomedicine for CF is ongoing.181 Electroporation 
has enhanced transfer effi cacy.5 Both liposome-mediated 
and recombinant viral approaches have shown advan-
tages, with generally well-tolerated administration; 
however, sodium absorption parameters have not been 
shown to change.5 Some researchers believe that the 
unwanted and disabling immune reaction that reduces 
the ability to administer the vector subsequently pres-
ently eliminates current nonviral vectors as usable vectors 
for CF gene therapy.3,6,33,94,136,179,182,183 At best, unique issues 
remain to be addressed for nonviral gene therapy to 
become a clinically viable treatment. Removal of damag-
ing DNA sequences has reduced the risks inherent in 
lipoplexes, but lipoplexes may remain clinically unhelp-
ful.31 PEGylation might stabilize lipoplexes and reduce 
cytotoxicity.31,184 PEGylation stabilizes DNA nanoparti-
cles for relatively long time periods, allowing for aerosol-
ization.31,139 Polyplexes formed with polyK are nontoxic 
and have no vector-associated infl ammation in human 
beings, allowing for readministration for long-term 
expression.31,185 They can also be modifi ed to target-
specifi c cells, making them a vector with some reasonable 
potential for success in CF patients.31

Endpoint Assays

For clinical application of CF gene therapy research, 
dependable endpoint assays, both preclinical and clinical, 
must exist.186,187 Reporter genes encoding for chloram-
phenicol acetyl transferase, fi refl y luciferase, or β-
galactosidase have been used to identify and characterize 
viral and synthetic gene transfer agents.52,75,143,186 Preclini-
cal endpoints for CFTR gene airway epithelial cell trans-
fer include the use of reporter genes in lung or nasal 
turbinate homogenate, immunohistochemical examina-
tion for reporter gene expression, and quantifi cation of 
recombinant CFTR mRNA, protein, or chloride channel 
function, among other assays.186 Clinical endpoints 
include direct assays to quantify CFTR mRNA, protein, 
and chloride channel activity, as well as a variety of inva-
sive and noninvasive indirect assays for CFTR, including 
evaluating the reduction in attachment of Pseudomonas 
aeruginosa to ciliated epithelial cells, analysis of infl am-
matory markers in sputum and bronchoalveolar lavage 
fl uid, analysis of infl ammatory markers in exhaled breath 
condensate, and bacterial colonization, as assessed by the 

number of exacerbations of infection or the requirement 
for intravenous antibiotics over a certain time period.186

Future Directions

Research in nonviral vectors is ongoing. Waterhouse 
et al. has developed a synthetic nonviral vector platform 
known as liposome:mu:DNA in an attempt to success-
fully address the relatively ineffi cient nucleic acid deliv-
ery associated with nonviral vectors.188 There has been 
progress in CF gene therapy research with the advance-
ment of AAV, stem cell, and progenitor cell targeting with 
integrating lentiviral vectors, new synthetic vectors, and 
the addition of physical energy such as magnetofection 
to enhance gene transfer.101,135 Concerns remain regard-
ing barriers to gene transfer and repeat administration, 
among other barriers.101,135

α1-Antitrypsin Defi ciency

Defi ciency of α1-antitrypsin, the principal endogenous 
antiprotease, causes pulmonary emphysema in adults and 
liver disease that may occur as early as infancy.1,189 α1-
Antitrypsin defi ciency is an autosomal recessive disease 
caused by various mutations in the corresponding gene, 
leading to absent or signifi cantly reduced levels of circu-
lating AAT protein, and is found in approximately 4% 
of human beings, a percentage similar to CF.1,161,190 α1-
Antitrypsin defi ciency is more homogeneous than CF, 
the so-called Z allele accounting for over 95% of mutant 
alleles and causing a defect in secretion of the antiprote-
ase from hepatocytes into the circulation.161 The protein’s 
main action in the lung is to counter the adverse effects 
of proteases such as neutrophil elastase on the distal 
conducting airways and alveoli.1 Reduced AAT activity 
causes long-term loss of pulmonary interstitial elastin 
because of the unopposed action of neutrophil elastase 
and other neutrophil products and leads to clinical chronic 
obstructive pulmonary disease that is usually diagnosed 
in adults.161 Studies have shown that there is a greatly 
reduced risk of lung disease if plasma AAT levels are 
above 11 μM (57–80 mg/dL).161,191 The goal of gene therapy 
for these patients is therefore to bring AAT levels into 
range.161 Presently, therapy consists of symptomatic 
therapy and avoiding environmental triggers such as ciga-
rette smoke.1 Plasma-derived AAT is suitable for intra-
venous administration but is expensive, has a risk of viral 
transmission, and suffers from a short half-life, requiring 
frequent dosages.192 As such, gene therapy has been 
investigated as an alternative and potentially curative 
therapy for AATD.

Unlike CF, AATD is characterized by a defi ciency in 
activity of a secreted protein so that exogenous gene 
transfer at another site is possible.1 The natural site of 
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AAT synthesis, the liver, is a logical choice for transfec-
tion; however, protein produced at the local site of action, 
the distal lung, might allow for disease treatment at lower 
levels of transfection.1 Preclinical trials have been per-
formed with animals using viral vectors.189,193 Canonico 
et al., studying aerosolized cationic liposome-mediated 
AAT gene transfer to rabbit lung, showed protein in airway 
and alveolar cells, and, based on those results, Brigham et 
al. conducted a clinical trial of AAT gene transfer.194,195 In 
the investigation by Brigham et al., AATD patients receiv-
ing a single dose of cationic liposome-AAT in one nostril 
were found to exhibit protein in their nasal lavage fl uid, 
with protein levels peaking at about day 5.195 Levels of 
proinfl ammatory cytokine interleukin-8 were decreased in 
the treated nostril in these patients, a feature not found in 
patients intravenously administered purifi ed AAT protein, 
leading the authors to suggest that different routes of 
administration might lead to variable responses at differ-
ent sites of expression.195 Recombinant AAV has been 
studied in animal models for AATD gene therapy with 
some success, and future research may lead to improved 
biologic effi cacy and safe, effective, and sustainable rAAV-
mediated gene transfer methods.161,196–199

Other Conditions

Besides CF and AATD, airway gene therapy has been 
considered for a variety of other reactive lung diseases, 
including acute respiratory distress syndrome, asthma, 
and fi brotic lung disease.1 Acute respiratory distress syn-
drome is a condition of various etiologies for which no 
specifi c treatment exists, prognosis is poor, and therapy 
is generally supportive.200 Investigators have attempted 
to reduce pulmonary infl ammation by both antagonizing 
proinfl ammatory cytokines and increasing antiinfl amma-
tory cytokine levels utilizing conventional gene transfer 
techniques, predominantly employing viral vectors, and 
with antisense oligonucleotides that reduce protein trans-
lation by specifi c mRNA binding.1,189 Conary et al., using 
a rabbit model of endotoxin-induced acute lung injury, 
administered a gene encoding the prostaglandin synthase 
gene complexed to cationic lipid and noted decreased 
pulmonary edema, a recognized feature of acute lung 
injury, and thromboxane B2 release.201 Stern et al. noted 
signifi cantly reduced pulmonary edema in a mouse model 
of acute lung injury after using cationic liposomes to 
overexpress Na+/K+ ATPase, a protein that clears alveolar 
liquid in healthy individuals.202

Asthma, a common disorder characterized by type 2 T 
helper lymphocyte-mediated infl ammation and airway 
hyperreactivity, is generally treated with bronchodilators 
and antiinfl ammatory agents.203,204 A subgroup of asthma 
patients fails to respond to the use of these agents for 
treating their cough, wheezing, and breathlessness, and 

for these patients benefi t has been shown with a variety 
of cytokine genes.1 Lee et al. used nonviral vectors to 
transfer an IL-12 variant to the airways of mice exhibit-
ing dust mite–induced infl ammation and demonstrated 
marked reduction in airway hyperresponsiveness, IL-5, 
and local eosinophils after treatment.205 del Pozo et al., 
using a rat model of asthma, intratracheally administered 
plasmid DNA containing galectin-3, a molecule that 
selectively downregulates IL-5, and demonstrated a nor-
malization of eosinophil counts and T-cell counts in bron-
choalveolar lavage fl uid.206 Although these approaches 
have potential benefi t for asthma patients, they will prob-
ably be appropriate only for the small subset of patients 
who do not benefi t from standard asthma therapies.1

Several growth factors, including transforming growth 
factor-β, are thought to be critical for the progression of 
fi brotic lung diseases of various etiologies.207,208 Epperly et 
al. demonstrated prevention of radiation-induced lung 
fi brosis and improved survival using liposome-mediated 
manganese superoxide dismutase.209 Ziesche et al. noted 
that interferon-γ1b protein therapy, along with predniso-
lone, improved pulmonary function and oxygen satura-
tion, suggesting that Fas-mediated alveolar cell apoptosis 
might be of potential benefi t for the development of future 
gene therapy regimens for pulmonary fi brosis.210,211

References

 1. Davies JC, Alton E. Airway gene therapy. Adv Genet 
2005;54:291–314.

 2. Laube BL. The expanding role of aerosols in systemic 
drug delivery, gene therapy, and vaccination. Respir Care 
2005;50:1161–1174.

 3. Anson DS, Smith GJ, Parsons DW. Gene therapy for 
cystic fi brosis airway disease. Is clinical success imminent? 
Curr Gene Ther 2006;6:161–179.

 4. Zabner J, Fasbender AJ, Moninger T, et al. Cellular and 
molecular barriers to gene transfer by a cationic lipid. J 
Biol Chem 1995;270:18997–19007.

 5. Davies JC. Gene and cell therapy for cystic fi brosis. Pae-
diatr Respir Rev 2006;7S:S163–S165.

 6. Lee TWR, Matthews DA, Blair GE. Novel molecular 
approaches to cystic fi brosis gene therapy. Biochem J 
2005;387:1–15.

 7. Drumm ML, Pope HA, Cliff WH, et al. Correction of the 
cystic fi brosis defect in vitro by retrovirus-mediated gene 
transfer. Cell 1990;1227–1233.

 8. Flotte TR, Zeitlin PL, Reynolds TC, et al. Phase I trail of 
intranasal and endobronchial administration of a recom-
binant adeno-associated virus serotype 2 (rAAV2)–CFTR 
vector in adult cystic fi brosis patients: a two-part clinical 
study. Hum Gene Ther 2003; 14:1079–1088.

 9. Goddard CA, Ratcliff R, Anderson JR, et al. A second 
dose of a CFTR cDNA-liposome complex is as effective 
as the fi rst dose in restoring cAMP-dependent chloride 
secretion to null CF mice trachea. Gene Ther 
1997;4:1231–1236.



518 T.C. Allen and P.T. Cagle

 10. Rich DP, Anderson MP, Gregory JR, et al. Expression of 
cystic fi brosis transmembrane conductance regulator cor-
rects defective chloride channel regulation in cystic fi bro-
sis airway epithelial cells. Nature 1990;347:358–363.

 11. Zabner J, Ramsey BW, Meeker DP, et al. Repeat admin-
istration of an adenovirus vector encoding cystic fi brosis 
transmembrane conductance regulator to the nasal epithe-
lium of patients with cystic fi brosis. J Clin Invest 1996;97:
1504–1511.

 12. Rich DP, Couture LA, Cardoza LM, et al. Development 
and analysis of recombinant adenoviruses for gene therapy 
of cystic fi brosis. Hum Gene Ther 1993;4:461–476.

 13. Grubb BR, Pickles RJ, Ye H, et al. Ineffi cient gene trans-
fer by adenovirus vector to cystic fi brosis airway epithelia 
of mice and humans. Nature 1994;371:8026.

 14. Lei DC, Kunzelmann K, Koslowsky T, et al. Episomal 
expression of wild-type CFTR corrects cAMP-dependent 
chloride transport in respiratory epithelial cells. Gene 
Ther 1996;3:27–36.

 15. Halbert CL, Standaert TA, Aitken ML, et al. Transduc-
tion by adeno-associated virus vectors in rabbit airway: 
effi ciency, persistence, and readministration. J Virol 
1997;71:5932–5941.

 16. Goldman MJ, Lee PS, Yang JS, et al. Lentiviral vectors 
for gene therapy of cystic fi brosis. Hum Gene Ther 1997;
8:2261–2268.

 17. Wagner JA, Messner AH, Moran ML, et al. Safety and 
biological effi cacy of an adeno- associated virus vector-
cystic fi brosis transmembrane regulator (AAV–CFTR) 
in the cystic fi brosis maxillary sinus. Laryngoscope 1999;
109:266–274.

 18. Jiang C, O’Connor SP, Armentano D, et al. Ability of 
adenovirus vectors containing different CFTR transcrip-
tional cassettes to correct ion transport defects in CF cells. 
Am J Physiol 1996;271:L527–L537.

 19. Harvey BG, Leopold PL, Hackett NR, et al. Airway epi-
thelial CFTR mRNA expression in cystic fi brosis patients 
after repetitive administration of a recombinant adenovi-
rus. J Clin Invest 1999;104:1245–1255.

 20. Olsen JC, Johnson LG, Stutts MJ, et al. Correction of the 
apical membrane chloride permeability defect in polarized 
cystic fi brosis airway epithelia following retroviral-
mediated gene transfer. Hum Gene Ther 1992;3:253–266.

 21. Johnson LG, Boyles SE, Wilson J, et al. Normalization of 
raised sodium absorption and raised calcium mediated 
chloride secretion by adenovirus-mediated expression of 
cystic fi brosis transmembrane conductance regulator in 
primary human cystic fi brosis airway epithelial cells. J Clin 
Invest 1995;95:1377–1382.

 22. Noone PG, Hohneker KW, Zhou Z, et al. Safety and bio-
logical effi cacy of a lipid–CFTR complex for gene transfer 
in the nasal epithelium of adult patients with cystic fi bro-
sis. Mol Ther 2000;1:105–111.

 23. Pickles RJ, Fahrner JA, Petrella JM, et al. Retargeting 
the coxsackievirus and adenovirus receptor to the apical 
surface of polarized epithelial cells reveals the glycocalyx 
as a barrier to adenovirus-mediated gene transfer. J Virol 
2000;74:6050–6057.

 24. Ferrari S, Geddes DM, Alton EW. Barriers to and new 
approaches for gene therapy and gene delivery in cystic 
fi brosis. Adv Drug Deliv Rev 2002;54:1373–1393.

 25. Stonebreaker JR, Wagner D, Lefensty RW, et al. Glycoca-
lyx restricts adenoviral vector access to apical receptors 
expressed on respiratory epithelium in vitro and in vivo: 
role for tethered mucins as barriers to luminal infection. 
J Virol 2004;78:13755–13768.

 26. Greber UF, Willetts M, Webster P, et al. Stepwise disman-
tling of adenovirus 2 during entry into cells. Cell 1993;75:
477–486.

 27. Pickles RJ. Physical and biological barriers to viral vector-
mediated delivery of genes to the airway epithelium. Proc 
Am Thorac Soc 2004;1:302–308.

 28. Duan D, Yue Y, Yan Z, et al. Polarity infl uences the effi -
ciency of recombinant adeno-associated virus infection in 
differentiated airway epithelia. Hum Gene Ther 1998; 
9:2761–2776.

 29. Summerford C, Samulski RJ. Membrane-associated 
heparin sulfate proteoglycan is a receptor for adeno-
associated virus type 2 virions. J Virol 1998;72:1438–1445.

 30. Houtmmeyers E, Gosselink R, Gayan-Ramirez G, et al. 
Regulation of mucociliary clearance in health and disease. 
Eur Respir J 1999;13:1177–1188.

 31. Ziady AG, Davis PB. Current prospects for gene therapy 
of cystic fi brosis. Curr Opin Pharmacol 2006;6:1–7.

 32. Driskell RA, Engelhardt JF. Current status of gene therapy 
for inherited lung diseases. Annu Rev Physiol 2003;65:
585–612.

 33. Weiss DJ, Pilewski JM. The status of gene therapy of 
cystic fi brosis. Semin Respir Crit Care Med 2003;24:749–
770.

 34. Parsons DW. Airway gene therapy and cystic fi brosis. 
J Paediatr Child Health 2004;41:94–96.

 35. Ferrari S, Kitson C, Farley R, et al. Mucus altering agents 
as adjuncts to non-viral gene transfer to airway epithelium. 
Gene Ther 2001;8:1380–1386.

 36. Stern M, Caplen NJ, Browning JE, et al. The effects of 
mucolytic agents on gene transfer across a CF sputum 
barrier in vitro. Gene Ther 1998;5:91–98.

 37. Raczka E, Kukowsak-Latallo JF, Rymaszewski M, et al. 
The effect of synthetic surfactant Exosurf on gene transfer 
in mouse lung in vivo. Gene Ther 1998;5:1333–1339.

 38. Weiss DJ, Strandjord TP, Liggitt D, et al. Perfl ubron 
enhances adenovirus-mediated gene expression in lungs of 
transgenic mice with chronic alveolar fi lling. Hum Gene 
Ther 1999;10:2287–2293.

 39. Seiler MP, Luner P, Moninger TO, et al. Thixotropic solu-
tions enhance viral-mediated gene transfer to airway epi-
thelia. Am J Respir Cell Mol Biol. 2002;27:133–140.

 40. Sinn PL, Shah AJ, Donovan MD, et al. Viscoelastic gel 
formulations enhance airway epithelial gene transfer with 
viral vectors. Am J Respir Cell Mol Biol 2005;32:404–
410.

 41. Johnson LG, Vanhook MK, Coyne CB, et al. Safety 
and effi ciency of modulating paracellular permeability to 
enhance airway epithelial gene transfer in vivo. Hum 
Gene Ther 2003;14:729–747.

 42. Bishop AE. Pulmonary epithelial stem cells. Cell Prolif 
2004;37:89–96.

 43. Parsons DW, Grubb BR, Johnson LG, et al. Enhanced in 
vivo airway gene transfer via transient modifi cation of host 
barrier properties with a surface-active agent. Hum Gene 
Ther 1998;9:2661–2672.



48. Gene Therapy in Nonneoplastic Lung Disease 519

 44. Limberis M, Anson DS, Fuller M, et al. Recovery of 
airway cystic fi brosis transmembrane conductance regula-
tor function in mice with cystic fi brosis after single-dose 
lentivirus-mediated gene transfer. Hum Gene Ther 
2002;13:1961–1970.

 45. Koehler Dr, Frndova H, Leung K, et al. Aerosol delivery 
of an enhanced helper-dependent adenovirus formulation 
to rabbit lung using an intratracheal catheter. J Gene Med 
2005;7:1409–1420.

 46. Seidner SR, Jobe AH, Ikegami M, et al. Lysophosphati-
dylcholine uptake and metabolism in the adult rabbit lung. 
Biochim Biophys Acta 1988;961:3228–3236.

 47. Croyle MA, Cheng X, Sandhu A, et al. Development of 
novel formulations that enhance adenoviral-mediated 
gene expression in the lung in vitro and in vivo. Mol Ther 
2001;4:22–28.

 48. Das A, Niven R. Use of perfl uorocarbon (Fluorinert) to 
enhance reporter gene expression following intratracheal 
instillation into the lungs of Balb/c mice: implications for 
nebulized delivery of plasmids. J Pharm Sci 2001;90:
1336–1344.

 49. Meng ZH, Robinson D, Jenkins RG, et al. Effi cient trans-
fection of non-proliferating human airway epithelial cells 
with a synthetic vector system. J Gene Med 2004;6:210–
221.

 50. Scott ES, Wiseman JW, Evans MJ, et al. Enhanced gene 
delivery to human airway epithelial cells using an integrin-
targeting lipoplex. J Gene Med 2001;3125–3134.

 51. Zhu N, Liggitt D, Liu Y, et al. Systemic gene expression 
after intravenous DNA delivery into adult mice. Science 
1993;261:209–211.

 52. Griesenbach U, Chonn A, Cassady R, et al. Comparison 
between intratracheal and intravenous administration intra-
venous administration of liposome–DNA complexes for 
cystic fi brosis lung gene therapy. Gene Ther 1998;
5:181–188.

 53. Koehler Dr, Hannam V, Belcastro R, et al. Targeting 
transgene expression for cystic fi brosis gene therapy. Mol 
Ther 2001;4:58–65.

 54. Fenske DB, MacLachlan I, Cullis PR. Long-circulating 
vectors for the systemic delivery of genes. Curr Opin Mol 
Ther 2001;3:153–158.

 55. Niidome T, Huang L. Gene therapy progress and pros-
pects: non-viral vectors. Gene Ther 2002;9:1647–1652.

 56. Lechardeur D, Sohn KJ, Haardt M, et al. Metabolic insta-
bility of plasmid DNA in the cytosol: a potential barrier 
to gene transfer. Gene Ther 1999;6:482–497.

 57. Grosse S, Tremeau-Bravard A, Aron Y, et al. Intracellular 
rate-limiting steps of gene transfer using glycosylated 
polylysines in cystic fi brosis airway epithelial cells. Gene 
Ther 2002;9:1000–1007.

 58. Kitson C, Angel B, Judd D, et al. The extra- and intracel-
lular barriers to lipid and adenovirus-mediated pulmonary 
gene transfer in native sheep airway epithelium. Gene 
Ther 1999;6:534–546.

 59. Cho YW, Kim JD, Park K. Polycation gene delivery 
systems: escape from endosomes to cytosol. J Pharm Phar-
macol 2003;55:721–734.

 60. Snyder EL, Dowdy SF. Protein/peptide transduction 
domains: potential to delivery large DNA molecules into 
cells. Curr Opin Mol Ther 2001;3:147–152.

 61. Munkonge FM, Hillery E, Griesenbach U, et al. Isolation 
of a putative nuclear import DNA shuttle protein. Mol 
Biol Cell 1998;9:187a.

 62. Brisson M, He Y, Li S, et al. A novel T7 RNA polymerase 
autogene for effi cient cytoplasmic expression of target 
genes. Gene Ther 1999;6:263–270.

 63. Satkauskas S, Bureau MF, Puc M, et al. Mechanisms of 
in vivo DNA electrotransfer: respective contributions of 
cell electropermeabilization and DNA electrophoresis. 
Mol Ther 2002;5:133–140.

 64. Bigey P, Bureau MF, Scherman D. In vivo plasmid DNA 
electrotransfer. Curr Opin Biotechnol 2002;13:443–447.

 65. Dean DA, Machado-Aranda D, Blair-Parks K, et al. 
Electroporation as a method for high-level non-viral 
gene transfer to the lung. Gene Ther 2003;10:1608–
1615.

 66. Pringle IA, Davies LA, McLachlan G, et al. Duration of 
reporter gene expression from naked DNA in the mouse 
lung following direct electroporation and development of 
wire electrodes for sheep lung electroporation studies. 
Mol Ther 2004;9:S1–S56.

 67. Machado-Aranda D, Adir Y, Young JL, et al. Gene trans-
fer of the Na+, K+-ATPase β1 subunit using electropora-
tion increases lung liquid clearance. Am J Respir Crit Care 
Med 2005;171:204–211.

 68. Machet L, Boucaud A. Phonophoresis: effi ciency, mecha-
nisms and skin tolerance. Int J Pharm 2002;243:1–115.

 69. Miller DL, Pislaru SV, Greenleaf JE. Sonoporation: 
mechanical DNA delivery by ultrasonic cavitation. Somat 
Cell Mol Genet 2002;27:115–134.

 70. Kim HJ, Greenleaf JF, Kinnick R, et al. Ultrasound-
mediated transfection of mammalian cells. Hum Gene 
Ther 1996;7:1339–1346.

 71. Manome Y, Nakamura M, Ohno T, et al. Ultrasound 
facilitates transduction of naked plasmid DNA into colon 
carcinoma cells in vitro and in vivo. Hum Gene Ther 
2000;11:1521–1528.

 72. Amabile PG, Waugh JM, Lewis TN, et al. High-effi ciency 
endovascular gene delivery via therapeutic ultrasound. 
J Am Coll Cardiol 2001;37:1975–1980.

 73. Scherer F, Anton M, Schillinger U, et al. Magnetofection: 
enhancing and targeting gene delivery by magnetic force 
in vitro and in vivo. Gene Ther 2002;9:102–109.

 74. Gersting SW, Schillinger U, Lausier J, et al. Gene delivery 
to respiratory epithelial cells by magnetofection. J Gene 
Med 2004;6:913–922.

 75. Gill DR, Smyth SE, Goddard CA, et al. Increased persis-
tence of lung gene expression using plasmids containing 
the ubiquitin C or elongation factor 1alpha promoter. 
Gene Ther 2001;8:1539–1546.

 76. Warburton D, Wuenschell C, Flores-Delgado G, et al. 
Commitment and differentiation of lung cell lineages. 
Biochem Cell Biol 1998;76:971–995.

 77. Yant SR, Meuse L, chu W, et al. Somatic integration and 
long-term transgene expression in normal and haemo-
philic mice using a DNA transposon system. Nature Genet 
2000; 25:35–41.

 78. Hacien-Bey-Abiina S, von Kalle C, Schmidt M, et al. A 
serious adverse event after successful gene therapy for 
X-linked severe combined immunodefi ciency. N Engl J 
Med 2003;348:255–256.



520 T.C. Allen and P.T. Cagle

 79. Worgall S, Leopold PL, Wolff G, et al. role of alveolar 
macrophages in rapid elimination of adenovirus vectors 
administered to the epithelial surface of the respiratory 
tract. Hum Gene Ther 1997;8:175–184.

 80. Plank C, Mechtler K, Szoka FC Jr, et al. Activation of the 
complement system by synthetic DNA complexes: a 
potential barrier for intravenous gene delivery. Hum Gene 
Ther 1996;7:1437–1446.

 81. Welsh MJ, Smith AE. Molecular mechanisms of CFTR 
chloride channel dysfunction in cystic fi brosis. Cell 1993;73:
1251–1254.

 82. Rommens JM, Iannuzzi MC, Kerem B, et al. Identifi cation 
of the cystic fi brosis gene: chromosome walking and 
jumping. Science 989;245:1059–1065.

 83. Hyde SC, Emsley P, Hartshorn MJ, et al. Structural model 
of ATP-binding proteins associated with cystic fi brosis, 
multidrug resistance and bacterial transport. Nature 
1990;346:362–365.

 84. Akabas MH. Cystic fi brosis transmembrane conductance 
regulator. Structure and function of an epithelial chloride 
channel. J Biol Chem 2000;275:3729–3732.

 85. Stutts MJ, Canessa CM, Olsen JC, et al. CFTR as a cAMP-
dependent regulator of sodium channels. Science 1995;269:
847–850.

 86. Metha A. CFTR: more than just a chloride channel. 
Pediatr Pulmonol 2005;39:292–298.

 87. Kogan I, Ramjeesingh M, Li C, et al. CFTR directly medi-
ates nucleotide-regulated glutathione fl ux. EMBO J 2004;
1981–1989.

 88. Hudson VM. New insights into the pathogenesis of cystic 
fi brosis: pivotal role of glutathione system dysfunction and 
implications for therapy. Treat Respir Med 2004;3:353–
363.

 89. Coakley RD, Grubb BR, Paradiso AM, et al. Abnormal 
surface liquid pH regulation by cultured cystic fi brosis 
bronchial epithelium. Proc Natl Acad Sci USA 2003;100:
16083–16088.

 90. Song Y, Salinas D, Nielson DW, et al. Hyperacidity of 
secreted fl uid from submucosal glands in early cystic fi bro-
sis. Am J Physiol Cell Physiol 2006;290:C741–C749.

 91. Armstrong DS, Grimwood K, Carzino R, et al. Lower 
respiratory infection and infl ammation in infants with 
newly diagnosed cystic fi brosis. BMJ 1995;310:1571–
1572.

 92. Kreda SM, Mall M, Mengos A, et al. Characterization of 
wild-type and deltaF508 cystic fi brosis transmembrane 
regulator in human respiratory epithelia. Mol Biol Cell 
2005;16:2154–2167.

 93. Tarran R, Grubb BR, Parsons D, et al. The CF salt con-
troversy: in vivo observations and therapeutic approaches. 
Mol Cell 2001;8:149–158.

 94. Klink D, Schindelhauer D, Laner A, et al. Gene delivery 
systems—gene therapy vectors for cystic fi brosis. J Cystic 
Fibrosis 2004;3:203–212.

 95. Johnson LG, Olsen JC, Sarkadi B, et al. Effi ciency of gene 
transfer for restoration of normal airway epithelial func-
tion in cystic fi brosis. Nat Genet 1992;2:21–25.

 96. Farmen SL, Karp PH, Ng P, et al. Gene transfer of CFTR 
to airway epithelia: low levels of expression are suffi cient 
to correct Cl- transport and overexpression can generate 

basolateral CFTR. Am J Physiol Lung Cell Mol Physiol 
2005;289:L1123–L1130.

 97. Boucher RC. Status of gene therapy for cystic fi brosis lung 
disease. J Clin Invest 1999;103:441–445.

 98. Chu CS, Trapnell BC, Curristin SM, et al. Extensive 
posttranscriptional deletion of the coding sequences for 
part of nucleotide-binding fold 1 in respiratory epithelial 
mRNA transcripts of the cystic fi brosis transmembrane 
conductance regulator gene is not associated with the 
clinical manifestations of cystic fi brosis. J Clin Invest 
1992;90:785–790.

 99. Trapnell BC, Chu CS, Paakko PK, et al. Expression of the 
cystic fi brosis transmembrane conductance regulator gene 
in the respiratory tract of normal individuals and individu-
als with cystic fi brosis. Proc Natl Acad Sci USA 1991;88:
6565–6569.

100. O’Dea S, Harrison DJ. CFTR gene transfer to lung epi-
thelium—on the trail of a target cell. Curr Gene Ther 
2002;2:173–181.

101. Griesenbach U, Geddes DM, Alton EWFW. Advances in 
cystic fi brosis gene therapy. Curr Opin Pulm Med 2004;10:
542–546.

102. Engelhardt JF, Yankaskas JR, Ernst SA, et al. Submuco-
sal glands are the predominant site of CFTR expression 
in the human bronchus. Nature Genet 1992;2:240–
248.

103. Engelhardt JF, Zepeda M, Cohn JA, et al. Expression of 
the cystic fi brosis gene in adult human lung. J Clin Invest 
1994;93:737–749.

104. Brochiero E, Dagenais A, Prive A, et al. Evidence of a 
functional CFTR Cl(−) channel in adult alveolar epithelial 
cells. Am J Physiol Lung Cell Mol Physiol 2004;287:
L382–L392.

105. Borthwick DW, Shahbazian M, Krantz QT, et al. Evi-
dence for stem-cell niches in the tracheal epithelium. Am 
J Respir Cell Mol Biol 2001;24:662–670.

106. Hong KU, Reynolds SD, Giangreco A, et al. Clara cell 
secretory protein-expressing cells of the airway neuroepi-
thelial body microenvironment include a label-retaining 
subset and are critical for epithelial renewal after pro-
genitor cell depletion. Am J Respir Cell Mol Biol 2001;24:
671–681.

107. Hong KU, Reynolds SD, Watkins S, et al. Basal cells are 
a multipotent progenitor capable of renewing the bron-
chial epithelium. Am J Pathol 2004;164:577–588.

108. Giangreco A, Reynolds SD, Stripp Br. Terminal bronchi-
oles harbor a unique airway stem cell population that 
localizes to the bronchoalveolar duct junction. Am J 
Pathol 2002;161:173–182.

109. Reddy R, Buckley S, Doerken M, et al. Isolation of a puta-
tive progenitor subpopulation of alveolar epithelial type 2 
cells. Am J Physiol Lung Cell Mol Physiol 2004;286:
L658–L667.

110. Wang G, Bunnell BA, Painter RG, et al. Adult stem cells 
from bone marrow stroma differentiate into airway epi-
thelial cells: potential therapy for cystic fi brosis. Proc Natl 
Acad Sci USA 2005;102:186–191.

111. Kotton DN, Ma BY, Cardoso WV, et al. Bone marrow-
derived cells as progenitors of lung alveolar epithelium. 
Development 2001;1128:5181–5188.



48. Gene Therapy in Nonneoplastic Lung Disease 521

112. Krause DS, Theise ND, Collector MI, et al. Multi-organ, 
multi-lineage engraftment by a single bone marrow-
derived stem cell. Cell 2001;105:369–377.

113. Kleeberger W, Versmold A, Rothamel T, et al. Increased 
chimerism of bronchial and alveolar epithelium in human 
lung allografts undergoing chronic injury. Am J Pathol 
2003;162:1487–1494.

114. Gan KH, Veeze HJ, van den Ouweland AM, et al. A cystic 
fi brosis mutation associated with mild lung disease. N Engl 
J Med 1995;333:95–99.

115. Cutting GR. What we have learned from correlating geno-
type to phenotype. Pediatr Pulmonol 2004;S27:94.

116. Alton EWFW, Stern M, Farley R, et al. Cationic lipid-
mediated CFTR gene transfer to the lungs and nose of 
patients with cystic fi brosis: a double-blind placebo-
controlled trial. Lancet 1999;353:947–954.

117. Middleton PG, Geddes DM, Alton EWFW. Protocols for 
in vivo measurement of the ion transport defects in cystic 
fi brosis nasal epithelium. Eur Respir J 1994;7:2050–2056.

118. Knowles M, Gatzy J, Boucher R. Increased bioelectric 
potential difference across respiratory epithelia in cystic 
fi brosis. N Engl J Med 1981;305:1489–1495.

119. Stern M, Munkonge FM, Caplen NJ, et al. Quantitative 
fl uorescence measurements of chloride secretion in native 
airway epithelium from CF and non-CF subjects. Gene 
Ther 1995;2:766–774.

120. Caplen NJ, Alton EW, Middleton PG, et al. Liposome-
mediated CFTR gene transfer to the nasal epithelium of 
patients with cystic fi brosis. Nature Med 1995;1:39–46.

121. Gill DR, Southern DW, Mofford KA, et al. A placebo-
controlled study of liposome-mediated gene transfer to 
the nasal epithelium of patients with cystic fi brosis. Gene 
Ther 1997;4:199–209.

122. Knowles MR, Noone PG, Hohneker K, et al. A double-
blind, placebo controlled, dose ranging study to evaluate 
the safety and biological effi cacy of the lipid–DNA 
complex GR213487B in the nasal epithelium of adult 
patients with cystic fi brosis. Hum Gene Ther 1998;9:249–
269.

123. Porteous DJ, Dorin JR, McLachlan GK, et al. Evidence 
for safety and effi cacy of DOTAP cationic liposome medi-
ated CFTR gene transfer to the nasal epithelium of 
patients with cystic fi brosis. Gene Ther 1997;4:210–218.

124. Sorscher EJ, Logan JJ, Frizzell RA, et al. Gene therapy 
for cystic fi brosis using cationic liposome mediated gene 
transfer: a phase I trail of safety and effi cacy in the nasal 
airway. Hum Gene Ther 1994;5:1259–1277.

125. Chadwick SL, Kingston HD, Stern M, et al. Safety of a 
single aerosol administration of escalating doses of the 
cationic lipid GL-67/DOPE/DMPE-PEG5000 formulation 
to the lungs of normal volunteers. Gene Ther 1997;4:
937–942.

126. Ruiz FE, Clancy JP, Perricone MA, et al. A clinical infl am-
matory syndrome attributable to aerosolized lipid-DNA 
administration in cystic fi brosis. Hum Gene Ther 2001;
12:751–761.

127. Hyde SC, Southern KW, Gileadi U, et al. Repeat admin-
istration of DNA/liposomes to the nasal epithelium of 
patients with cystic fi brosis. Gene Ther 2000;7:1156–
1165.

128. Konstan MW, Wagener JS, Hilliard KA, et al. Single dose 
escalation study to evaluate safety of nasal administration 
of CFTR001 gene transfer vector to subjects with cystic 
fi brosis. 2003;7:S386.

129. Perricone MA, Recs DD, Sacks CR, et al. Inhibitory effect 
of cystic fi brosis sputum on adenovirus-mediated gene 
transfer in cultured epithelial cells. Hum Gene Ther 
2000;11:1997–2008.

130. Sanders NN, De Smedt SC, Van Rompaey E, et al. Cystic 
fi brosis sputum: a barrier to the transport of nanospheres. 
Am J Respir Crit Care Med 2000;162:1905–1911.

131. Virella-Lowell I, Poirer A, Chesnut KA, et al. Inhibition 
of recombinant adeno-associated virus (rAAV) trans-
duction by bronchial secretions from cystic fi brosis 
patients. Gene Ther 2000;7:1783–1789.

132. Van Heeckeren A, Ferkol T, Tosi M. Effects of broncho-
pulmonary infl ammation induced by pseudomonas aeru-
ginosa on adenovirus-mediated gene transfer to airway 
epithelial cells in mice. Gene Ther 1998;5:345–351.

133. Flotte TR, Schwiebert EM, Zeitlin PL, et al. Correlation 
between DNA transfer and cystic fi brosis airway epithelial 
cell correction after recombinant adeno-associated virus 
serotype 2 gene therapy. Hum Gene Ther 2005;16:921–
928.

134. Flotte TR. Recent developments in recombinant AAV-
mediated gene therapy for lung diseases. Curr Gene Ther 
2005;5:361–366.

135. Griesenbach U, Geddes DM, Alton EW. Update on gene 
therapy for cystic fi brosis. Curr Opin Mol Ther 2003;5:
489–494.

136. Ziady AG, Davis PB, Konstan MW. Non-viral gene trans-
fer therapy for cystic fi brosis. Exp Opin Biol Ther 2003;3:
449–458.

137. Zabner J, Cheng SH, Meeker D, et al. Comparison of 
DNA–lipid complexes and DNA alone for gene transfer 
to cystic fi brosis airway epithelial in vivo. J Clin Invest 
1997;100:1529–1537.

138. Glasspool-Maalone J, Steenland PR, McDonald RJ, et al. 
DNA transfection of macaque and murine respiratory 
tissue is greatly enhanced by use of a nuclease inhibitor. 
J Gene Med 2002;4:323–332.

139. Ziady AG, Gedeon Cr, Miller T, et al. Transfection of 
airway epithelium by stable PEGylated poly-L-lysine 
DNA nanoparticles in vivo. Mol Ther 2003;8:936–
947.

140. Flotte TR, Laube BL. Gene therapy in cystic fi brosis. 
Chest 2001;120:124S–131S.

141. Ferrari S, Griesenbach U, Shiraki-Iida T, et al. A defective 
nontransmissible recombinant Sendai virus mediates effi -
cient gene transfer to airway epithelium in vivo. Gene 
Ther 2004;11:1659–1664.

142. Zhang L, Peeples ME, Boucher RC, et al. Respiratory 
syncytial virus infection of human airway epithelial cells is 
polarized, specifi c to ciliated cells, and without obvious 
cytopathology. J Virol 2002;76:5654–666.

143. Yonemitsu Y, Kitson C, Ferrari S, et al. Effi cient gene 
transfer to airway epithelium using recombinant Sendai 
virus. Nat Biotechnol 2000;18:970–973.

144. Zhang L, Bukreyev A, Thompson CI, et al. Infection of 
ciliated cells by human parainfl uenza virus type 3 in an 



522 T.C. Allen and P.T. Cagle

in vitro model of human airway epithelium. J Virol 2005;
79:1113–1124.

145. Griesenbach U, Boyton RJ, Somerton L, et al. Effect of 
tolerance induction to immunodominant T-cell epitopes 
of Sendai virus on gene expression following repeat admin-
istration to lung. Gene Ther 2006;13:449–456.

146. Wiseman JW, Scott ES, Shaw PA, et al. Enhancement of 
gene delivery to human airway epithelial cells in vitro 
using a peptide from the polyoma virus protein VP1. 
J Gene Med 2005;7:759–770.

147. Jenke AC, Stehle IM, Herrmann F, et al. Nuclear scaf-
fold/matrix attached region modules linked to a transcrip-
tion unit are suffi cient for replication and maintenance of 
a mammalian episome. Proc Natl Acad Sci USA 2004;101:
11322–11327.

148. Glover DH, Lipps HJ, Jans DA. Towards safe, non-viral 
therapeutic gene expression in humans. Nat Rev Genet 
2005;6:299–310.

149. Konstan MW, Davis PB, Wagener JS, et al. Compacted 
DNA nanoparticles administered to the nasal mucosa of 
cystic fi brosis subjects are safe and demonstrate partial to 
complete cystic fi brosis transmembrane regulator recon-
stitution. Hum Gene Ther 2004;15:1255–1269.

150. McCarty DM, Young SM Jr, Samulski RJ. Integration of 
adeno-associated virus (AAV) and recombinant AAV 
vectors. Annu Rev Genet 2004;38:819–845.

151. Flotte TR. Gene therapy progress and prospects: recom-
binant adeno-associated virus (rAAV) vectors. Gene Ther 
2004;11:805–810.

152. Schnepp BC, Jensen RL, Chen CL, et al. Characterization 
of adeno-associated virus genomes isolated from human 
tissues. J Virol 2005;79:14793–14803.

153. Zhang L, Wang D, Fischer H, et al. Effi cient expression 
of CFTR function with adeno-associated virus vectors that 
carry shortened CFTR genes. Proc Natl Acad Sci USA 
1998;95:10158–10163.

154. Sirninger J, Muller C, Braag S, et al. Functional character-
ization of a recombinant adeno-associated virus 5-pseudo-
typed cystic fi brosis transmembrane conductance regulator 
vector. Hum Gene Ther 2004;15:832–841.

155. Ostedgaard LS, Rokhlina T, Karp PH, et al. A shortened 
adeno-associated virus expression cassette for CFTR gene 
transfer to cystic fi brosis airway epithelia. Proc NatlAcad 
Sci USA 2005;102:2952–2957.

156. Zabner J, Seiler M, Walters R, et al. Adeno-associated 
virus type 5 (AAV5) but not AAV2 binds to the apical 
surfaces of airway epithelia and facilitates gene transfer. J 
Virol 2000;74:3852–3858.

157. Virella-Lowell I, Zusman B, Foust K, et al. Enhancing 
rAAV vector expression in the lung. J Gene Med 2005;7:
842–850.

158. Walters RW, Yi SM, Keshavjee S, et al. Binding of adeno-
associated virus type 5 to 2,3- linked sialic acid is required 
for gene transfer. J Biol Chem 2001;276:20610–20616.

159. Weiss DJ, Bonneau L, Allen JM, et al. Perfl uorochemical 
liquid enhances adeno-associated virus–mediated trans-
gene expression in lungs. Mol Ther 2000;2:624–630.

160. Duan D, Yue Y, Yan Z, et al. Endosomal processing limits 
gene transfer to polarized airway epithelia by adeno-
associated virus. J Clin Invest 2000;105:1573–1587.

161. Flotte TR. Adeno-associated virus-based gene therapy for 
inherited disorders. Pediatr Res 2005;58:1143–1147.

162. Conrad CK, Allen SS, Afi one SA, et al. Safety of single-
dose administration of an adeno-associated virus (AAV)–
CFTR vector in the primate lung. Gene Ther 1996;3:
658–668.

163. Afi one SA, Conrad CK, Kearns WG, et al. In vivo model 
of adeno-associated virus vector persistence and rescue. 
J Virol 1996;70:3235–3241.

164. Flotte TR, Afi one SA, Zeitlin PL. Adeno-associated virus 
vector gene expression occurs in nondividing cells in the 
absence of vector DNA integration. Am J Respir Cell Mol 
Biol 1994;11:517–521.

165. Flotte TR, Afi one SAS, Conrad C, et al. Stable in vivo 
expression of the cystic fi brosis transmembrane conduc-
tance regulator with an adeno-associated virus vector. 
Proc Natl Acad Sci USA 1993;90:10613–10617.

166. Wagner JA, Nepomuseno IB, Messner AH, et al. A phase 
II, double-blind, randomized, placebo-controlled clinical 
trial of tgAAVCF using maxillary sinus delivery in patients 
with cystic fi brosis with antrostomies. Hum Gene Ther 
2002;13:1349–1359.

167. Flotte TR, Brantly ML, Spencer LT, et al. Phase I trial of 
intramuscular injection of a recombinant adeno-
associated virus alpha 1-antitrypsin (rAAV2-CB-hAAT) 
gene vector to AAT-defi cient adults. Hum Gene Ther 
2002;13:1349–1359.

168. Moss RB, Rodman D, Spencer LT, et al. Repeated adeno-
associated virus serotype 2 aerosol-mediated cystic fi brosis 
transmembrane regulator gene transfer to the lungs of 
patients with cystic fi brosis: a multicenter, double-blind, 
placebo-controlled trial. Chest 2004;125:509–521.

169. Liu X, Luo M, Zhang LN, et al. Spliceosome-mediated 
RNA trans–splicing with recombinant adeno-associated 
virus partially restores cystic fi brosis transmembrane 
conductance regulator function to polarized human cystic 
fi brosis airway epithelial cells. Hum Gene Ther 2005;16:
1116–1123.

170. Halbert CL, Miller AD, McNamera S, et al. Prevalence of 
neutralizing antibodies against adeno-associated virus 
(AAV) types 2, 5, and 6 in cystic fi brosis and normal popu-
lations: implications for gene therapy using AAV vectors. 
Hum Gene Ther 2006;17:440–447.

171. Naldini L, Blomer U, Gallay P, et al. In vivo gene delivery 
and stable transduction of nondividing cells by a lentiviral 
vector. Science 1996;272:263–267.

172. Olsen JC. Gene transfer vectors derived from equine 
infectious anemia virus. Gene Ther 1998;5:1481–1487.

173. Poeschla EM, Wong-Staal F, Looney DJ. Effi cient trans-
duction of nondividing human cells by feline immunode-
fi ciency virus lentiviral vectors. Nat Med 1998;4:354–
357.

174. Copreni E, Penzo M, Carrabinio S, et al. Lentivirus-
mediated gene transfer to the respiratory epithelium: a 
promising approach to gene therapy of cystic fi brosis. 
Gene Ther 2004;11:S67–S75.

175. Kobayashi M, Iida A, Ueda Y, et al. Pseudotyped lentivi-
rus vectors derived from simian immunodefi ciency virus 
SIVagm with envelope glycoproteins from paramyxovirus. 
J Virol 2003;77:2607–2614.



48. Gene Therapy in Nonneoplastic Lung Disease 523

176. Kobinger GP, Weiner DJ, Yu QC, et al. Filovirus-pseudo-
typed lentiviral vector can effi ciently and stably transducer 
airway epithelia in vivo. Nat Biotechnol 2001;19:225–230.

177. Anson DS. The use of retroviral vectors for gene therapy-
what are the risks? A review of retroviral pathogenesis 
and its relevance to retroviral vector–mediated gene deliv-
ery. Genet Vaccines Ther 2004;2:9.

178. Alton EWFW. Use of nonviral vectors for cystic fi brosis 
gene therapy. Proc Am Thorac Soc 2004;1:296–301.

179. Montier T, Delepine P, Pichon C, et al. Non-viral vectors 
in cystic fi brosis gene therapy: progress and challenges. 
Trends Biotechnol 2004;22:586–592.

180. Yew NS, Wang KX, Przybylska M, et al. Contribution of 
plasmid DNA to infl ammation in the lung after adminis-
tration of cationic lipid:pDNA complexes. Hum Gene 
Ther 1999;10:223–234.

181. Pison U, Welte T, Giersig M, et al. Nanomedicine for 
respiratory diseases. Eur J Pharmacol 2006;533:341–
350.

182. Weiss DJ. Delivery of DNA to lung airway epithelium. 
Methods Mol Biol 2004;246:53–68.

183. Kinsey BM, Densmore CL, Orson FM. Non-viral gene 
delivery to the lungs. Curr Gene Ther 2005;5:181–194.

184. Sanders NN, De Smedt SC, Cheng SH, et al. PEGylated 
GL67 lipoplexes retain their gene transfection activity 
after exposure to components of CF mucus. Gene Ther 
2002;9:363–371.

185. Ziady AG, Gedeon Cr, Muhammad O, et al. Minimal 
toxicity of stabilized compacted DNA in the murine lung. 
Mol Ther 2003;8:948–956.

186. Griesenbach U, Boyd AC. Pre-clinical endpoint assays for 
cystic fi brosis gene therapy. J Cystic Fibrosis 2005;4:
89–100.

187. Amaral MD, Clarke LA, Ramalho AS, et al. Quantitative 
methods for the analysis of CFTR transcripts/splicing vari-
ants. J Cystic Fibrosis 2004;3:17–23.

188. Waterhouse JE, Harbottle RP, Keller M, et al. Synthesis 
and application of integrin targeting lipopeptides in tar-
geted gene delivery. Chem Biochem 2005;6:1212–1223.

189. Stecenko AA, Brigham KL. Gene therapy progress and 
prospects: alpha-1-antitrypsin. Gene Ther 2003;10:95–99.

190. Coakley RJ, Taggart C, O’Neil S, et al. Alpha-1-antitryp-
sin defi ciency: biological answers to clinical questions. Am 
J Med Sci 2001;321:33–41.

191. Crystal RG. The alpha 1-antitrypsin gene and its defi -
ciency states. Trends Genet 1989;5:411–417.

192. Pierce JA. Alpha 1-antitrypsin augmentation therapy. 
Chest 1997;112:872–874.

193. Rosenfeld MA, Siegfried W, Yoshimura K, et al. 
Adenovirus-mediated transfer of a recombinant alpha1-
antitrypsin gene to the lung epithelium in vivo. Science 
1991;252:431–434.

194. Canonico AE, Corary JT, Meyrick BO, et al. Aerosol and 
intravenous transfection of human alpha 1-antigrypsin 
gene to lungs of rabbits. Am J Respir Cell Mol Biol 
1994;10:24–29.

195. Brigham KL, Lane KB, Meyrick B, et al. Transfection of 
nasal mucosa with a normal alpha 1-antitrypsin gene in 
alpha 1-antitrypsin defi cient subjects: comparison with 
protein therapy. Hum Gene Ther 2000;11:1023–1032.

196. Chao H, Liu Y, Rabinowitz J, et al. Several log increase 
in therapeutic transgene deliver by distinct adeno-
associated viral serotype vectors. Mol Ther 2000;2:619–
623.

197. Poirier A, Campbell-Thompson M, Tang Q, et al. Toxicol-
ogy and biodistribution studies of a recombinant adeno-
associated virus 2-alpha-1 antitrypsin vector. Preclinica 
2004;2:43–51.

198. Song S, Lu Y, Choi YK, et al. DNA-dependent PK inhibits 
adeno-associated virus DNA integration. Proc Natl Acad 
Sci USA 2004;101:2112–2116.

199. Song S, Laipis PJ, Berns KI, et al. Effect of DNA-depen-
dent protein kinase on the molecular fate of the rAAV2 
genome in skeletal muscle. Proc Natl Acad Sci USA 
2001;98:4084–4088.

200. Weinacker AB, Vaszar LT. Acute respiratory distress syn-
drome: physiology and new management strategies. Ann 
Rev Med 2001;52:221–237.

201. Conary JT, Parker RE, Christman BW, et al. Protection 
of rabbit lungs from endotoxin injury by in vivo hyper-
expression of the prostaglandin G/H synthase gene. J Clin 
Invest 1994;93:1834–1840.

202. Stern M, Ulrich K, Robinson C, et al. Pretreatment with 
cationic lipid-mediated transfer of the Na+K+-TPase 
pump in a mouse model in vivo augments resolution of 
high permeability pulmonary oedema. Gene Ther 2000;7:960–
966.

203. Lee NA, Gelfand EW, Lee JJ. Pulmonary T cells and 
eosinophils: co-conspirators or independent triggers of 
allergic respiratory pathology? J Allergy Clin Immunol 
2001;107:945–957.

204. Suissa S, Ernst P. Inhaled corticosteroids: impact on 
asthma morbidity and mortality. J Allergy Clin Immunol 
2001;107:937–944.

205. Lee YL, Ye L, Yu CI, et al. Construction of single-chain 
interleukin-12 DNA plasmid to treat airway hyperrespon-
siveness in an animal model of asthma. Hum Gene Ther 
2001;12:2065–2079.

206. del Pozo V, Rojo M, Rubio ML, et al. Gene therapy with 
galectin-3 inhibits bronchial obstruction and infl ammation 
in antigen-challenged rats through interleukin-5 gene 
down regulation. Am J Respir Crit Care Med 2002;166:
732–737.

207. Fonseca C, Abraham D, Black CM. Lung fi brosis. Spring 
Semin Immunopathol 1999;21:453–474.

208. Sime PJ, O’Reilly KM. Fibrosis of the lung and other 
tissues: new concepts in pathogenesis and treatments. Clin 
Immunol 2001;99:308–319.

209. Epperly WM, Silora CA, DeFilippi SJ, et al. Pulmonary 
irradiation-induced expression of VCAM-1 and ICAM-1 
is decreased by manganese superoxide dismutase- plasmid/
liposome (MnSOD-PL) gene therapy. Biol Blood Marrow 
Transplant 2002;8:175–187.

210. Ziesche R, Hofbauer E, Wittmann K, et al. A preliminary 
study of long-term treatment with interferon gamma-1b 
and low-dose prednisolone in patients with idiopathic pul-
monary fi brosis. N Engl J Med 1999;341:1264–1269.

211. Kuwano K, Hagimoto N, Kawasaki M, et al. Essential 
roles of the Fas-Fas ligand pathway in the development of 
pulmonary fi brosis. J Clin Invest 1999;104:13–19.



Section 7
Molecular Pathology of Other Nonneoplastic 

Pulmonary Diseases: Specifi c Entities



527

49
Smoking-Related Lung Diseases

Manuel G. Cosio and Helmut H. Popper

tumor angiogenesis and provide evidence that the respon-
sible factor in environmental tobacco smoke is nicotine.2 
Although a weak carcinogen, nicotine promotes carcino-
genesis by a number of different mechanisms.2

The most toxic substances are within the vapor phase 
of tobacco sidestream smoke and cause respiratory epi-
thelium damage.3 Many tobacco smoke constituents are 
potent inducers of oxygen radicals, thus causing DNA 
strand breaks, DNA adducts, oxidative DNA damage, 
chromosome aberrations, and micronuclei formation.4 
They can also affect the mitotic spindle apparatus and 
infl uence the methylation of promoter regions of tumor 
suppressor genes.5–8 Multiple different compounds have 
been identifi ed in tobacco main- and sidestream smoke, 
including tar (in fi lterless cigarettes), polycyclic aromatic 
hydrocarbons (PAHs), N-nitrosamines, many different 
N-nitroso compounds such as butanones and anatabines, 
and volatile N-nitrosamines. Just within PAHs, 150 differ-
ent substances have been identifi ed.9 In addition, many 
metal oxides are generated during tobacco burning, such 
as chromium, cadmium, and arsenic oxides. Many of these 
can either generate oxygen radicals themselves or act as 
catalyzing agents in concert with nitroso compounds in 
generating radicals. Depending on environmental con-
tamination, many other unusual metals can occur (e.g., 
lead contaminating tobacco plants grown close to high-
ways).10–12 Zaridze et al.13 and Stabbert et al.14 provide 
comprehensive lists of tobacco constituents; others can 
be found on the website of the International Agency 
for Cancer Research at http://www-cie.iarc.fr/monoeval/
grlist.html. For some of these components, the mecha-
nisms of their toxic and carcinogenic action have been 
elucidated.

Nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK) is formed by nitrosation of nicotine, and 
NNK simultaneously stimulates Bcl-2 and c-Myc phos-
phorylation through activation of both ERK1/2 and 
protein kinase Cα, which is required for NNK-induced 
survival and proliferation. Phosphorylation of Bcl-2 

Effects of Tobacco Smoke on 
the Respiratory Tract

Tobacco smoking results in inhalation of various amounts 
of toxins, which can induce a wide variety of effects on 
different cell systems in the respiratory tract. The toxins 
are acidic as well as basic; heat additionally harms the 
respiratory tract. However, there is also a protective 
system working, which can reduce the effects of this toxic 
inhalation. We discuss the toxic effects of tobacco sub-
stances, briefl y review the protective system, and fi nally 
focus on nontumorous tobacco smoke–induced lung 
diseases.

Most reports mainly focus on the oncogenic effects of 
tobacco smoke products. It is generally not mentioned 
that prior to an oncogenic effect there is usually a toxic 
effect with cell death, infl ammation, and repair. Activa-
tion of proliferation and angiogenesis also affect normal 
cells and as such exert changes in the lung structure and 
cellular constituents and might affect matrix proteins 
long before the development of precancerous lesions 
starts.

Effects of Toxins

Among the more than 5,000 compounds in tobacco smoke 
are carcinogens such as nitrosamines, irritants such as 
phenolic compounds, volatiles such as carbon monoxide, 
different metal oxides in part depending on the location 
and the nutrition of the tobacco plants, and of course 
nicotine. Nicotine itself has quite complex actions, medi-
ated in part by nicotinic cholinergic receptors that may 
have extraneuronal as well as neuronal distribution. 
Nicotine is a potent angiogenic agent. Nicotine hijacks an 
endogenous nicotinic cholinergic pathway present in 
endothelial cells that is involved in physiologic as well as 
pathologic angiogenesis.1 Zhu and coworkers demon-
strated that environmental tobacco smoke results in 
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promotes a direct interaction between Bcl-2 and c-Myc 
in the nucleus and on the outer mitochondrial membrane 
that signifi cantly enhances the half-life of the c-Myc 
protein. Thus, NNK induce a functional cooperation 
of Bcl-2 and c-Myc in promoting cell survival and 
proliferation.15

Nicotine and NNK activate the Akt pathway and 
increase cell proliferation and survival. Nicotinic activa-
tion of Akt increases phosphorylation of multiple down-
stream substrates of Akt in a time-dependent manner, 
including GSK-3, FKHR, tuberin, mTOR and p70S6K1. 
Nicotine or NNK binds to cell surface nicotinic acetyl-
choline receptors. Only nicotine decreased apoptosis. 
Protection conferred by nicotine was nuclear factor-κB 
(NF-κB) dependent. Collectively, these results identify 
tobacco component–induced, Akt-dependent prolifera-
tion and NF-κB–dependent survival of cancer cells.16

Carcinogenic Effects

In 1950, the fi rst large-scale epidemiologic studies dem-
onstrated that lung cancer is causatively associated with 
cigarette smoking. Although cigarette consumption has 
gradually decreased in most industrialized countries, 
death from lung cancer has reached a high among males 
and females. In the younger cohorts, the lung cancer 
death rate is decreasing in both men and women. On the 
contrary, a steeper increase in lung adenocarcinoma inci-
dence is seen in recent decades. Contributors to this 
change in the histologic types of lung cancer are a decrease 
in average nicotine and tar delivery of cigarettes from 
about 2.7 and 38 mg, respectively, in 1955 to 1.0 and 
13.5 mg in 1993. Other major factors relate to changes in 
the composition of the cigarette tobacco blend and to 
general acceptance of cigarettes with fi lter tips. Smokers 
compensate for the lowered nicotine content by inhaling 
the smoke more deeply and by smoking more intensely. 
Under these conditions, the peripheral lung is exposed 
to increased amounts of smoke carcinogens that are 
suspected to lead to lung adenocarcinoma. Importantly, 
because of the effi cacy of the fi lters, particulate matter 
with bound carcinogens are withheld in the fi lters, but 
vaporized toxins and carcinogens are enriched in the 
tobacco smoke and delivered to the alveolar periphery. 
Among the important changes in the composition of the 
tobacco blend is a signifi cant increase in nitrate content 
(from 0.5% to 1.2%–1.5%), which raises the yields of 
nitrogen oxides and N-nitrosamines in the smoke. Fur-
thermore, the more intense smoking by the consumers of 
low-yield cigarettes increases N-nitrosamines in the 
smoke two- to threefold. Among the N-nitrosamines is 
NNK (see earlier), a powerful lung carcinogen in animals 
that is exclusively formed from nicotine. This organ-
specifi c tobacco-specifi c nitrosamine induces adenocarci-
noma of the lung.17

The effect of using fi lters has been evaluated in animal 
experiments. Mice were exposed to either full tobacco 
smoke or to fi ltered tobacco smoke devoid of particulate 
matter. Analysis of the fi ltered smoke showed reduced 
concentrations of PAHs and tobacco smoke–specifi c 
nitrosamines below 18%. Aldehydes and other volatile 
organic compounds such as 1,3-butadiene, benzene, and 
acrolein were not as much reduced (about 50%–90%). 
Some potentially carcinogenic metals reached levels in 
fi ltered smoke ranging from 77% to less than 1%. 
However, mice exposed to the fi ltered smoke atmosphere 
had practically identical lung tumor multiplicities and 
incidences as did the animals exposed to full smoke. The 
authors concluded that 1,3-butadiene might be an impor-
tant contributor to lung tumorigenesis in this mouse 
model of tobacco smoke carcinogenesis.18

Temperature

Inhaled tobacco smoke is usually hot, with the tempera-
ture ranging between 400° and 800°C at the tip of the 
cigarette. When tobacco smoke aerosols are generated 
at 250° to 550°C, there are no mutagenic components 
below the generator temperature of 400°C, but mutagens 
are found above this temperature. This underlines the 
importance of the pyrolysis temperature.19 The pyrolysis 
of tobacco depends on different conditions, including 
temperature and pH of the substances, such as hydrogen 
cyanide, benzo[a]pyrene, aldehydes, volatile organic 
compounds, phenolics, and aromatic amines. A few com-
pounds are signifi cantly affected by the pH.20 The 
temperature of the inhaled smoke condensate on reach-
ing the distal airways is still over 60°C.

Tobacco smoke, especially sidestream smoke, contains 
a high amount of fi ne dust. Particles below the PM10 type 
(fi ne dust, respirable size <5 μm) are thought to impact 
on genotoxicity as well as on cell proliferation via their 
ability to generate oxidants such as reactive oxygen 
species (ROS) and reactive nitrogen species (RNS). For 
mechanistic purposes, one should discriminate between 
(1) the oxidant-generating properties of the particles 
themselves (i.e., acellular), which are mostly determined 
by the physicochemical characteristics of the particle 
surface, and (2) the ability of particles to stimulate cellu-
lar oxidant generation. Because particles can induce an 
infl ammatory response, a further subdivision needs to be 
made between primary (i.e., particle driven) and second-
ary (i.e., infl ammation driven) formation of oxidants. Par-
ticles may also affect genotoxicity by their ability to carry 
surface-adsorbed carcinogenic components into the lung. 
Each of these pathways can impact on genotoxicity and 
proliferation, as well as on feedback mechanisms involv-
ing DNA repair or apoptosis.21 It should be remembered 
that toxins and carcinogens such as NNK bound to the 
surface of PM2.5 not only reach the alveolar periphery 
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but also, because of the surface activity and the low 
degrading rate, can act much longer on the epithelial 
cells.

From studies of mutations of the TP53 gene, which 
usually precede the development of dysplasia as well as 
carcinomas but can be found in normal-appearing epithe-
lial cells, it has become clear that many of the different 
tobacco carcinogens leave behind their specifi c “fi nger-
print” by interacting specifi cally with some genes within 
the cell cycle.22

Other Factors Relevant for the Action of 
Toxic and Carcinogenic Substances/Particles

The architecture of the human bronchial system is another 
site of modifi cation caused by inhaled substances, espe-
cially tobacco smoke, as well as the composition of the 
epithelial lining system. In human as in primates, the 
branching of the bronchial tree is asymmetric. A bron-
chus divides into a main branch with a diameter of two 
thirds and a smaller one with one third of the diameter. 
This gives rise to air fl ow turbulences at the bifurcations, 
causing a deposition of particulate matter, according to 
their respective sizes: the larger the particles, the more 
they will be deposited at larger bronchial bifurcations. 
The particle phase in tobacco smoke is composed of ash, 
but it also contains incomplete combusted particles from 
tobacco plants, such as nitrosamines and PAHs, and metal 
oxides. Coal and incompletely combusted plant particles 
have the tendency to bind PAHs and nitrosylated hydro-
carbons either chemically or physically and thus prolong 
the time of contact of the harmful chemicals with the 
respiratory epithelium. This has resulted in a toxin- and 
carcinogen-rich particle fraction acting at larger bifurca-
tions in the era of the fi lterless cigarette.

The Repair Program and Its Impact on 
the Reaction of the Epithelium Toward 
Inhaled Toxins

After the acute infl ammatory reaction normally the epi-
thelium is restored to its full function. However, when the 
inhalation of toxic substances persists, adaptive changes 
will take place. This is dependent on the location of the 
lesion. Whereas columnar cell hyperplasia followed by 
goblet cell hyperplasia and fi nally transitional and squa-
mous cell metaplasia are the main steps of repair and 
protection in the large bronchi,23 proliferation of Clara 
cells, secretory and goblet cell hyperplasia, and type II 
pneumocytes resulting in the so-called cuboidal transfor-
mation of the epithelium can be found in the bronchoal-
veolar region. In the large bronchi this can result in 
squamous and transitional cell dysplasia.23 Another type 
of dysplasia, however, is seen in bronchioles (bronchiolar 

columnar cell dysplasia24) and alveoli (atypical adenoma-
tous hyperplasia25). Rarely squamous cell metaplasia can 
be encountered in the peripheral lung, most often associ-
ated with the effects of cytotoxic drugs.

Neuroendocrine cell hyperplasia is another reactive 
lesion found especially in patients with obstructive lung 
disease, such as chronic obstructive pulmonary dysplasia 
(COPD), bronchiectasis, and emphysema.26–28 Neuroen-
docrine cells, normally found as scattered single cells 
along bronchi and bronchioles,29 start to proliferate upon 
chronic stimulation by disturbed air fl ow. It is supposed 
that this proliferation aims to restore normal lung archi-
tecture and thus function. However, neuroendocrine 
hyperplasia itself causes thickening of bronchial/bron-
chiolar walls and thus stenosis.30,31

The Defence System

Mucociliary Escalator and Clearance

One of the oldest defence systems is the mucociliary 
escalator system. The cilia are constantly beating to move 
the mucus produced by the bronchial glands, the goblet 
cells, and the secretory columnar cells toward the larynx. 
This mucus overlays the epithelium as a thin layer and 
protects the epithelium against toxic substances. Because 
of the constant movement, the time of contact and thus 
the action of toxins is reduced to a few seconds. Coughing 
and/or ingestion of the mucus together with substances 
dissolved in it quickly remove most of the harmful inhaled 
material from the bronchial system.

The Phagocytic System

In the alveolar periphery another old protection system 
is effective, the phagocytic cell system. Alveolar macro-
phages constantly enter the alveoli, patrol along the 
surface, phagocytose all inhaled material, and either 
vanish into the mucus, if irreversibly damaged by the 
ingested material, or enter the lymphatics and reach the 
draining lymph nodes, presenting the processed foreign 
material to dendritic cells and lymphocytes for a probable 
immune reaction.

The Enzymes

The action of enzymes with respect to tobacco toxins and 
carcinogens is not as simple as it looks at a fi rst glance: 
Different substances are inhaled within the tobacco 
smoke: some of them are primarily toxic and carcino-
genic, whereas others need activation. Cytochrome P450 
2A13 (CYP2A13), an enzyme expressed predominantly 
in the human respiratory tract, exhibits high effi ciency in 
the metabolic activation of tobacco carcinogen NNK. A-
C to T transition in the CYP2A13 gene causes Arg257Cys 
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amino acid substitution and thus results in a signifi cantly 
reduced activity toward NNK and other substrates. By 
genotyping patients with lung cancer and controls for the 
variant CYP2A13 genotype, a substantially reduced risk 
for lung adenocarcinoma was found. This reduced risk of 
lung adenocarcinoma was associated with the genotype 
as well as with light smokers but not with other types of 
lung cancer.32

Phase II enzymes are implicated in the detoxication of 
many carcinogens and ROS, thereby protecting cells 
against DNA damage and subsequent malignant trans-
formation. Although the induction of phase II enzymes 
is usually considered benefi cial, in some cases these 
enzymes also bioactivate several hazardous chemicals. 
Furthermore, from the study of the protective actions of 
certain enzymes found in vegetables (e.g., isothiocyanate 
sulforaphane in broccoli), it should not be overlooked 
that these enzymes can also have adverse effects on phase 
I enzymes, which subsequently can bioactivate a variety 
of other carcinogens. For example, the bioprecursor of sul-
foraphane slightly induced phase II detoxifying enzymes, 
but powerfully induced phase I carcinogen-activating 
enzymes. Concomitantly it also generated ROS.33

The phase I enzyme microsomal epoxide hydrolase 1a 
plays an important role in both the activation and detoxi-
fi cation of tobacco-derived carcinogens. The low-activity 
variant genotype of microsomal epoxide hydrolase 1 
polymorphism at exon 3 is associated with decreased risk 
of lung cancer. In contrast, the high-activity variant geno-
type (polymorphism at exon 4) was associated with a 
modest increase in risk of lung cancer.34

The cytochrome P450 family of enzymes is responsible 
for many of the initial metabolic conversions of pro-
carcinogenic compounds in tobacco smoke to reactive 
metabolites. However, other enzyme-based systems such 
as myeloperoxidase may also be involved. Myeloperoxi-
dase is a phase I metabolic enzyme that has a polymor-
phic region upstream of the gene that appears to reduce 
transcriptional activity. The polymorphic G to A shift is 
associated with a reduction in lung cancer risk in men, 
younger individuals, and current smokers but not in 
former smokers and those who have never smoked.35

In a lung cancer risk assessment study, the effects of 
different phase I and phase II enzymes were studied. By 
analyzing the activities of aryl hydrocarbon hydroxylase, 
ethoxycoumarin O-deethylase, epoxide hydrolase, UDP-
glucuronosyltransferase, and glutathione S-transferase, 
a pronounced effect of tobacco smoke on pulmonary 
metabolism of xenobiotics and prooxidant were found, 
and the existence of a metabolic phenotype conferring 
higher risk for tobacco-associated lung cancer was 
documented.36

Polymorphisms of genes coding for some of these toxi-
fying and detoxifying enzymes is of special importance as 

shown in the review by Norppa.22 The lack of glutathione 
S-transferase M1 (GSTM1−/−) is associated with increased 
sensitivity to the genotoxicity of tobacco smoke, and 
GSTM1−/− smokers also show an increased frequency of 
chromosomal aberrations and sister chromatid exchanges. 
N-Acetyltransferase slow acetylation genotype and glu-
tathione S-transferase T1 (GSTT1−/−) null genotype seem 
to elevate the baseline level of chromosomal aberrations 
and sister chromatid exchanges, respectively, possibly 
because of reduced capacity to detoxify some widespread 
or endogenous genotoxins. Some evidence exists for 
polymorphisms of x-ray cross-complementation group 1 
(XRCC1) codon 280 and xeroderma pigmentosum group 
D codon 23 on baseline aberrations, for XRCC1 codon 
399 on sister chromatid exchange, and for methylene 
tetrahydrofolate reductase codon 677 and methionine 
synthase reductase on spontaneous micronucleus 
formation.22

The effects of tobacco smoke on the DNA repair 
system have been investigated in recent years;, however, 
these studies focused on lung cancer.37–39 An effect can 
also be anticipated for nontumorous lung diseases. 
Another important mechanism especially investigated in 
lung cancer is gene silencing by methylation. Promoter 
methylation of several tumor suppressor genes is an early 
event in tobacco-induced carcinogenesis and occurs long 
before dysplastic changes of the epithelium take place 
and thus might also infl uence the development of infl am-
matory diseases of the lung and remodeling of the 
architecture.6,8,40–43

Chronic Obstructive 
Pulmonary Disease

The Global Initiative on Obstructive Lung Disease 
defi nes COPD as a “disease state characterized by not 
fully reversible airfl ow limitation that is usually progres-
sive and associated with abnormal infl ammatory response 
of the lungs to noxious particles or gases.”44 Much of the 
recent research on COPD has focused on the nature of 
the infl ammatory response and the cellular and molecu-
lar mechanisms involved. However, this knowledge is still 
at an early stage compared with the knowledge of asthma. 
This chapter reviews the present knowledge of these 
mechanisms, which are probably responsible for the 
pathologic abnormalities characteristic of COPD.

Anatomic Basis 

The progressive airfl ow limitation in COPD is due to two 
major pathologic processes: remodeling and narrowing of 
small airways and destruction of the lung parenchyma 
with consequent destruction of the alveolar attachments 
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of these airways as a result of emphysema (Figure 49.1). 
This results in higher resistance to fl ow, diminished lung 
recoil, gas trapping, diffi culty breathing, and eventually 
ventilatory failure.

Both the small airway remodeling and narrowing and 
the emphysema are due to chronic infl ammation and its 
byproducts, and this infl ammation increases as the disease 
progresses.45 The pattern of infl ammation in airways and 
lung parenchyma comprises cells of the innate and adap-
tive immunity, such as macrophages, T lymphocytes, with 
predominantly CD8+ (cytotoxic) T cells, and in more 
severe disease B lymphocytes and increased numbers of 
neutrophils in the airway lumen.45,46

Multiple infl ammatory mediators are increased in 
COPD and are derived from infl ammatory and structural 
cells of the lungs.47 Cigarette smoke may activate surface 
macrophages and airway epithelial cells to release che-
motactic factors among which chemokines predominate 
and therefore play a key role in orchestrating the chronic 
infl ammation in COPD. These might be the initial infl am-
matory events occurring in all smokers. However, in 
smokers who develop COPD, this infl ammation pro-
gresses into a more complicated infl ammatory pattern of 
innate and adaptive immunity involving dendritic cells as 
well as T and B lymphocytes along with a complicated 
interacting array of cytokines and other mediators. The 
molecular basis of this amplifi cation of infl ammation is 

not yet understood but may be, at least in part, genetically 
determined.

Cells and Mediators 

Epithelial Cells

Epithelial cells function as a fi rst line of defense and are 
capable of releasing infl ammatory mediators, including 
tumor necrosis factor (TNF)-α, interleukin (IL)-1β, gran-
ulocyte–macrophage colony-stimulating factor, CXCL8 
(IL-8), and leukotriene B4 upon stimulation or damage.48 
The epithelium is thus likely responsible for the initiation 
and maintenance of the innate infl ammation seen in 
smokers. Epithelial cells also release C-C chemokines, 
including RANTES, monocyte chemoattractant protein 
1, and eotaxin with activity in macrophages and dendritic 
cells.48

Infl ammation and injury of the epithelium likely con-
tributes to airway remodeling in several ways. Epithelial 
growth factor receptors (EGFR) and proliferation in 
basal airway epithelial cells, measured by proliferating 
cell nuclear antigen, are markedly increased in patients 
with chronic bronchitis and may contribute to basal cell 
proliferation, squamous metaplasia, and an increased risk 
of bronchial carcinoma.49 Furthermore, activation of 
EGFR along with TNF-α and neutrophil elastase are 
responsible for mucin production and hypersecretion in 
airways probably mediated by protein kinase C.48

Epithelial cells can also modulate the extracellular 
matrix by directly producing matrix proteins, such as 
fi bronectin and collagen mediated by transforming 
growth factor-β50 and fi broblast activity, and recruitment 
and proliferation probably through the production of 
fi broblast growth factors (types 1 and 2; see Figure 49.1).51 
Matrix metalloproteinase (MMP)-9 expression is 
increased in the epithelium and may play a role in airway 
remodeling.

The alveolar epithelial response to injury resembles 
that of the airway epithelium in many respects. Of special 
interest is the increased expression of vascular epithelial 
growth factor (VEGF), a major regulator of vascular 
growth, in pulmonary vascular smooth muscle of patients 
with mild and moderate COPD but paradoxically a 
reduction in expression in severe COPD with emphy-
sema where it is associated with apoptosis of endothelial 
cells.49 In addition, VEGF is also an important proinfl am-
matory cytokine produced by epithelial and endothelial 
cells, macrophages, and activated T cells that acts by 
increasing endothelial cell permeability by inducing 
expression of endothelial adhesion molecules via its 
ability to act as a monocyte chemoattractant. It also stim-
ulates dendritic cells. Thus, VEGF is likely a intermediary 
between cell-mediated immune infl ammation and the 
associated angiogenesis reaction.49

Figure 49.1. Membranous bronchioles (approximately 0.7 mm 
in diameter) in lungs of a nonsmoker and a patient with severe 
chronic obstructive pulmonary disease. The possible pathways 
for the remodeling of the airway fi brosis are indicated. AA, 
alveolar attachments; CTGF, connective tissue growth factor; 
FGF, fi broblast growth factor; MMP, matrix metalloproteinase; 
TGF, transforming growth factor.



532 M.G. Cosio and H.H. Popper

Neutrophils

Activated neutrophils are found in sputum and bron-
choalveolar lavage (BAL) fl uid of patients with COPD52 
and to a lesser extent in the airways or lung parenchyma.46 
The role of neutrophils in COPD is not yet clear; however, 
they are correlated with the rate of decline in lung func-
tion.53 There are several chemotactic signals derived from 
alveolar macrophages, T cells and epithelial cells that 
have the potential for neutrophil recruitment in COPD, 
including leukotriene B4, CXCL8, and related CXC che-
mokines CXCL1 (GRO-α) and CXCL5 (ENA-78), which 
are increased in COPD airways.54

Neutrophils have the capacity to induce tissue damage 
and emphysema through the release of serine proteases, 
including neutrophil elastase (NE), cathepsin G, pro-
teinase-3, MMP-8, and MMP-9, and superoxide anion 
generation. It is likely that airway neutrophilia and their 
proteases are linked to mucous hypersecretion in 
COPD.55

Macrophages

There is a marked increase (5- to 10-fold) in the numbers 
of macrophages in all lung compartments in COPD. Fur-
thermore, macrophages are localized to sites of alveolar 
wall destruction in patients with emphysema,46 and there 
is a correlation between macrophage numbers in the lung 
and the severity of emphysema46 and COPD.53 Alveolar 
macrophages from patients with COPD secrete more 
infl ammatory proteins and have a greater elastolytic 
activity than those from normal smokers.56 Activated by 
cigarette smoke, alveolar macrophages release infl amma-
tory mediators, including TNF-α, IL-1β, IL-6, IL-12, 
IL-18, CXCL8 and other CXC chemokines, CCL2 (mono-
cyte chemoattractant protein 1), leukotriene B4, and 
reactive oxygen species, providing a cellular mechanism 
that links smoking with infl ammation in COPD.57,58 Alve-
olar macrophages also secrete elastolytic enzymes, includ-
ing predominantly MMP-9 but also MMP-2, MMP-12, 
cathepsins K, L, and S, and neutrophil elastase taken up 
from neutrophils. Most of the infl ammatory proteins pro-
duced by COPD macrophages are regulated by the tran-
scription factor NF-κB, which is activated in the alveolar 
macrophages of COPD patients, particularly during 
exacerbations.59

There may be an increased recruitment of monocytes 
from the circulation in smokers in response to monocyte-
selective chemokines, such as CCL2, that is increased in 
sputum, BAL, and alveolar macrophages of patients with 
COPD.60 Macrophages may have a prolonged survival in 
smokers and patients with COPD,61 very likely mediated 
by the T-cell production of interferon(IFN)-γ and the 
expression of CD40 ligand.

In vitro the release of CXCL8, TNF-α, and MMP-9 in 
macrophages of normal subjects and normal smokers are 
inhibited by corticosteroids, but not in macrophages from 
patients with COPD,62 and this may be secondary to 
the marked reduction in activity of histone deacetylase 
(HDAC), which is recruited to activated infl ammatory 
genes by glucocorticoid receptors to switch off infl amma-
tory genes (see later discussion of oxidative stress).63

Eosinophils

Although eosinophils are the predominant leukocyte in 
asthma, their role in COPD is much less certain. The pres-
ence of eosinophils in patients with COPD predicts a 
response to corticosteroids and may indicate coexisting 
asthma.64

Dendritic Cells

The airways and parenchyma contain a rich network of 
dendritic cells that are localized near the surface, and 
cigarette smoking is associated with an expansion in the 
dendritic cell population in the lower respiratory tract 
with a marked increase in the number of mature cells in 
the airways and alveolar walls.65 This is an indication that 
the lung response to cigarette smoke exposure follows 
the established immune response design, including innate 
immunity and readiness for a dendritic cell–modulated 
adaptive immune response, if necessary, which would 
promote a lymphocytic infl ammation.

T Lymphocytes

There is an increase in the total numbers of T lympho-
cytes in lung parenchyma and peripheral and central 
airways of patients with COPD, with the greater increase 
in CD8+ than in CD4+ cells.46,65–68 The majority of T 
cells in the lung in COPD are of the Tc1 and Th1 
subtypes.69,70

The mechanisms by which T cells accumulate in the 
airways and parenchyma of patients with COPD must 
depend on some initial activation by presentation of anti-
genic products by dendritic cells and then adhesion and 
selective chemotaxis in the lung. CD4+ and CD8+ T cells 
in the lung in COPD show increased expression of 
CXCR3, a receptor activated by the chemokines CXCL9, 
CXCL10, and CXCL11. There is increased expression of 
CXCL10 by bronchiolar epithelial cells, and this could 
contribute to the accumulation of CD4+ and CD8+ T cells, 
which preferentially express CXCR3.70 The T cells in 
COPD do not express any of the chemokine receptors 
described in asthma (CCR4 and CCR8), indicating that 
the infi ltrating T cells in COPD are activated, Th1 
committed and utilize Th1-type chemokines and recep-
tors to home to the lung. These results are a strong indica-
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tion that the T cells in COPD, which express phosphorylated 
signal transducers and activators of transcription (STAT) 
protein 4 and IFN-γ, are effector cells likely activated by 
antigenic peptides from the lung in the local lymphoid 
tissue and homing back to the lung, the source of the 
antigens, guided by Th1-selective chemokines.71

Activated T cells have the potential to produce exten-
sive damage in the lung. CD8+ cells have the capacity to 
cause cytolysis and apoptosis, and there is an association 
between CD8+ cells and apoptosis of alveolar cells in 
emphysema.67 In addition, CD8+ T cells also produce a 
number of cytokines of the Tc-1 phenotype, including 
TNF-α, lymphotoxin (TNF-β) and IFN-γ, which CD8+ T 
cells express in COPD.58 The effector functions of the 
CD4+ T cell are mainly mediated by Th1 cytokines, which 
stimulate much greater infl ammatory cell migration, the 
so-called immune infl ammation.

It is now apparent that the infl ammatory process 
leading to disease in COPD results from a complex 
infl ammatory and immune process, most likely orches-
trated by the T cells (Figure 49.2). Consequently, it has 
been suggested that COPD could be considered an auto-
immune disease triggered by antigens derived from the 
lung injury produced by smoking.67,72,73

Oxidative Stress

There is increasing evidence that oxidative stress is an 
important feature in COPD.74 Besides cigarette smoke 
itself,75 activated infl ammatory and structural cells in the 
lungs of smokers, including, neutrophils, eosinophils, 
macrophages, and epithelial cells, produce ROS. Super-
oxide anions (O2

−) are generated by NADPH oxidase 
and are converted to hydrogen peroxide (H2O2) by super-
oxide dismutases, which could also form the highly 
reactive hydroxyl radical (OH). Nitric oxide (NO) is 
generated in COPD from the inducible enzyme NO syn-
thase (iNOS), which is expressed in macrophages and 
lung parenchyma in COPD.76 Nitric oxide combines with 
ROS to form peroxynitrite, which can also generate 
⋅OH.77

The normal production of oxidants is counteracted by 
several antioxidant mechanisms in the human respiratory 
tract, mainly catalase, superoxide dismutase, and gluta-
thione.78 There is a high concentration of reduced gluta-
thione in lung epithelial lining fl uid,78 and concentrations 
are increased in cigarette smokers.

There is considerable evidence of increased oxidative 
stress in COPD,79 and markers of oxidative stress, as well 
as oxidants such as H2O2, 8-isoprostane, and ethane, can 
be detected in exhaled air or breath condensates in 
smokers.80 Furthermore, a specifi c marker of lipid peroxi-
dation, 4-hydoxy-2-nonenal, can be detected by immuno-
cytochemistry in airway of patients with COPD.81

Reactive oxygen species have several effects on the 
airways and parenchyma that increase the infl ammatory 
response mediated either directly, by the actions of ROS 
on target cells in the airways and alveoli, or indirectly via 
activation of signal transduction pathways and transcrip-
tion factors. Reactive oxygen species activate NF-κB and 
activator protein-1, which switch on multiple infl amma-
tory genes resulting in amplifi cation of the infl ammatory 
response.82 Nuclear factor-κB is activated in airways and 
alveolar macrophages of patients with COPD and is 
further activated during exacerbations,59 likely by oxida-
tive stress. This activation will induce a neutrophilic 
infl ammation via increased expression of CXCL8 (IL-8) 
and other CXC chemokines, TNF-α, and MMP-9. 
Oxidants also activate mitogen-activated protein kinase 
pathways that regulate the expression of many infl amma-
tory genes, their survival in certain cells, and many aspects 
of macrophage function.83 Oxidative stress may also 

Figure 49.2. Possible mechanistic pathways in the pathogenesis 
of chronic obstructive pulmonary disease and emphysema. DC, 
dendritic cell; NO, nitric oxide; ROS, reactive oxygen species.
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impair the function of antiproteases such as α1-antitrypsin 
and secretory leukocyte protease inhibitor and thereby 
accelerates the breakdown of elastin in lung parenchyma.84

Reactive oxygen species and NO can affect different 
cellular functions, produce mitochondrial damage, DNA 
strand breaks, and structural/functional modifi cation of 
proteins; and result in cell death.85 Oxidative modifi cation 
of proteins can render proteins antigenic and elicit an 
autoimmune T-cell response.86 This might be a mecha-
nism for the adaptive immune response seen in COPD.

Oxidative stress may play a key role in the infl amma-
tory process by its role in the nuclear histones. The acety-
lation of histones plays an essential role in the nucleosome 
remodeling that permits access to the promoter sites of 
infl ammatory and other genes; levels of histone acetyla-
tion (HAT) have been directly related to the levels of 
gene transcription. Deacetylation of histones by the 
recruitment of ston deacetylase (HDACs), either spon-
taneously or by corticosteroids, reverses the acetylation 
of histones and terminates gene transcription, thus termi-
nating the infl ammatory cascade. Cigarette smoke, prob-
ably through the induction of oxidative stress, plays an 
important role in the increased levels of HAT activity 
and decreased levels of HDAC found in epithelial cells, 
macrophages, and neutrophils in smokers.63 Both acetyla-
tion of histones and inhibition of HDAC are associated 
with enhanced activation of activator protein-1 and NF-
κB essential infl ammatory genes, which will promote and 
maintain infl ammation.63

Proteases 

The paradigm of the pathogenesis of emphysema is an 
imbalance between proteases induced by cigarette smoke 
exposure and endogenous antiproteases. Several prote-
ases are implicated in the pathogenesis of COPD and 
emphysema. Neutrophil elastase has a potent elastolytic 
effect, can produce emphysema in animals,87 and has been 
shown by immunochemistry to localize on lung elastic 
fi bers in human emphysema.88 Neutrophil elastase is also 
a potent mucous secretagogue of submucosal glands and 
goblet cells and induces the expression of some cytokines, 
including IL-8, in airway epithelial cells. Cysteine prote-
ases (cathepsins) are increased in BAL fl uid in patients 
with emphysema,89 but their role in COPD is uncertain. 
Matrix metalloproteinases with elastolytic and collageno-
lytic activities have been implicated in COPD. Matrix 
metalloproteinase-9 (elastase) and MMP-1 (collagenase) 
can be localized in macrophage alveolar II cells and are 
increased in BAL fl uid in COPD.90 Besides their proteo-
lytic function, MMPs generate chemotactic peptides that 
promote macrophages, recruitment to the airways and 
parenchyma, and MMP-9 also plays an important role in 
the activation of the latent form of TGF-β to its active 
form, thereby regulating infl ammation.91

The excess of proteases is counteracted by endogenous 
antiproteases; serine protease inhibitors include α1-
antitrypsin and to a lesser extent α1-antichemotrypsin, 
elafi n, and secretory leukocyte protease inhibitor, the 
major serine proteinase inhibitor in the airways. All these 
proteases can be inactivated by oxidative stress and cleav-
age by other proteinases such as MMP-9 and cathepsins 
L and S.84,90 The tissue inhibitors 1–4 of MMPs coun-
teract these proteases,92 but their production by macro-
phages in COPD seems to be blunted.56

Other Tobacco Smoking-Induced 
Lung Diseases

Habits and changes in the fabrication of cigarettes have 
changed smoking habits and by this also the spectrum of 
lung diseases. Respiratory bronchiolitis was originally 
described in 1974.93 In the 1980s respiratory bronchiolitis 
was rarely seen, but an increase in cases was seen by one 
of us since 1994. During the 1970s, fi lter cigarettes became 
more popular, and, in the 1980s, “light” cigarettes were 
invented. This has changed the composition of tobacco 
smoke carcinogens as well as the distribution within the 
airways (see the earlier explanations).

When discussing tobacco–induced lung diseases other 
than COPD, we have to deal with cigarette smoking–
induced lung diseases, because cigar and pipe smok-
ing usually causes diseases of the oral cavity and the 
larynx. Rarely this kind of tobacco smoke is inhaled. 
Cigarette smoking diseases can be classifi ed into the 
following:

Pulmonary histiocytosis X (HX) or Langerhans cell his-
tiocytosis (LCH)

Respiratory bronchiolitis–combined interstitial lung 
disease (RB-ILD)

Combined HX + RB-ILD
Desquamative interstitial pneumonia (DIP)

Pulmonary Histiocytosis X

Histiocytosis X (HX), presently called Langerhans cell 
histiocytosis, is a granulomatous infl ammatory disease 
caused by a proliferation of Langerhans cells involving 
the bronchial tree from middle-sized bronchi down to 
bronchioles and the centroacinar portion of the lung 
lobules. An infi ltration by eosinophils is present, which is 
the main cause of bronchiolar destruction (Figure 49.3). 
In the early lesion abundant eosinophilic granulocytes 
are found in the mucosa, and degranulation of eosino-
phils can be proven by immunohistochemistry for basic 
proteins or simply by a Congo red stain. In later lesions 
the granuloma undergoes fi brosis and scarring, and 
eosinophils are vanishing. In these late stages the lesions 



49. Smoking-Related Lung Diseases 535

acquire a star-like shape, which can also quite character-
istically be seen on high-resolution computed tomogra-
phy scans.

Langerhans cells are part of the antigen-presenting 
dendritic cell system and are characterized by their 
expression of CD1a on the cell surface and by Birbeck 
granules demonstrated by electron microscopy.94 Langer-
hans cells are also positive for S100 protein, similar to 
some alveolar macrophages. Langerhans cells can easily 
be differentiated from macrophages by their larger ovoid 
nuclei, their fi nely dispersed chromatin, and their 
invisible cell borders. In addition, Langerhans cells are 
negative for CD68, which is a classic macrophage 
marker.

The reason for this proliferation of Langerhans cells is 
not entirely clear; however, an excess of inhaled plant 
antigens, derived from incomplete combustion of tobacco 
plant proteins, is one of the underlying causes.95 The 
disease usually affects young individuals, male as well as 
female, who all can be characterized as excessive ciga-
rette smokers. Because many more individuals smoke 
excessively than get diseased, other underlying factors 
are likely.

Many cytokines have been proven in HX, released 
from alveolar macrophages and Langerhans cells, pre-
dominantly inducing a Th2 reaction with increased levels 
of IL-4 and IL-5.96 These might be responsible for the 
eosinophilic infi ltration. Eosinophils themselves con-
tain a vast amount of basic proteins, such as major 
basic protein, which are cytotoxic for the respiratory 
epithelium.

Besides pulmonary LCH, a tumor-like “classic” LCH 
can be found confi ned to, for example, the skin, but also 
can involve different organs, such as bone and lung. This 
type of LCH usually occurs in preadolescents and is not 
related to smoking, whereas the pulmonary LCH is asso-
ciated with smoking. In addition, dendritic cell tumors 
and sarcomas do exist at the malignant end of the spec-
trum.97 Whereas the differential diagnosis of dendritic 
cell tumors and sarcomas can easily be made, the mor-
phologic differentiation among diffuse versus tumor-like 
and tumorous Langerhans cell proliferations is still not 
solved. Multiorgan involvement, the absence of cigarette 
smoke exposure, and preadolescent age are the most reli-
able indicators.

Respiratory Bronchiolitis–Combined 
Interstitial Lung Disease 

Similar to HX, RB-ILD is caused by excessive inhalation 
of cigarette smoke. In contrast to HX, there is usually no 
reaction and/or proliferation of antigen-presenting cells 
but a massive accumulation of alveolar macrophages. 
Similar to HX, the etiology and pathogenesis of RB-ILD 
is incompletely understood. It is supposed that the disease 
is caused by an excessive inhalation of cigarette smoke, 
causing an accumulation of waste products with which 
the alveolar macrophages cannot cope. This induces an 
infl ux of monocytic cells, which differentiate into macro-
phages. These cells accumulate within the terminal respi-
ratory bronchioles, the alveolar ducts, and the adjacent 
centroacinar portion of the lobules (Figure 49.4). The 
airfl ow is reduced by this macrophage accumulation 
functionally similar to bronchiolar obstruction, and 
reduced airfl ow in the alveolar region causes decreased 
gas exchange. Therefore, clinically the disease shows 

Figure 49.3. Florid Langerhans cell histiocytosis completely 
destroying a bronchiolus. In this early lesion eosinophils cause 
necrosis by a release of toxic basic proteins from their granules. 
(Hematoxylin and eosin; ×250.)

Figure 49.4. Respiratory bronchiolitis–combined interstitial 
lung disease. Alveolar macrophages functionally causing bron-
chiolar obstruction. (Hematoxylin and eosin; ×250.)
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combined obstructive and restrictive ventilation 
disturbances.

In later stages destruction of lung parenchyma occurs, 
and emphysema can result. Most probably macrophages 
that have phagocytosed the waste products of cigarette 
smoke cause their own death by rupture of phagolyso-
somes and thus release their toxic enzymes into the sur-
rounding lung.98 A similar phenomenon was described in 
the 1950s and 1960s in experimental inhalation ex-
periments. Titanium oxide was used as a control dust in 
animal inhalation studies, because it is inert and does not 
cause disease. However, if the amount of inhaled tita-
nium oxide dust was increased excessively above the 
threshold that can be removed by the mucous escalator 
system and the phagocytic capacity of the macrophages, 
an accumulation of dust-laden macrophages occurred, 
macrophages died by release of their enzymes, and a 
secondary histiocytic and macrophage, sometimes granu-
lomatous, infl ammation started.99 This reaction was called 
an overload phenomenon, and histologically it resembled 
RB-ILD.

It should be remembered that RB-ILD is not a common 
disease; it is less prevalent in contrast to the millions of 
heavy smokers in Europe. However, RB-ILD is underes-
timated clinically; in adjacent lung tissue in patients suf-
fering from lung cancer, it is a quite common fi nding. 
Thus, the etiology is still not well understood.

Combined Respiratory Bronchiolitis–
Combined Interstitial Lung Disease 
and Histiocytosis X

A combination of HX and RB-ILD in different parts of 
the lung is seen with increasing frequency. In biopsy spec-
imens obtained during diagnostic video-assisted thoracic 
surgery, HX granulomas are seen in one subsegment, 
whereas accumulations of macrophages in respiratory 
bronchioles and centrolobular areas are observed in 
another one (Figure 49.5). This is not surprising, because 
patients are usually heavy smokers.

Desquamative Interstitial Pneumonia

Desquamative interstitial pneumonia is characterized 
by an accumulation of alveolar macrophages within the 
alveolar periphery. Respiratory bronchioles are not 
involved. Desquamative interstitial pneumonia can mimic 
a peripheral carcinoma radiologically, because the cellu-
lar accumulation is similarly dense, and the cells com-
pletely fi ll the alveoli. The etiology again is cigarette 
smoking in most cases.101–102 However, it should be noted 
that cases have been reported that point to inhalation of 
toxic substances, such as aluminium welding fumes and 
nylon fl ock dust.103–107

Desquamative interstitial pneumonia, in contrast to 
RB-ILD, is rare. In fact, there is no transition between 
both diseases. It is not imaginable where and why accu-
mulation of macrophages should vanish and only concen-
trate in the alveolar periphery or how macrophage 
accumulation should extend to respiratory bronchioles. 
In reality, a transition between both diseases has never 
been reported. In contrast to RB-ILD, DIP will usually 
induce a restrictive pattern on functional tests.

Conclusion

Cigarette smoke exposure induces a fl orid infl ammatory 
response in the lung involving structural and infl amma-
tory cells and a large array of infl ammatory mediators. 
The interactions among these complex steps eventually 
leads to tissue injury and abnormal repair, with airway 
remodeling and obstruction and lung destruction with 
emphysema, albeit in only 20% of chronic smokers. Of 
interest, the main difference between smokers who 
develop COPD and the ones who do not seems to be the 
presence of an adaptive immune response with CD8+, 
CD4+, and B cells that express obvious signs of being 
activated effector cells. It is likely that genetic and epi-
genetic factors are involved in determining the progression 
of the infl ammatory cascade, as this is supported by animal 
models looking at strains of different susceptibilities for 
the development of smoke-induced emphysema.108

Figure 49.5. Combined Langerhans cell histiocytosis and respi-
ratory bronchiolitis–interstitial lung disease in one patient. Foci 
of Langerhans cell proliferations can be seen occluding bron-
chioles. In addition, accumulation of alveolar macrophages is 
seen, occluding terminally bronchioles. (Hematoxylin and eosin; 
×25.)
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Which of the cells or infl ammatory mediators described 
are responsible for the disease and its progression in 
smokers? Probably all are, acting together as redundant 
and obligatory players in a complex innate and adaptive 
immune response. Progress in understanding COPD 
would surely lie in the knowledge of which genes or gene 
master switches are orchestrating the progression, or 
even more likely the lack of progression, of infl ammation 
toward the full disease.
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Heritable α1-Antitrypsin Defi ciency

Richard N. Sifers

1 in 2,000 are homozygotes for the allele at the AAT gene 
locus.3,4

Associated Disorders

The heritable phenomenon of severe AAT defi ciency 
can lead to clinically relevant consequences. As the 
most abundant proteinase inhibitor in human plasma, a 
primary physiologic role for AAT is to protect lung 
elastin fi bers from excessive degradation by neutrophil 
elastase.5 In many individuals, a severe defi ciency (10%–
15% of normal) of the circulating proteinase inhibitor is 
an underlying cause for excessive proteolytic destruction 
of lung elastic tissues, resulting from the unopposed 
hydrolytic action of elastase released from activated 
neutrophils.5,6 Early-onset panlobular emphysema has 
been designated as a primary loss-of-function pheno-
type.5 The situation is exacerbated because the available 
Z variant is less effective than the wild-type molecule 
(fi vefold diminished association rate between the Z 
variant and neutrophil elastase).7 The problem is further 
intensifi ed by the inappropriate structural conversion 
caused by the amino acid substitution (see later) that 
converts AAT to a chemoattractant for human 
neutrophils.8

The detection of periodic acid–Schiff positive inclusion 
bodies in hepatocytes corresponds to distended regions 
of the hepatocyte endoplasmic reticulum (ER), resulting 
from the inappropriately accumulated Z variant.9 The 
observation, which is now a hallmark for the disorder, 
also led to the identifi cation of the liver as the primary 
source for AAT biosynthesis.4 Transgenic animal models 
have confi rmed that the inclusion bodies contribute to 
chronic liver injury as a primary gain-of-toxic-function 
phenotype.10 In some individuals the disorder can prog-
ress to hepatitis, cirrhosis, and/or hepatocellular carci-
noma,11,12 the latter of which has also been detected in 
some, but not all, transgenic mouse models.

Introduction

A heritable defi ciency of circulating α1-antitrypsin (AAT) 
can lead to the development of pulmonary emphysema 
in response to the elastolytic destruction of lung connec-
tive tissue. Inappropriate accumulation of the molecule 
in hepatocytes, the primary site of biosynthesis, is an etio-
logic agent of liver injury. The defi ciency results from 
inappropriate structural maturation of the newly synthe-
sized molecule, whereas defective folding and incomplete 
clearance lead to intrahepatic accumulation. A small 
ensemble of processing enzymes modify the asparagine-
linked oligosaccharides to generate fate determinants 
that promote the molecule’s entrance into either pathway. 
The interconnection of these systems, thought to repre-
sent the decentralized surveillance of eukaryotic genome 
expression, is suspected to contain potential modifi ers of 
both diseases. For this reason, the chapter focuses on the 
elucidation of cellular strategies used by cells to handle 
mutant forms of AAT.

Heritable α1-Antitrypsin 
Defi ciency

α1-Antitrypsin is the archetypal member of the serine 
proteinase inhibitor (serpin) superfamily of proteins. 
Additional members include antithrombin, C1-inhibitor, 
α-antichymotrypsin, plasminogen activator inhibitor-1, 
neuroserpin, and heparin cofactor II.1 All share common 
structure2 but inhibit particular proteinases to different 
extents.1 Severe defi ciency of circulating proteinase 
inhibitor is one of the most common genetic disorders 
to affect the Caucasian population. Over 100 allelic 
variants of the AAT gene have been identifi ed, but homo-
zygosity for the Z allele (Glu342Lys) is most commonly 
associated with the severe defi ciency phenotype. One in 
25 individuals inherit a single Z allele, and approximately 
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Structural and Cellular 
Abnormalities

Experimental investigation of the accumulated Z variant 
eventually led to several signifi cant discoveries. First, the 
Glu342Lys amino acid substitution is responsible for the 
molecule’s inappropriate conformational transition into 
polymers following biosynthesis.13 The perturbation gen-
erates a kinetically unstable late folding intermediate 
that can undergo spontaneous noncovalent polymeriza-
tion in vitro and in the hepatocyte ER.14 In the generally 
accepted “loop-sheet polymerization” model, sequential 
insertion of the reactive center loop into β-sheet A of 
another molecule generates noncovalent Z polymers.15

Intermolecular polymerization also underlies the 
severe defi ciency associated with the rare Siiyama (Ser-
53Phe) and Mmalton (deletion of residue 52) defi ciency 
variants of AAT, plus the milder defi ciency variants des-
ignated S (Glu264Val) and I (Arg39Cys).16 That the struc-
tural anomaly is pathogenic is suggested by the fact that 
mutations suspected to most favor polymerization also 
coincide with the greatest risk of liver injury and most 
severe plasma defi ciency.7 Moreover, several members of 
the serpin family exhibit mutations that result in their 
spontaneous polymerization, intrahepatic retention, and 
plasma defi ciency. Identifi cation of the common mole-
cular mechanism has allowed for the different disorders 
to be designated a new class of disorders called the 
serpinopathies.16

Polymerization not only limits the secretion of AAT, 
eventually affecting lung function, but also might directly 
contribute to the destruction of lung elastin. The recent 
use of a monoclonal antibody led to the detection of Z 
polymers in emphysematous tissue that colocalized with 
neutrophils in the lung alveoli.17 The proinfl ammatory 
nature of the material was further substantiated by the 
infl ux of neutrophils into the lungs of mice instilled with 
polymers. Based on these observations, one must now 
consider whether the chemoattractant nature of AATZ 
polymers might promote the progression of severe lung 
damage. Finally, metabolic pulse-chase radiolabeling 
studies have convincingly demonstrated that the rate in 
which the Z variant is subject to intracellular transport is 
greatly hindered as compared with correctly folded 
monomers.18–20

A Case For Disease 
Modifi ers

Importantly, not every individual who exhibits severe 
plasma AAT defi ciency (AATD) will necessarily develop 
lung emphysema, again suggesting that modifi ers likely 
exist for this disorder. Cigarette smoke, because of its 

capacity to reduce the activity of AAT, has been desig-
nated as a major environmental modifi er of the lung 
disease.6 The identifi cation of genetic modifi ers is in 
progress.

Importantly, only a small subset (10%–15%) of patients 
who accumulate Z polymers in the hepatocyte ER actu-
ally develop any demonstrable liver damage,11,21 suggest-
ing that additional genetic or environmental factors are 
likely required to induce a clinically relevant phenotype 
and especially end-stage liver disease. Because patients 
fall into two broad age categories in terms of the time of 
disease onset,22 a genetic modifi er might control the rate 
at which the disease is manifested. Notably, a delay in the 
degradation of the Z variant has been observed in trans-
duced cells from patients who eventually underwent liver 
transplantation,23 implying that the degradation process 
might contribute to disease pathogenesis. One suggestion 
is that the liver injury results from a greater burden24 of 
accumulated molecules in response to their impaired 
intracellular clearance.

In recent years, several groups25,26 have attempted to 
unravel the mechanisms by which glycoprotein folding 
and degradation alter the circulating AAT concentration 
and/or its accumulation within hepatocytes. Elucidation 
of the rules by which these systems are governed is 
expected to aid in the discovery of new disease biomark-
ers and novel sites to treat both the lung and liver 
diseases.

Glycoprotein Biosynthetic 
Quality Control

The transcription of a gene into mRNA does not consti-
tute gene expression but merely represents one of the 
many steps that culminate in translation of an encoded 
polypeptide. Subsequent acquisition of native structure 
directly transforms the inherited information into bio-
logic activity. The interconnected nature by which correct 
maturation is linked to subsequent protein deployment 
is, perhaps, best exemplifi ed by the secretory pathway.27 
The system, consisting of large membranous organelles 
interconnected by transport vesicles, coevolved with the 
nuclear envelope in eukaryotes, implying its role in moni-
toring late stages in the eukaryote genome expression 
program.28

Biosynthetic quality control 29,30 refers to a system that 
assists the conformational maturation of all newly syn-
thesized proteins in living cells. For our purposes, the 
phrase is used as an operational defi nition that refers to 
a complex system of requisite events31 that work in 
concert to facilitate the productive transformation of 
genetic information into biologic activity.28
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Glycoprotein Structural Maturation

Facilitated folding represents the initial stage of protein 
biosynthetic quality control.31 Nascent secretory and 
membrane proteins begin their existence in the cytoplasm 
as nascent peptide still bound to the ribosomal transla-
tion machinery. A hydrophobic signal sequence located 
in the polypeptide backbone allows for binding by the 
large signal recognition particle. In turn, the complex 
docks with a designated ER protein translocation channel 
of which the primary component is Sec61p. During trans-
location, physical engagement of the polypeptide with 
one or more molecular chaperones facilitates the acquisi-
tion of native structure by preventing off-pathway events 
that can lead to nonspecifi c aggregation. The same inter-
actions underlie the capacity by which newly synthesized 
proteins are able to acquire native structure within a 
biologically relevant time scale.32 Adoption of native 
structure is coupled to productive transport through a 
series of subsequent membranous compartments (Figure 
50.1).

Involvement of Asparagine-Linked 
Oligosaccharides

An important fi nding was that covalent modifi cation of 
the asparagine-linked oligosaccharides plays a central 

role to assist the folding of newly synthesized AAT in 
the ER.33–35 Asparagine-linked glycosylation assists the 
folding of attached polypeptides. The branched 14-unit 
oligosaccharide represents a common covalent modifi ca-
tion attached to the Asn–X–Ser/Thr consensus sequence 
in nascent polypeptides during translocation into the ER 
lumen.36 The appendage provides a scaffold onto which 
oligosaccharide processing enzymes can transmit infor-
mation about the underlying protein structure (Figure 
50.2).37

The Current Model

In a widely accepted model,27 cotranslational hydrolysis 
of the two outermost glucose units by glucosidase I and 
glucosidase II generates a monoglucosylated oligosac-
charide (see Figure 50.2). The processing intermediate 
functions as a ligand capable of promoting physical 
engagement38 with two lectin-like members of the 
glycoprotein folding machinery designated calnexin and 
calreticulin39,40 Disengagement coincides with removal 
of the remaining glucose unit by glucosidase II.41 Post-
translational reassembly with the folding machinery is 
driven by UDP-glucose:glycoprotein glucosyltransferase 
(UGGT),38,42 which can catalyze the transfer of a single 
glucose unit back to the appendage upon recognition of 

Figure 50.1. Schematic representation of the differential fates 
that await newly synthesized proteins in the endoplasmic reticu-
lum. Following biosynthesis (step a), polypeptides can fold into 
their native conformation (step b) and undergo productive 
export from the endoplasmic reticulum (step c). In contrast, 
those unable to achieve this milestone are retained in the early 

secretory pathway and dislocated into the cytosol (step d) for 
proteolysis. Productive and nonproductive fates are designated 
by green and red arrows, respectively. How the effi ciency of 
proteolysis can contribute to disease pathogenesis is designated 
at the bottom.
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Figure 50.2. Generation of glycoprotein fate determinants. Shown is the 14-unit 
oligosaccharide cotranslationally attached to asparagine (Asn) units located in 
specifi c consensus sequences in the polypeptide backbone. The appendage con-
sists of glucose (squares), mannose (ovals), and N-acetylglucosamine (triangles). 
The sites of hydrolysis by glucosidase I (GIc I), glucosidase II (Glc II), and 
endoplasmic reticulum mannosidase I (ERManI) are shown. The asterisk desig-
nates the specifi c glucose unit transferred by UDP-glucosidase:glycoprotein glu-
cosyltransferase (UGGT). All α-1,2-linked mannose units that can be hydrolyzed 
by ERManI are shown (black ovals), as is the prominent glycosidic linkage 
(dashed arrow).

Figure 50.3. A triad of requisite events orchestrate the prefer-
ential degradation of nonnative glycoproteins on the basis of 
their ineffi cient conformational maturation. In the event that 
repeated folding attempts fail, the molecule’s prolonged reten-
tion in the early secretory pathway leads to the opportunistic 
cleavage of mannose (via endoplasmic reticulum mannosidase 
I [ERManI]) from asparagine-linked oligosaccharides. The 

cleaved glycans and nonnative structure serve as the central 
components of a proximal degradation signal and are schemati-
cally represented as the shaft and handle of a key, respectively. 
Signal recognition is speculated to initiate the glycoprotein’s 
recruitment to a proposed retrograde translocon. Polyubiqui-
tination ([Ubq]n) both facilitates dislocation of the protein into 
the cytosol and triggers proteolysis by 26S proteasomes.
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residual nonnative protein structure. The resultant 
arrangement has been termed the calnexin cycle.27 In the 
absence of further recognition by UGGT, biologically 
active glycoproteins are deployed to their sites of 
operation.

Orchestration of Glycoprotein 
Degradation

In the second stage of quality control, terminally mis-
folded glycoproteins are subject to selective clearance 
from the early secretory pathway by a conformation-
based disposal system43 designated ER-associated deg-
radation (ERAD; Figure 50.3). Persistent engagement 
of AAT with one or more molecular chaperones44 is 
generally diagnostic of a protein folding defect, prevent-
ing productive transport beyond the early secretory 
pathway (see Figure 50.1). The combination of nonna-
tive protein structure and asparagine-linked oligosac-
charides opportunistically cleaved by ER mannosidase 
I in response to prolonged retention has been proposed 
to generate a luminal bipartite signal that initiates the 
partitioning of terminally misfolded glycoproteins into 
glycoprotein ERAD (GERAD; see Figure 50.3).28 In a 
recently proposed model, nonnative structure is inca-
pable of initiating entrance into GERAD. Rather, the 
single determinant is held suspect until acquisition of 
the oligosaccharide cleavage by ER mannosidase I pro-
vides corroborative evidence for ineffi cient conforma-
tional maturation.45

Precision of Substrate Selection

Endoplasmic reticulum mannosidase I exists at a 
remarkably low intracellular concentration,45 especially 
when compared with molecular chaperones that are 
generally plentiful. The stochastic basis by which sub-
strates are selected for GERAD was recently supported 
by the accelerated degradation of misfolded glycopro-
teins in response to an experimentally elevated intra-
cellular concentration of recombinant human ER 
mannosidase I.45 In contrast to the stochastic model, 
Lederkremer and Glickman 46 recently suggested that 
vesicle recycling47 rather than strict ER retention might 
contribute to the “timed” degradation of secretion-
incompetent glycoproteins. In that model, ER manno-
sidase I is localized to a downstream compartment,47 
and the recycling of the substrate provides a window of 
opportunity for cleavage of the asparagine-linked 
appendages. Regardless of the model, the impaired 
progression of damaged gene products (i.e., encoded 
proteins) through the exocytic pathway is broadly remi-
niscent of the capacity by which damaged DNA impedes 
cell cycle progression.

Substrate Recruitment and Proteolysis

The trajectory toward proteasomal degradation is sus-
pected to result from downstream machinery predicted 
to recognize the emergent bipartite signal anatomy (see 
Figure 50.3). Their role in recruiting the protease-
destined molecules to a putative ER channel through 
which retrotranslocation into the cytosol takes place. 
The machinery has been discussed elsewhere, and 
several possible components have been tentatively 
identifi ed.28 Subsequent retrotranslocation into cytosol 
and destruction by cytosolic 26S proteasomes are both 
mediated by polyubiquitination of the eventual protea-
somal substrates. The effi ciency, or lack thereof, by 
which the proposed triad of requisite events operates 
and their chain of operation conspicuously contribute 
to the pathogenesis of both the lung and liver diseases 
(see Figure 50.1).

Potential Therapeutic 
Approaches

α1-Antitrypsin defi ciency represents one of many con-
formational diseases. There is currently no specifi c 
therapy for the aforementioned end-stage diseases apart 
from organ transplantation. Rather than attempting to 
replace the abnormal gene, or add a normal gene by 
homologous recombination, many have begun to con-
sider pharmacologic intervention. In fact, this idea might 
very well work because misfolded proteins are degraded 
by multistep processes (Figure 50.4). For AATD, thera-
peutic intervention will be attempted for the purpose 
of enhancing variant Z secretion without affecting the 
folding or degradation of other molecules. For this 
reason, it is particularly advantageous that at least three 
different forms of the Z variant can simultaneously exist 
in cells (Figure 50.5), and three different degradation 
systems capable of eliminating AATZ have been identi-
fi ed.48,49 Also, degradation of the Z variant has been 
shown to act in a cell type-specifi c manner, implying 
that certain conformations of the Z variant might pre-
dominate in one cell line over another (see Figure 
50.5).

A reasonable, therapeutic strategy is to somehow 
hinder AAT polymerization in vivo. The idea is to 
develop small molecules that will block the structural 
anomaly in the hepatocyte ER because administered 
synthetic peptides will likely be rapidly metabolized.50 
Finally, the multiple manner by which the degradation 
systems can apparently operate might even allow for the 
eventual discovery of novel diagnostic markers and/or 
prognostic indicators for both the lung and liver 
diseases.
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Figure 50.4. Three proposed series of requisite events are presented. 
Type I depicts a single, nondivergent, degradation pathway. Type II 
depicts a pathway that diverges at the level of substrate recruitment. 
Type III depicts a pathway that diverges at the level of substrate recruit-
ment and proteolysis. The latter is representative of how Z variant mol-
ecules are thought to be degraded. The Xs depict sites of therapeutic 
intervention that might be selective for a minor class of glycoproteins.

Figure 50.5. A small fraction of the newly synthesized Z variant 
(step a) capable of achieving conformational maturation (step 
b) is productively released from the endoplasmic reticulum for 
eventual secretion (green arrow). In contrast, unfolded mono-

mers eventually form soluble loop-sheet polymers (step c). 
These can elongate to form insoluble material (d). The proteo-
lytic activities considered to degrade each population are 
depicted.
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asthma pathogenesis as established through human, 
animal, and cell culture studies (see Figure 51.1). For 
many years, the major theory for the pathogenesis of 
asthma was the type I hypersensitivity mechanism, which 
derived from the study of IgE and its ability to activate 
immune cells such as mast cells that express a high affi n-
ity receptor for IgE, FcεRI.4–7 Studies conducted much 
later established that the cytokine IL-4 was the major 
secreted factor regulating B-cell secretion of IgE.8–10 Fur-
thermore, growth and development of mast cells and 
eosinophils was shown to be under the control of addi-
tional cytokines, especially IL-3, IL-5, and IL-9. Although 
these cytokines derive from diverse cellular sources, Th2 
cells are a major source during established allergic infl am-
mation, suggesting that Th2 cells were likely essential 
mediators of allergic airway infl ammation in asthma.11 
This concept has received abundant experimental valida-
tion, largely through study of rodents.12–15

An important additional advance regarding the patho-
genesis of asthma as derived from experimental systems 
was the discovery that Th2 cells directly mediate air-
way disease independent of immunoglobulins.12,16 Major 
disease obstructive features such as airway hyperrespon-
siveness, goblet cell metaplasia, and glycoprotein hyper-
secretion are mediated by IL-4 and IL-13 acting directly 
on lung cells through a receptor complex that includes 
the α-chain of the IL-4 receptor (IL-4Rα).17,18 Interleu-
kin-4 and IL-13 ultimately induce these highly character-
istic lung abnormalities through a receptor that includes 
IL-4Rα and the transcription factor signal transducer and 
activator of transcription 6 (STAT6).19–24 Figure 51.1 pro-
vides an overview of the major immune mechanisms rel-
evant to asthma and some of the major molecules through 
which these mechanisms are coordinated.

The relevance of many additional molecules impli-
cated, either through human or animal studies or both, to 
the pathogenesis of asthma can be understood in terms 
of the major physiologic checkpoints regulating disease 
expression (Figure 51.2). The earliest infl ammatory 

Introduction

Asthma is an infl ammatory disease of the airways in 
which patients suffer from episodic dyspnea, cough, and 
related symptoms accompanied by characteristic abnor-
malities of the airways that include the presence of 
eosinophil-predominant allergic infl ammation and airway 
hyperresponsiveness to provocative challenge. The latter 
abnormality refl ects the exaggerated tendency of the 
asthmatic airway to constrict in response to a broad range 
of provocative stimuli. Enhanced constrictive responses 
to especially histamine and cholinergic agonists are used 
in the bronchial provocation test as a diagnostic aid where 
disease status remains uncertain based on clinical grounds 
alone. Additional highly characteristic histologic features 
of asthma include a metaplastic response of the airway 
epithelium involving the appearance of mucous-secreting 
goblet cells with enhanced secretion into the airway of 
mucin gene products and subepithelial airway fi brosis 
(Figure 51.1). Both of these abnormalities contribute to 
airway obstruction acutely and chronically, with airway 
mucous impaction strongly linked to asphyxiation and 
death in severe asthma.1–3

Although many clinical variants of asthma have been 
identifi ed, a consistent link to allergic infl ammation none-
theless unifi es these putatively distinct entities through 
a common underlying immunopathologic mechanism. 
Typical evidence of allergic infl ammation in asthma 
patients, irrespective of clinical subtype, includes elevated 
total or antigen-specifi c immunoglobulin E (IgE) levels, 
T helper type 2 (Th2) cells, terminally differentiated 
CD4+ T cells that secrete a restricted repertoire of cyto-
kines including interleukin 4 (IL-4), IL-5, IL-6, IL-10 and 
IL-13, and the presence in the blood or airways of eosino-
phils. Enhanced recruitment of neutrophils to the airways 
has also been linked to severe asthma.

The contribution of the many molecules and signaling 
pathways to asthma is best understood in the context of 
the major immunologic paradigms shown to underlie 
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Figure 51.1. The major immune mechanisms underlying 
asthma pathogenesis. Two major mechanisms, type I hypersen-
sitivity and type IV hypersensitivity, are thought to contribute 
to the major structural and physiologic changes associated with 
asthma, including airway hyperresponsiveness, goblet cell meta-
plasia with mucous hypersecretion, subepithelial airway fi brosis, 
and recruitment to the lungs of diverse infl ammatory cells. 
During type I hypersensitivity, immunoglobulin (Ig) E secreted 
by B cells is captured by high-affi nity receptors (FcεRI) present 
on mast cells and eosinophils. Cross-linking of surface-associ-
ated IgE induced by exposure to cognate antigen results in 
activation of FcεRI-bearing cells and the release of a large 

number of potentially toxic molecules that together contribute 
to the asthma phenotype. In contrast, type I hypersensitivity 
involves predominantly T lymphocytes and is immunoglobulin 
independent. The cytokines interleukin (IL)-4 and IL-13, 
secreted predominantly by Th2 cells, act directly on target 
tissues of the airway to elicit the asthma phenotype. Note that 
Th2 cells, through the cytokines that they secrete, are critical 
mediators of both disease mechanisms and provide the factors 
necessary for the growth and differentiation of asthma-
associated infl ammatory cells. STAT, signal transducer and 
activator of transcription.

events in asthma are not directly tied to Th2 cells but 
rather begin through innate infl ammatory pathways initi-
ated by allergens that are only now beginning to be 
understood (stage I). Among many effects, innate infl am-
matory mechanisms likely initiate the developmental 
programs governing maturation of Th2 cells, eosinophils, 
and other allergic effector cells while simultaneously ini-
tiating the recruitment of these cells to the lungs through 
additional signaling programs (stages II and III). Once 
allergic infl ammatory cells become established in the 
lung, their effector mechanisms begin the process of lung 
remodeling that results in acute and chronic airway 
obstruction (stage IV). Finally, the asthmatic lung can 
turn in one of two distinct directions. For reasons that are 
currently obscure, asthma can evolve into more complex 
clinical syndromes that include allergic bronchopulmo-
nary mycosis, Churg-Strauss syndrome, chronic eosino-
philic pneumonia, and possibly others (stage V). 
Conversely, and at any point in disease, allergic infl am-
mation can resolve and the lung remodeling, if any, can, 
at least to some degree, attenuate to a more normal 
pathologic and physiologic state (stage VI).

In this chapter, we review the contribution of the many 
molecules implicated in asthma pathogenesis, emphasiz-
ing the genetic studies that have linked specifi c polymor-
phisms to disease. It should be noted that for most of 
these studies, little insight yet exists as to why specifi c 
polymorphisms associate with asthma, although it is clear 
that other mutations modulate in signifi cant ways the 
most important allergic signaling pathways controlling 
disease expression.

Molecular Pathogenesis of Asthma

For ease of presentation, molecules are considered in the 
context of closely related members that share key char-
acteristics. Occasionally, molecules closely related based 
on structure will have markedly different functions in 
asthma, creating the potential for confusion. Cross-
referencing to Figure 51.2, which regroups the same mol-
ecules according to the major checkpoint(s) in which they 
participate, will minimize such confusion.
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Cytokines, Growth Factors, and Related 
Regulatory DNA 

Interleukin-4 and Interleukin-13

Cytokines are the currency through which immune cells 
mediate physiologic change in the lungs and elsewhere 
and contribute, positively and negatively, to the regula-
tion of allergic infl ammation in asthma. As discussed 
previously, IL-4 and IL-13 are related cytokines critical 
to the induction of allergic infl ammation and for lung 
remodeling leading to airway obstruction. Despite sharing 
the same receptor signaling subunit (IL-4Rα) and acti-
vating the same major transcription factor (STAT6), IL-4 
and IL-13 have unique functions, although some overlap 
in their activities can be detected (Figure 51.3). Thus, the 

function of IL-4 is confi ned largely to the immune com-
partment, where it serves as the most important factor 
regulating the growth and differentiation of Th2 cells and 
IgE-secreting B cells. In contrast, IL-13 is the most impor-
tant Th2 factor mediating physiologic change within the 
airways (airway hyperresponsiveness, goblet cell meta-
plasia, eosinophil recruitment), and therefore its effects 
are primarily extraimmune. Because of the similarity in 
their signaling functions, it is inevitable that IL-13 will 
have some effect on IgE production and, similarly, that 
IL-4 can contribute directly to airway disease, but these 
latter effects are probably dispensable in comparison 
with the contribution of the other cytokine.25

Within the IL-4 gene exist several polymorphisms that 
have been linked to asthma, including cytosine to thymi-
dine mutations at position −34 and −589 that occur in 

Figure 51.2. The major checkpoints in the evolution of asthma 
and related allergic lung syndromes. Following initiation of 
allergic lung infl ammation by inhaled allergens, distinct genetic 
programs are activated that direct the development and recruit-
ment of allergic effector cells to the lung. Recruited infl amma-
tory cells, through their secreted products, then begin the 
process of lung remodeling, acute and chronic structural changes 
that ultimately cause airway obstruction and reduced lung func-
tion. From this point, disease can either resolve or progress to 
a variety of more complex clinical forms. The molecules regu-
lating each checkpoint, where known, are indicated in the high-
lighted boxes. Ach, acetylcholine; ADAM33, a disintegrin and 
metalloprotease domain 33; AMCase, acidic mammalian chitin-

ase; C3a, complement 3a; C3aR, complement 3a receptor; CNS, 
conserved noncoding sequence; CysLTR, cysteinyl leukotriene 
receptor; EGF, epidermal growth factor; GM-CSF, granulo-
cyte–macrophage colony-stimulating factor; ICOS, inducible 
costimulator; IFN, interferon; IL, interleukin; MMP, matrix 
metalloproteinase; NF, nuclear factor; NO, nitric oxide; NOS, 
nitric oxide synthase; PAFR, platelet-activating factor receptor; 
PGR, prostaglandin receptor; R, receptor; STAT, signal trans-
ducer and activator of transcription; T-bet, T-box expressed in 
T cells; TGF, transforming growth factor; TIM, T-cell immuno-
globulin and mucin domain protein molecule; TNF, tumor 
necrosis factor; TLR, Toll-like receptor; TSLP, thymic stromal 
lymphopoietin.
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diverse populations.26–29 A cytosine to thymidine exchange 
occurring at position −1055 of the IL-13 promoter was 
also linked to asthma, and additional data suggested 
that this polymorphism enhanced expression of IL-13 
transcriptionally.30,31 The IL-13 gene contains a noncon-
servative mutation involving an arginine to glutamine 
substitution at position 110 (or 130 if the signal peptide 
is included) that was linked to asthma in British and 
Japanese patients32 but not in a United States cohort.33 
Additional studies have shown that this mutation 
enhances STAT6-dependent signaling in vitro and that 
the R130Q mutant is less susceptible to inhibition by 
soluble IL-13Rα2, an IL-13-inhibiting agent.34 These 
fi ndings together indicate that the R130Q IL-13 mutant 
may be substantially more active in vivo than other 
isoforms.

Interleukin-4 Receptor a-Subunit

The principal component of the IL-4 and IL-13 receptors, 
IL-4Rα, is linked to asthma through several mutations, 
including an isoleucine to valine polymorphism at posi-
tion 50,35,36 an arginine mutation at position 576,37 and 
several others in Hutterites.38 Additional mutations, 
although not signifi cant individually, in combination 
produce an IL-4 receptor that is more sensitive to IL-4 
signaling and a haplotype with signifi cant linkage to atopic 
asthma.29,39 However, the strongest genetic linkages with 
asthma are associated with more complex haplotypes 
involving combinatorial mutations in the genes for IL-4, 
IL-13, IL-4Rα, and STAT6.40–42 Thus, analysis of the IL-
4/IL-13 signaling pathway indicates that individual poly-
morphisms can have an additive effect that dramatically 
enhances the expression and/or severity of asthma, a 

fi nding that agrees well with the overall importance of this 
pathway as shown in experimental systems.17

Conserved Noncoding Sequence 1

Within the short region spanning the IL-4 and IL-13 
genes exists a highly conserved noncoding sequence, 
CNS-1, that coordinately regulates the expression of 
these two cytokines and is required for optimal Th2-cell 
development.43 Mutations in this region, although uncom-
mon, are also associated with asthma.28 Presumably, these 
mutations affect Th2-cell development, but this has yet 
to be formally proven.

Interleukin-5 and Interleukin-9

The cytokines IL-5 and IL-9 are located within the distal 
arm of chromosome 5 near the IL-4 and IL-13 loci and 
are Th2 cytokines as well. The overall importance of IL-5 
in asthma remains unclear. Interleukin-5 is indisputably 
important as a growth and differentiation factor for 
eosinophils,44 but various experimental strategies have 
failed to resolve the overall importance of either IL-5 or 
eosinophils in asthma.13,45–47 Human clinical trials have 
shown that neutralization of IL-5 has little effect during 
established asthma,48,49 but, because this treatment failed 
to completely remove lung eosinophils, a role for these 
cells in perpetuating disease remains possible.50 Despite 
initial interest in IL-9 as an important factor in asthma, 
newer studies have demonstrated its dispensable role in 
experimental asthma.51 No polymorphisms are known 
from the IL-5 and IL-9 genes that show clear linkage to 
asthma, but two noncoding polymorphisms within the 

Figure 51.3. Interleukin (IL)-4 and IL-13 in asthma pathogen-
esis. Despite sharing the IL-4Rα receptor signaling subunit, 
IL-4 and IL-13 play distinct but equally critical roles. The effects 
of IL-4, the original source of which is uncertain, are confi ned 
largely to the immune compartment where IL-4 determines the 

growth and development of Th2 cells and immunoglobulin E 
(IgE)–secreting B cells. In contrast, IL-13, which is produced 
predominantly by mature Th2 cells, acts largely on extraim-
mune target tissues of the lung to induce the remodeling changes 
linked to airway obstruction.
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IL-5Ra gene, which is required for IL-5 signaling, have 
shown linkage to asthma in Korean patients.52

Transforming Growth Factor-b1

Transforming growth factor (TGF)-β1 is a highly pleio-
tropic cytokine secreted from diverse sources that is 
implicated in two phenomena relevant to asthma: 
enhancement of airway fi brosis and suppression of infl am-
mation. Transforming growth factor-β expression by 
airway epithelial cells is upregulated by IL-13,53 suggest-
ing that it may enhance the airway fi brosis that is seen 
especially during chronic allergen challenge54,55 and that 
is believed to contribute to fi xed decline in lung function 
with long-standing asthma. Despite these observations, 
overall airway TGF-β expression does not vary between 
patients with asthma and other obstructive diseases, nor 
do expression levels of TGF-β distinguish asthma patients 
with different degrees of severity.56,57

Conversely, TGF-β is also highly immunosuppressive. 
Mice lacking this cytokine succumb to a lethal immune 
proliferative state marked by massive infi ltration of 
most tissues with infl ammatory cells. Transforming 
growth factor-β specifi cally coordinates the activation of 
CD4+CD25+CD62L+ T regulatory cells that suppress the 
development of allergic lung infl ammation by activating 
the transcription factor Foxp3.58 T regulatory cells secrete 
IL-10 and/or TGF-β itself to inhibit activation of Th2 
cells, secretion of proinfl ammatory cytokines, and experi-
mental asthma.58,59

Several polymorphisms in the TGF-b1 gene have been 
linked to asthma.60 The threonine allele at position −509 
(T509) of the TGF-β1 promoter, which may encode for a 
new transcription factor binding site, was signifi cantly 
linked to allergy and greater asthma severity, particularly 
when homozygous,60–62 although subsequent studies have 
failed to confi rm this fi nding in Caucasian patients.63 A 
second TGF-β1 polymorphism (T869C) has also been 
linked to increased asthma susceptibility in Chinese 
atopic patients.64 How these polymorphisms affect the 
expression of allergic disease has not been defi ned.

Interleukin-1a and Interleukin-1b
Interleukin-1α and -1β are macrophage and epithelial 
cytokines with potent T-cell–activating potential that 
signal through the same receptor (IL-1R1). Under some, 
but not all, experimental conditions, both IL-1 isoforms 
and IL-1R1 are required for normal Th2-cell prolifera-
tion and cytokine secretion and therefore allergic lung 
infl ammation, but, paradoxically, lack of IL-1α alone 
results in enhanced allergic lung responses and Th2-cell 
activity.65,66 Although a link between IL-1 polymorphisms 
and asthma has yet to be clearly established,67,68 several 
polymorphisms encompassing many distinct haplotypes 

of the IL-1 receptor antagonist gene (IL-1RA), which 
encodes for a soluble protein that inhibits IL-1 signaling, 
are associated with asthma susceptibility.69

Interleukin-6

Interleukin-6 is a cytokine that is thought to primarily 
regulate T-cell, especially Th2-cell, responses and IgE 
secretion.70 Although originally thought to be a requisite 
factor in Th2 differentiation,71 it is now clear that IL-6 is 
not required for murine allergic responses.72 Indeed, there 
exists evidence to support an antiinfl ammatory role for 
IL-6 in allergic responses of the lung and other organs.73–76 
No polymorphisms in the IL-6 and related genes have yet 
been linked to asthma.

Thymic Stromal Lymphopoietin

Thymic stromal lymphopoietin (TSLP) is related to IL-7 
and was originally described as a B-cell growth and dif-
ferentiation factor.77 More recent studies have, however, 
revealed that TSLP is produced outside of the thymus, 
especially in the airways of asthmatic humans and epithe-
lial cells to promote allergic responses.78,79 Thymic stromal 
lymphopoietin signaling is required for optimal Th2 
development from naïve precursor cells and allergic lung 
infl ammation.80,81 At least for human T cells, TSLP 
promotes Th2 differentiation by inducing expression of 
OX-40 ligand.82 Thymic stromal lymphopoietin signal-
ing–defi cient mice further show enhanced Th1 responses,80 
suggesting that TSLP might be a master regulator of Th2 
responses.83

Interleukin-10

Interleukin-10 was originally described as a Th2 cytokine 
but is now known to be secreted by diverse cells, includ-
ing T cells, macrophages, monocytes, and epithelial cells. 
Interleukin-10 is readily detected in the lungs and airways 
of asthmatic patients where it is thought to exert an 
immunosuppressive role. Although IL-10 can promote 
IgE and IgG1 responses under some conditions,84 studies 
of IL-10–defi cient mice in asthma and asthma-like in-
fl ammation models consistently demonstrate enhanced 
infl ammation and disease parameters, including airway 
hyperresponsiveness, in its absence.85,86 Interleukin-10, 
together with TGF-β1, is thought to account for much of 
the antiinfl ammatory properties of T regulatory cells.

Many polymorphisms in the IL-10 gene have been 
linked to asthma and IgE secretion. These include a cyto-
sine to adenine exchange at position −571 of the IL-10 
promoter, which linked to elevated total serum IgE in 
subjects hetero- or homozygous for the mutation,87 and a 
similar cytosine to adenine mutation at position −627, 
which was associated with a higher risk of developing 
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asthma.67 A thymidine to cytosine exchange at position 
4299 of the 3′ untranslated region was signifi cantly asso-
ciated with forced expiratory volume in 1 sec (FEV1) 
percent predicted.88 The promoter haplotype GCC, 
involving three distinct polymorphisms at positions 
−1117, −854, and −627, respectively, was positively associ-
ated with IgE levels and FEV1 percent predicted, whereas 
the haplotype ATA involving the same loci was nega-
tively linked to airway hyperreactivity and FEV1.88 Addi-
tional haplotypes involving the IL-10 promoter that show 
complex links to asthma (positive and negative associa-
tions) have also been identifi ed in persons of Indian 
descent.89 The molecular basis for these IL-10–based 
polymorphism associations have yet to be defi ned.

Interleukin-17

Interleukin-17 actually represents a family with at least 
six members (IL-17a–f); IL-17e is also termed IL-25. Thus 
far, only one member of this extended cytokine family 
has been shown to have relevance to asthma, although 
more than one isotype is found in respiratory secre-
tions of asthma patients.90–92 IL-17e/IL-25 promotes Th2 
responses, airway eosinophilia, and airway mucin secre-
tion as assessed in studies of mice.92–96 No studies have 
demonstrated, however, whether IL-17e/IL-25 is required 
for either Th2 responses or allergic lung infl ammation 
and therefore whether this cytokine represents a suitable 
therapeutic target. No associations were found between 
polymorphisms in the IL-17f gene and asthma.97

Granulocyte–Macrophage 
Colony-Stimulating Factor

Granulocyte–macrophage colony-stimulating factor 
(GM-CSF) is a product of eosinophils, T cells, and respi-
ratory epithelium that is consistently found in the respira-
tory secretions of asthma patients.11,98,99 Although known 
principally as a growth factor for macrophages and related 
cells, GM-CSF is an important survival factor for lung 
eosinophils in asthma.100–102 Additional studies from 
rodents indicate an important role for GM-CSF in regu-
lating the expression of allergic lung disease. Adenoviral-
mediated expression of GM-CSF in the respiratory 
epithelium enhanced the allergic immune response to 
airway allergen challenge, resulting in prolonged and 
exaggerated allergic infl ammation.103 Granulocyte–
macrophage colony-stimulating factor was also impor-
tant for the expression of allergic infl ammation and 
airway hyperresponsiveness due to ovalbumin, ragweed 
pollen, and diesel exhaust particles.104–106 These fi ndings 
are of particular interest because GM-CSF is able to 
overcome the tolerogenic (noninfl ammatory) reaction of 
the lung to inhaled antigens such as ovalbumin and 

ragweed pollen that otherwise require exogenous adju-
vant factors and systemic immunization before intranasal 
challenge results in signifi cant infl ammation. Granulo-
cyte–macrophage colony-stimulating factor may there-
fore serve as an important endogenous adjuvant factor 
that conditions the airways for subsequent allergic 
responses.

Epidermal Growth Factor

Epidermal growth factor (EGF) is one of many factors 
that affect the growth and differentiation of the epithe-
lium and other lung tissues. Expression of both EGF and 
its receptor was enhanced in airway biopsy specimens 
from asthmatic patients, particularly on airway goblet 
cells, with enhanced expression correlating with disease 
severity.107–109 While these studies only suggest a role for 
EGF in the regulation of airway remodeling during aller-
gic infl ammation, subsequent studies of rats confi rmed 
the ability of EGF to induce goblet cell metaplasia and 
mucin gene expression, although this required the prior 
intratracheal administration of tumor necrosis factor.110 
Thus, EGF is similar to other cytokines, such as IL-4 and 
IL-13, that are capable of inducing airway epithelial 
remodeling, especially goblet cell metaplasia, but it 
remains unclear if EGF, like these other factors, is required 
for this effect.

Vascular Endothelial Growth Factor

A distinct aspect of airway remodeling is the proliferation 
of blood vessels (angiogenesis) that accompanies infl am-
mation.111 Peribronchovascular angiogenesis is believed 
to contribute to airway narrowing and may promote 
edema formation that further enhances airway obstruc-
tion in asthma. Multiple secreted factors potentially regu-
late this process, including vascular endothelial growth 
factor (VEGF), endothelin-1, angiogenin, and fi broblast 
growth factor (FGF). Expression of all four angiogenic 
factors was increased in the airways or induced sputum of 
asthma patients.111–115 Overexpression of VEGF in mouse 
airways promoted growth of new vessels as expected but 
also resulted in both allergic infl ammation alone and 
enhanced allergic infl ammation in response to inhaled 
allergen.116,117 Similarly, inhibition of the VEGF receptor 
in an allergen-dependent model of asthma resulted in a 
modest decrease in airway infl ammation but failed to 
inhibit IgE responses, nor did inhibition of VEGF alter 
the vascularity of lung parenchyma.118 These surprising 
fi ndings indicate that VEGF in the context of allergic 
infl ammation plays an important, but not obligatory, role 
in coordinating the airway infl ammatory response to 
inhaled allergen but may not be important to the process 
of neovascularization at least during acute infl ammation.
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Endothelin-1

Endothelin-1 is a vasoactive factor secreted by endothe-
lium and epithelium and is capable of inducing tracheo-
bronchial constriction.119–123 Inhibition of endothelin in 
allergen-challenged rodents further inhibited allergic 
infl ammation and proinfl ammatory cytokine secre-
tion,124,125 but mice with 50% of normal endothelin expres-
sion showed no impairment in airway hyperresponsiveness 
following allergen challenge.126 Asthma patients exposed 
to endothelin aerosol uniformly showed bronchocon-
striction but no alteration in infl ammatory parameters.127 
Despite these insights, further studies are required to 
defi ne the importance of endothelin in asthma in relation 
to other proinfl ammatory factors.

Fibroblast Growth Factors, Angiogenin, and 
Platelet-Derived Growth Factor

Fibroblast growth factors, angiogenin, and platelet-
derived growth factor show enhanced expression in the 
airways of asthma patients and could potentially con-
tribute to disease manifestations through their ability 
to support fi broblast proliferation and angiogenesis. 
However, few functional data as yet clearly support such 
roles in asthma.111,128,129

Tumor Necrosis Factor 

Tumor necrosis factor (TNF) is a potent infl ammatory 
cytokine that is strongly implicated in T-cell–dependent 
infl ammation underlying autoimmune diseases, but it is 
also detected in elevated amounts in the lungs of asthma 
patients, especially following allergen challenge.130,131 
Neutralization of TNF in allergen-challenged mice con-
sistently resulted in less airway infl ammation and reduced 
airway hyperreactivity.132–134 Human studies of TNF inhi-
bition in asthma have, however, been inconsistent. A 
phase I study of 21 patients given soluble TNF receptor 
showed no benefi t for asthma and was terminated because 
of serious neurologic side effects.135 However, the same 
agent given to a different patient cohort with refractory 
disease signifi cantly improved airway hyperresponsive-
ness and other disease indices.136 Thus, TNF is clearly 
expressed in the airways of asthma patients and at least 
for some patients appears to contribute to disease expres-
sion, but through mechanisms that remain obscure.

Genetic studies have linked a complex haplotype 
involving the TNF gene (glycine substitution for 
alanine at position 308) and a closely linked allele for 
lymphotoxin-α, a cytokine very similar to TNF, and 
expression of asthma in Caucasian populations in the 
United Kingdom, Taiwanese Asians, and North 
Indians.137–139 but studies from distinct populations have 

failed to support this association.27,140,141 A distinct poly-
morphism involving the lymphotoxin-α promoter (glycine 
to alanine change at position −753) was found to associ-
ate more frequently with asthmatic children from Japan. 
This polymorphism conferred less transcriptional activity 
compared with the nontransmitted allele.142

As with many genetic linkage studies in asthma, small 
population size, as well as genetic heterogeneity, might 
have contributed to discordant results involving TNF 
polymorphisms in distinct populations. The largest study 
of TNF and related polymorphisms in human asthma 
involved an analysis of 708 children for both single and 
multiple polymorphisms. In this analysis, no associations 
between single polymorphisms and asthma were found, 
but a complex haplotype involving both the lymphotoxin-
α and TNF loci was found.143

Interleukin-12

Several soluble factors are important for their inhibitory 
role in Th2 development and allergic lung infl ammation. 
Perhaps the best known of these is IL-12, a heterodimeric 
product of dendritic cells and other antigen-presenting 
cells (consisting of p35 and p40 subunits) that controls 
Th1-cell development and the secretion of interferon 
(IFN)-γ. Both IL-12 and IFN-γ directly inhibit the activity 
of Th2 cells and have been linked to the suppression of 
allergic lung infl ammation induced by allergen.144,145 
Interleukin-18 has activity similar to that of IL-12,146 but 
it also enhances IgE secretion and allergic lung infl am-
mation under some conditions.147,148

Heterozygosity in IL-12B (p40 subunit) promoter poly-
morphisms strongly correlated with increased risk for 
asthma severity in atopic and nonatopic Australian chil-
dren, whereas no link was established for these mutations 
in their homozygous state.149 The heterozygous state was 
associated with less production of IL-12 by dendritic cells, 
suggesting a mechanism by which less production of a 
powerful suppressant of allergic lung infl ammation might 
lead to more severe disease in heterozygous individuals.149 
This fi nding, however, was not replicated in a much larger 
longitudinal cohort study of similar child and adult asth-
matics.150 Additional polymorphisms in the IL-12B pro-
moter and 3′ untranslated region correlated with transcript 
instability, lower transcriptional level of mature IL-12 
mRNA, and protection against childhood asthma.151 Addi-
tional polymorphisms within the IL-12 gene have been 
linked to adult asthma,152 but these preliminary studies 
require verifi cation in larger and more diverse cohorts.

Toll-Like Receptors

Allergic lung infl ammation can be inhibited through the 
endogenous release of IL-12 and related factors through 
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the Toll-like receptor (TLR) family, which in humans 
includes at least 10 members. Unique products derived 
from bacteria, viruses, fungi, and parasites activate these 
cell surface- and cytoplasm-associated receptors and 
induce powerful type 1 immune responses especially 
when given in combination,153 Evidence further suggests 
that endotoxin (lipopolysaccharide, a TLR4 agonist) 
present in homes promotes type 1 immunity and pro-
tects against asthma.154 However, when administered 
individually, endotoxin and peptidoglycan, a TLR2 
ligand, can paradoxically elicit Th2 activation and allergic 
lung infl ammation in mice under some experimental 
conditions.155,156

Numerous single nucleotide polymorphisms involving 
TLR4 and TLR9 have been described, of which none of 
the common ones has been linked to asthma in diverse 
North American cohorts.157–159 However, a point mutation 
in TLR4 (Asp299Gly) resulted in less secretion of IL-12 
and IL-10 from peripheral blood mononuclear cells with 
lipopolysaccharide stimulation and was further linked to 
a fourfold higher risk for allergic asthma in Swedish 
school children.160 A single mutation on TLR2 was also 
linked to asthma and allergies in European children of 
farmers but failed to associate with disease in children 
not living on farms.161

Chemokines and Their Receptors

Studies from asthma patients have established that aller-
gic airway infl ammation is commonly, if not invariably, 
present with active disease. Additional studies from mice 
have established two fundamental fi ndings regarding 
asthma pathogenesis: (1) Allergic infl ammation is 
necessary for airway hyperresponsiveness and other 
physiologic changes linked to asthma, and (2) allergic 
infl ammatory cells must be recruited to the lungs, not 
merely be present in the animal, to induce disease. There-
fore, a critical aspect of asthma pathogenesis is the mol-
ecules regulating recruitment of allergic infl ammatory 
cells to lung. This important molecular family includes 
chemokines and other chemotactic molecules and their 
receptors that regulate the extravasation of circulating 
leukocytes into the lung parenchyma.

Chemokines are small (8–10-kDa) cytokines secreted 
by numerous tissues that activate cells through seven 
transmembrane spanning, G protein–coupled receptors 
to coordinate the recruitment (i.e., homing) of infl amma-
tory cells to sites of infl ammation.162,163 These molecules 
are classifi ed into four subfamilies based on the N-
terminal position of their cysteine residues: C, CC, CXC, 
and CXXXC.163,164 The CC ligand (CCL) subfamily of 
chemokines currently has over 28 members in humans 
and 21 homologs in the mouse; all genes reside on chro-
mosomes 17 and 11 in the human and mouse, respec-
tively. Although all members of this large family have 

been implicated in leukocyte migration, CCL subfamily 
members are of particular interest because they play a 
key role in anti gen-specifi c Th2 activation, proliferation, 
and release of cytokines and as such play an important 
role in asthma.164–167 Of particular interest are the chemo-
kines CCL17 (thymus and activation related chemokine) 
and eotaxins1–3, which are essential for homing to lung 
of Th2 cells and eosinophils.168 The receptor for CCL17, 
CCR4 (but not other receptors, e.g., CXCR3, that are 
more specifi c for Th1 cells), is preferentially expressed by 
Th2 cells169 and T cells from lungs of asthmatics,170 and 
its inhibition results in attenuation of experimental aller-
gic lung disease.171 The other major chemokine receptor 
known to be relevant to allergic lung disease is CCR3, 
which is important to regulating eosinophilia through 
eotaxin and other chemokines. The CCR3 receptor may 
also infl uence the development of airway hyperrespon-
siveness in animal models under some but not all experi-
mental conditions.172,173 Other chemokine receptors 
relevant to the recruitment of allergic infl ammatory cells, 
where known, are summarized in Table 51.1.

Several polymorphisms in eotaxins and their receptor 
have been linked to allergic lung disease, including 
eotaxin 2 (negative association) and CCR3 (T51C; posi-
tive association).174,175 A single nucleotide polymorphism 
in the RANTES promoter further conferred a 6.5-fold 
increased risk for moderate to severe airway obstruction 
in asthma.176 Two additional polymorphisms encoding 
amino acid exchanges in one of the IL-8 receptors 
(CXCR1; methionine to arginine change at position 31 
and an arginine to cysteine change at position 335) was 
signifi cantly linked to expression of asthma in children.177 
However, the mechanism by which these polymorphisms 
may contribute to or ameliorate allergic disease have yet 
to be defi ned.

Integrins

The heterodimeric integrins are the principal molecules 
governing recruitment of allergic infl ammatory cells 
through adhesive events and thus are functionally linked 
to the chemokines. Integrin subunits expressed by CD4+ 

Table 51.1. Asthma infl ammatory cell-related chemokines and 
their receptors and agonists.

Allergic 
effector cell

Chemokine 
receptors 
expressed

Cognate 
chemokines

Chemokine 
agonists

Th2 cell, 
eosinophil

CCR3, CCR4, 
CCR8

CCL17, CCL7, 
CCL11, CCL6, 
CCL8

IL-13, IL-4, 
allergens?

Neutrophil CXCR1,2 CXCL1, CXCL3, 
CXCL5

Endotoxin, 
many 
others
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T cells include CD29 (β1-integrin), CD18 (β2-integrin), 
and β7-integrin, but only CD29 and CD18 integrins have 
been signifi cantly linked to human or experimental 
asthma. A large number of α-chain subunits may pair 
with these β-chains. These relationships, their counter 
ligands including matrix and soluble proteins and cell-
associated addressins, and the complex nomenclature 
that has evolved to describe these molecules are listed in 
Table 51.2.

Chemokine receptor signaling results in the phosphor-
ylation of integrins, which in turn changes their structure 
into a more adhesive conformation required for homing. 
The I (inserted) domain of the α-subunit is the critical 
domain that binds to addressins and facilitates extravasa-
tion. The α-subunit is typically the larger integrin and 
undergoes conformational change in response to cellular 
activation.

Analysis of CD29 integrins in experimental asthma has 
produced mixed results, with some studies indicating an 
absolute requirement and others indicating a relatively 
unimportant role.178–180 CD29 integrins are diffi cult to 
block entirely, and the route by which the same inhibitor 
is given to rodents and the timing of administration dra-
matically affect the outcome of blockade.181,182 Additional 
studies, most likely with genetically defi ned animals, are 
required to clearly establish the importance of CD29 
integrins in asthma models.

In contrast, studies from humans and animal models 
consistently support a requisite role for CD18 integrins 

in allergic lung disease. Both CD54 (intercellular cell 
adhesion molecule-1) and lymphocyte function-
associated antigen-1 (LFA-1) are essential for induction 
of allergic lung disease in the mouse.183,184 Moreover, 
CD102 (intercellular cell adhesion molecule-2), an 
addressin for LFA-1, is expressed on vascular endothe-
lium and serves to promote eosinophil egression from 
lung parenchyma. Lack of CD102 results in prolonged 
lung interstitial eosinophilia and enhanced airway 
hyperresponsiveness.185 Although some reports sug-
gested a role for LFA-1 in Th2-cell development, addi-
tional studies of CD18-defi cient mice have refuted an 
important developmental role for this integrin but estab-
lished that CD18 is selectively required for the homing 
of Th2 cells, but not eosinophils, to lung.186 Two polymor-
phisms in the CD54 gene, one encoding an amino acid 
exchange (lysine for glutamic acid at position 469) and 
another in the 3′ untranslated region, have, individually 
and in combination, been linked to asthma in German 
children.187

Transcription Factors

By controlling the expression of genes essential for aller-
gic lung infl ammation and lung physiologic changes, 
transcription factors are crucial elements regulating 
asthma pathogenesis. As intermediate factors in the sig-
naling cascades most important to the expression of 
asthma, the contribution of transcription factors is coded 
according to their activating ligands, where known, and 
genes induced (Table 51.3). Most transcription factors 
relevant to asthma models control the development of 
Th2 cells but are likely to play additional roles as well. 
For example, STAT6 is also required in the airway 
epithelium for airway hyperresponsiveness and for pro-
duction of chemokines necessary for allergic cell 
recruitment.19,188

Signal Transducer and Activator of 
Transcription 1

Signal transducer and activator of transcription 1 was 
found to be constitutively active in the airway epithelium 
of asthma patients, but the overall signifi cance of this 
fi nding remains unclear.189 The role of STAT1 in experi-
mental asthma has not been tested directly, but activation 
of STAT1 through IFN-γ190 or indirectly through IL-12144 
leads to resolution of allergic changes, indicating a pro-
tective effect. However, STAT1 can coordinate pulmo-
nary chemokine expression as seen during allergic 
infl ammation and can be activated by IL-4 and IL-13 
under some in vitro conditions,191 suggesting that a pro-
allergic effect through STAT1 may be possible under 
some conditions.

Table 51.2. Integrins and their receptors. Molecules most 
clearly linked to asthma are shown in bold.

Name
CD 

Classifi cation Ligand

Integrin family
β1-integrins
α1β1 (VLA-1)
α2β1 (VLA-2)
α3β1 (VLA-3)
a4b1 (VLA-4)
α5β1 (VLA-5)
α6β1 (VLA-6)

CD49a/CD29
CD49b/CD29
CD49c/CD29
CD49d/CD29
CD49e/CD29
CD49f/CD29

Col I, Col IV, LN
Col I, Col IV, LN
FN, ColI, LN
FN, CD106, Tsp
FN, Tsp
LN

β2 integrins
aLb2 (LFA-1)
αMβ2 (Mac-1)
αXβ2 (p150, 95)
αDβ2

CD11a/CD18
CD11b/CD18
CD11c/CD18
CD11d/CD18

CD54, ICAM-2, ICAM-3
CD54, iC3b, FN, factor X
iC3b, factor X
ICAM-3

Immunoglobulin 
superfamily

ICAM-1
ICAM-2
VCAM-1

CD54
CD102
CD106

LFA-1, CD11b/CD18
LFA-1
CD29 integrins

Col, collagen; FN, fi bronectin; ICAM, intercellular adhesion molecule; 
LFA-1, leukocyte function associated antigen 1; LN, laminin; Tsp, 
thrombospondin; VCAM, vascular cell adhesion molecule; VLA, very 
late antigen.
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Signal Transducer and Activator of 
Transcription 6

Signal transducer and activator of transcription 6 is acti-
vated by the Th2 cytokines IL-4 and IL-13. As discussed 
earlier, these molecules together coordinate the allergic 
lung response from multiple checkpoints, including Th2-
cell development, Th2-cell and eosinophil recruitment to 
the lung, and airway remodeling changes that include 
airway hyperresponsiveness and goblet cell metaplasia 
(see Figures 51.1 and 51.2).19,188,192,193

GATA3

GATA3 is a transcription factor activated by STAT6 
and regulates Th2-cell development by controlling the 
production of type 2 cytokines.194,195 GATA3 may also 
activate in the absence of STAT6. This could refl ect 
“autoactivation” or the action of nuclear factor-κB (NF-
κB), which is also required for experimental asthma.196,197 
As with STAT6, GATA3 is required to produce the 
experimental asthma phenotype in mice.197

Nuclear Factor-kB

The TLRs generally signal through the transcription 
factor NF-κB, typically to activate type 1 immune 
responses that antagonize type 2 immunity. Surprisingly, 
however, the p50 subunit of NF-κB was shown to be 
essential for stable Th2, but not Th1, development, but 
not for maintenance of the committed Th2 phenotype. 
Mice defi cient in p50 were further incapable of mounting 
allergic infl ammation of the lung because of their inabil-
ity produce the Th2 cytokines IL-4, IL-5, and IL-13.197 
This important fi nding demonstrates that the NF-κB 
complex is a more general regulator of infl ammation than 
previously recognized and specifi cally is relevant to the 
expression of allergic lung disease.

T-Box Expressed in T Cells

The T-box expressed in T cells (T-bet) transcription 
factor is perhaps the most important factor regulating the 
development of type 1 responses and Th1 cells.198 Genetic 
deletion of T-bet from mice results in the spontaneous 
expression of IL-13–dependent asthma-like disease, sug-
gesting that T-bet suppresses allergic lung infl amma-
tion.199,200 A mutation encoding for glutamine instead of 
histidine at position 33 of T-bet was linked to signifi cant 
improvement in airway hyperresponsiveness in asthmatic 
children receiving corticosteroids and functionally 
encoded for greater Th1 cytokine secretion.201 Subse-
quent studies of asthma patients have demonstrated 
additional T-bet polymorphisms that predict the pres-
ence of asthma and airway hyperresponsiveness.202

Costimulatory Molecules

Signals from some of the many known costimulatory 
molecules and their receptors are, in addition to antigen, 
required for stable B- and T-cell activation and effector 
function. They are therefore essential for expression of 
the experimental asthma phenotype (Table 51.4).

CD28 and CD134

Numerous studies have documented the marked re-
quirement of the costimulatory molecules CD28 and 
CD134 for allergic lung infl ammation.203–211 These 
molecules are necessary for optimal Th2-cell develop-
ment that is required for allergic infl ammation, but their 
importance to asthma probably diminishes with chronic 
disease. For example, inhibition of CD28, while highly 
effective if initiated prior to allergic lung infl ammation 
becoming established, had little effect at time points 
during which allergic lung infl ammation was already 
established.212

Table 51.3. Transcription factors implicated in the regulation of asthma.

Transcription factor Activating molecules Genes regulated Role in asthma models

STAT1 TLRL, interferons Cytokines and other genes linked to 
type I immunity

Reduces allergic infl ammation and 
AHR

STAT6 IL-4, IL-13 Cytokines and other genes linked to 
type 2 immunity

Required for Th2 cell development 
and recruitment; AHR

GATA3 STAT6 Th2 cytokines, IL-12Rβ2 Required for Th2 development
NF-κB TLRLs, TNF, IL-1, many other cytokines 

and other factors
Proinfl ammatory cytokines, 

chemokines, many other molecules
Required for Th2 development and 

AHR
T-bet ? Genes required for Th1 development Suppresses Th2 development and 

AHR

Note: AHR, airway hyperresponsiveness; IL, interleukin; NF, nuclear factor; STAT, signal transducer and activator of transcription; T-bet, T-box 
expressed in T cells; TLRL, Toll-like receptor ligand; TNF, tumor necrosis factor.
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Cytotoxic T-Lymphocyte Antigen 4

Cytotoxic T-lymphocyte antigen 4 (CTLA4) is a costimu-
latory receptor closely related to CD28, (i.e., it shares the 
same ligands), but it has been more closely linked to sup-
pression of infl ammatory responses unrelated to asthma.213 
Nonetheless, a cytosine to thymidine single nucleotide 
polymorphism at position −1147 in the promoter for 
CTLA4 was linked to bronchial hyperresponsiveness and 
asthma. This polymorphism encoded for signifi cantly less 
expression of surface CTLA4, suggesting that the expres-
sion level of this costimulatory receptor is an important 
factor modifying the development of allergic infl amma-
tion and asthma.214

CD40

CD40 is a costimulatory molecule expressed on T, B, 
and endothelial cells. Signaling through this molecule 
is critical for immunoglobulin responses, but not for 
Th2 cytokine secretion in asthma or in experimental 
allergic lung infl ammation.215,216 CD40 is thus important 
for regulating type 1 but not type 4 hypersensitivity 
responses.

T-Cell Immunoglobulin and Mucin Domain 
Protein Molecules

The T-cell immunoglobulin and mucin domain protein 
molecule (TIM) family of costimulatory molecules was 
originally identifi ed as Tapr, a Mendelian trait linked to 
T-cell IL-13 and IL-4 production and airway hyperreac-
tivity.217 There are four known TIM family members that 
were subsequently cloned, all existing near the 5q31–33 
locus. Molecule 1 (TIM-1) is the cellular receptor for the 
hepatitis A virus and TIM-4 and provides a costimulatory 

signal for T-cell activation that promotes IL-4 transcrip-
tion and experimental asthma.218,219 Preliminary studies 
have linked a complex haplotype consisting of three poly-
morphisms in exon 4 of the TIM-1 gene and a guanine to 
thymidine substitution at position −574 of the TIM-3 pro-
moter to asthma in Korean patients.220 Additional poly-
morphisms in exon 4 of TIM-1 have been linked to asthma 
in persons of African descent.221 Mutations in TIM-1 may 
thus directly promote Th2 responses. In contrast, TIM-3 
is expressed only on Th1 cells; mutations involving TIM-3 
may indirectly promote Th2 responses through suppres-
sion of Th1-cell function.222

Seven Transmembrane Spanning Receptors

The largest family of receptors in mammals, the seven 
transmembrane spanning receptors (STSRs) are enor-
mously important in regulating airway infl ammation and 
physiologic changes in asthma. Most STSRs relevant to 
asthma serve as receptors for small, often nonpeptidic 
molecules and are most frequently implicated in the reg-
ulation of lung remodeling during established infl amma-
tion (Table 51.5). Other receptors are, however, critical 
for effector cell development (anaphylatoxin receptors), 

Table 51.4. Costimulatory molecules in asthma pathogenesis.

Costimulatory 
molecules Receptors or ligands Roles in asthma models

ICOS ICOS ligand, 
B7RP1, others

Promotes development of 
T regulatory cells that 
suppress infl ammation

CD28 CD80, CD86 Required for infl ammation 
and AHR (CD28) 

CD40 CD154 Required for allergen-
specifi c antibody 
secretion, but not allergic 
infl ammation

CD134 OX-40 ligand Required for infl ammation 
and AHR

TIM-1, TIM-3 Hepatitis A virus, 
TIM-4

Promote IL-4 transcription 
and experimental asthma

Note: AHR, airway hyperresponsive; ICOS, inducible costimulator; IL, 
interleukin.

Table 51.5. Seven transmembrane spanning receptors in 
asthma pathogenesis.

Seven 
transmembrane 
spanning receptors Ligands Roles in asthma models

C3aR C3a Essential for establishing 
allergic airway 
infl ammation and AHR

C5aR C5a Promotes or suppresses 
allergic airway 
infl ammation and AHR

CysLTR1,2 Cysteinyl 
leukotrienes 
(LTC4, D4, E4)

Promote airway 
infl ammation and AHR

TP, DP1-2, EP1-4, 
IP, FP

Prostaglandins Promote or suppress 
airway infl ammation and 
AHR

A1, A2A, A2B, A3 Adenosine Promote airway 
infl ammation and AHR

β2-Adrenergic Epinephrine Relaxes airway smooth 
muscle and inhibits 
bronchoconstriction

M2,M3 Ach Promote 
bronchoconstriction/AHR

PAF-R Platelet-activating 
factor

Promote 
bronchoconstriction/AHR

Note: A1, A2A, A2B, A3, adenosine receptors; Ach, acetylcholine; 
AHR, airway hyperresponsiveness; C3a, C5a, complements 3a and 5a; 
C3aR, C5aR, complements 3a and 5a receptors; CysLTR, cysteinyl 
leukotriene receptor; M2, M3, muscarinic receptors; TP, DP1-2, EP1-4, 
IP, FP, prostaglandin receptors; PAF-R, platelet-activating factor 
receptor.
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cell recruitment (chemokines), and disease resolution 
(chemokines). Signaling through STSRs is often, but not 
exclusively, coupled to cytoplasmic G proteins, hence 
their former name of G protein–coupled receptors. All 
STSRs are encoded by single-exon genes producing single 
polypeptide products that span the surface membrane 
seven times. Although included among the STSRs, che-
mokine receptors and their ligands are discussed earlier 
in this chapter.

Complements 3a and 5a 

Complement anaphylatoxins, especially complement 3a 
(C3a) and its receptor, C3aR, are required for initiating 
robust allergic infl ammatory reactions and allergic lung 
disease.223–225 Complement can be activated through 
several pathways, including antibodies, suggesting that 
anaphylatoxins may also modify allergic reactions after 
T- and B-cell responses have already become established. 
However, the anaphylatoxins (which also include C5a) 
can also be activated directly by agents implicated in 
allergic disease, such as fungi.226 Furthermore, expression 
of anaphylatoxin receptors on target tissues of the lung 
suggests that these molecules can directly infl uence 
airway function independent of infl ammatory cells.227

Depending on the experimental design, C5a may exac-
erbate228,229 allergic lung infl ammation and physiologic 
dysfunction. However, mice defi cient in C5 show increased 
susceptibility to airway dysfunction during allergic 
infl ammation, indicating a suppressive role for this com-
plement protein. Additional studies are required to 
clarify the precise role of C5a in models of allergic lung 
infl ammation.

A single study of Japanese children and adults reveals 
multiple single nucleotide polymorphisms in the genes 
controlling C3, C3aR, and C5 that are linked to asthma 
susceptibility. The 4896C/T allele in the C3 gene was 
linked to asthma susceptibility in children and adults, as 
was the 912G-1692A-1836G-4896T (GAGT) haplotype. 
Similarly, asthma severity was linked to the 1526G/A 
allele of the C3AR1 gene. In contrast, the GGCGA hap-
lotype of the C5 gene was linked to less susceptibility (i.e., 
protection) in asthma.230

Cysteinyl Leukotrienes 

The cysteinyl leukotrienes (CysLTs), which are potent 
mediators of lung infl ammation and bronchoconstriction, 
signal through two receptors, CysLT1 and CysLT2 (Figure 
51.4). Cysteinyl leukotriene receptor 1 is the better char-
acterized receptor and is found on eosinophils, mono-
cytes, macrophages, basophils, mast cells, neutrophils, 
T cells, B lymphocytes, airway epithelium, and smooth 
muscle cells. Leukotriene receptor–modifying agents 
inhibit almost exclusively this receptor, with little effect 

on CysLT2. Furthermore, CysLT2 has a distinct tissue 
distribution from that of CysLT1, suggesting that CysLT2 
may also contribute importantly, perhaps in novel ways, 
to the expression of asthma.231–233

An adenine for cytosine substitution at position −1220 
of the CYSLT2 gene was linked to the development of 
asthma in Japanese patients, and additional complex hap-
lotypes have been linked to aspirin intolerance in asthma 
patients of Korean descent.234,235 Numerous additional 
molecules are implicated in asthma through their role in 
CysLT biosynthesis. Leukotriene C4 synthase, which is 
required for the synthesis of all CysLTs, exists in two 
major allelic variants distinguished by the presence of 
either an adenine or cytosine at position −444 of the 
promoter. The −444C allele was found to be expressed to 
a signifi cantly higher degree in aspirin-intolerant asth-
matics of Eastern European and Japanese descent and 
was linked to mild asthma in Australian patients, but no 
associations could be established for patients from the 
United States.236–239 Although aspirin intolerant asthma is 
more strongly linked to leukotrienes than other asthma 
variants, it is nonetheless unclear how these polymor-
phisms relevant to leukotriene biosynthesis lead to or 
exacerbate disease.

Prostaglandins

The prostaglandins are derived from the same membrane 
lipid as the leukotrienes (arachidonic acid) but enter a 
separate metabolic pathway initiated by cyclooxygenases 
1 and 2 (Figure 51.4). There are fi ve major prostaglandins, 
each arising as a product of a distinct enzyme acting on 
the precursor prostaglandin PGH2 and contributing in 
unique ways to allergic lung disease. As documented 
through animal and human studies, thromboxane A2 
(TxA2) is a potent bronchoconstricting agent,240,241 but 
antagonists of TxA2 have, after initial promise in animals 
and some clinical trials,242,243 proven to be disappointing 
in humans, indicating that other mediators of broncho-
constriction are of more importance in asthma.241,242,244–249 
A threonine to cysteine substitution at position 924 in the 
TxA2 receptor has been linked to asthma in adult 
Japanese and Chinese pediatric patients.250,251

Other prostaglandins show divergent contributions to 
the asthma phenotype. Prostaglandin D2 (PGD2) signals 
through two receptors, DP1 and DP2 (CRTh2) to mediate 
bronchoconstriction and potentiate airway hyperreactiv-
ity and allergic infl ammation.252–256 Prostaglandin F2 is 
also a signifi cant bronchoconstricting agent.257,258 In con-
trast, inhaled PGI2 relaxes bronchospasm and attenu-
ates allergic infl ammation and airway remodeling.259–261 
Because of its many receptors, the contribution of PGE2 
to asthma has been the most diffi cult to understand. Acti-
vation of the PGE2 receptors EP2 and EP4 promotes IgE 
secretion from mouse B cells262 and prolongs the survival 
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Figure 51.4. Major prostaglandins (PGs) and leukotrienes 
(LTs) linked to asthma and their biosynthetic pathways (green 
arrows) and receptors (red arrows). Both PGs and LTs origi-
nate from the membrane lipid arachidonic acid. Oxidation of 
arachidonic acid by distinct enzymes leads to PG and LT pre-
cursors, which after further modifi cation by additional enzymes 

yields mature PGs and the cysteinyl LTs. Each PG has at 
least one unique receptor, whereas the cysteinyl LTs are all 
capable of activating the two known cysteinyl LT receptors. 
CRTH2, chemoattractant receptor-homologous molecule ex-
pressed on Th2 cells; DP, EP, FP, IP, TP, fi ve classes of pros-
tanoid receptors; TXA2, thromboxane A2.

of human eosinophils,263 whereas activation of EP1 
increases airway hyperresponsiveness in mice.264 However, 
inhaled PGE2 powerfully suppresses antigen-induced 
allergic lung infl ammation and relieves airway obstruc-
tion in rats265 and furthermore acts as a bronchodilator 
when given to asthmatic patients.257,258 The inhibitory 
effect of inhaled PGE2 appears to be dominant under 
experimental conditions most consistent with asthma and 
is mediated through the EP3 receptor, the major PGE2 
receptor in the lung.266

Adenosine

Adenosine is a nucleoside found in elevated amounts in 
respiratory secretions of asthma patients and is a signifi -
cant bronchoconstricting agent.267 Furthermore, greatly 
elevated respiratory tract adenosine concentrations 
promote allergic lung infl ammation and airway hyperre-
activity in mice.268 At least in part, the proallergic effects 
of adenosine are related to mast cell degranulation medi-

ated especially through the A3 receptor, although other 
receptors are expressed in the lung and are likely impor-
tant.269,270 Furthermore, adenosine and IL-13 reciprocally 
induce each other, suggesting that adenosine contributes 
to asthma through multiple distinct mechanisms.271

The b2-Adrenergic Receptor

The β2-adrenergic receptor (β2AR) is the principal lung 
catecholamine (epinephrine) receptor, activation of 
which relaxes airway smooth muscle and promotes bron-
chodilation. Pharmaceutical agonists of this receptor 
(albuterol and others) are among the most important 
and commonly prescribed asthma medications. Although 
β2AR antagonists (nadolol and others) are commonly 
thought to be hazardous in asthma by promoting bron-
choconstriction, more recent studies indicate that chronic 
treatment with β2AR antagonists reduces allergen-
induced airway hyperresponsiveness.272 This paradoxic 
effect is likely mediated by a massive upregulation of 
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airway β2ARs that become more responsive to endoge-
nous and exogenous agonists. An arginine to glycine sub-
stitution at position 16 of the β2AR results in enhanced 
receptor activation-dependent downregulation and was 
associated with both nocturnal and severe asthma.273,274 
Downregulation of β2ARs occurs principally at night and 
may impair bronchorelaxation, suggesting that this poly-
morphism specifi cally contributes to both nocturnal and 
severe asthma.274

Muscarinic Acetylcholine Receptors 

The major neural pathway controlling bronchocon-
striction is the parasympathetic system. The principal 
neurotransmitter mediating parasympathetic-dependent 
bronchoconstriction is acetylcholine, which signals 
through two distinct muscarinic receptor types in the 
airway, M2 and M3. The M2 receptors are located on 
smooth muscle cells and postganglionic nerves at the 
neuromuscular junction. They serve as feedback inhibi-
tory receptors, inhibiting acetylcholine release by para-
sympathetic nerve fi bers. The M3 receptors are located 
exclusively on smooth muscle cells and are the principal 
mediators of acetylcholine-dependent smooth muscle 
contraction.275 Although several mutations in the M2 and 
M3 receptor types have been discovered, no link between 
these polymorphisms and asthma has yet been shown.276

Platelet-Activating Factor 

Platelet-activating factor (PAF) is a lipid mediator of 
infl ammation secreted by macrophages and has long been 
linked to induction of bronchoconstriction.277 Defi ciency 
in the PAF receptor did not affect allergen-induced aller-
gic infl ammation but attenuated airway hyperresponsive-
ness in mice.278 In support of its apparent proasthmatic 
role, defi ciency in PAF acetylhydrolase, a serum enzyme 
that destroys PAF activity, was linked to higher asthma 
incidence and severity in Japanese patients.279 Further-
more, multiple coding single nucleotide polymorphisms 
in PAF acetylhydrolase have been linked to asthma and 
are predicted to prolong the in vivo half-life of PAF and 
therefore worsen at least airway hyperresponsiveness.280

Immunoglobulin E and Its Receptors

As discussed earlier, IgE is likely to participate in asthma 
through type I hypersensitivity reactions in which 
antigen–cross-linked IgE activates FcεR1, the principal 
IgE receptor, present on a variety of allergic effector cells. 
A second, lower affi nity, IgE receptor, CD23, is widely 
expressed and most likely serves in a complex manner to 
regulate IgE levels: in the presence of low levels of 
antigen-specifi c IgE, IgE–antigen complexes serve to 
enhance additional IgE secretion by B cells;281–283 con-

versely, in the context of high levels of antigen-specifi c 
IgE, extensive CD23 cross-linking serves to inhibit further 
IgE secretion.284–286 Although not required for lower 
respiratory tract allergic responses and airway obstruc-
tion, type I hypersensitivity reactions probably contribute 
to asthma pathogenesis through their role in upper respi-
ratory tract allergic disease. Allergic rhinitis and sinusitis 
are common in asthma patients and may exacerbate 
lower respiratory tract disease through the elaboration 
of infl ammatory mediators (cytokines, prostaglandins, 
leukotrienes, etc.) that drain directly into the lower 
airways.287,288 Although no genetic linkage between poly-
morphisms in CD23 and asthma have been identifi ed, two 
polymorphisms in FcεR1, including a polymorphic mic-
rosatellite marker in the fi fth inton of the β-subunit and 
a glutamic acid to glycine (E237G) change in the same 
subunit, have been linked to a diagnosis of asthma.289,290 
The latter mutation is near the critical immunotyrosine-
based activation motif in the cytoplasmic portion that is 
critical for signaling, suggesting that this mutation affects 
FcεR1 signaling and therefore IgE effector function.

Both IgE and the factors that regulate its production 
are strong risk factors for asthma.291 The genes for several 
IgE regulatory factors are located on the distal arm of 
human chromosome 5 (5q31–33), a region that exhibits 
strong genetic linkage to asthma and other atopic dis-
eases in many,292–297 but not all,298–301 studies. Interestingly, 
even where linkage between asthma and chromosome 5q 
has been established, such linkage cannot be explained 
on the basis of IgE production alone.301 Rather, it is likely 
that one or more factors in the 5q31–33 region both infl u-
ence IgE production and, independently, the manifesta-
tions of asthma. The most important associations within 
the 5q region and asthma are the genes for the cytokines 
that were discussed earlier, IL-4, IL-5, IL-13, IL-9, and 
related but noncoding DNA sequences. Additional genes 
in the 5q region hold intriguing associations with asthma 
(e.g., the fragile X mental retardation protein–interacting 
protein 2 gene302) but through mechanisms that remain 
unclear.

Endogenous and Exogenous Proteinases

By cleaving endogenous substrates to either enhance or 
suppress their activity, endogenous proteinases poten-
tially contribute in diverse ways to the manifestations of 
asthma. Proteinases are diffi cult to study in asthma 
because most, if not all, have endogenous inhibitors 
(secretory leukoproteinase inhibitor, α1-antitrypsin, α2-
macroglobulin, aprotinin, tissue inhibitors of metallopro-
teinases, etc.) that critically regulate their function. Studies 
often do not account for the role of endogenous enzyme 
inhibitors (e.g., during proteinase reconstitution experi-
ments) or the specifi city (or lack thereof) of exogenously 
administered proteinase inhibitors, with attendant diffi -
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culties in data interpretation. Nonetheless, evidence sug-
gests that diverse proteinases are likely to be important 
in regulating airway infl ammation in asthma.

Matrix Metalloproteinases

Matrix metalloproteinases are a diverse family of zinc- 
and other cation-dependent proteolytic enzymes that 
have traditionally been linked to the degradation of 
matrix proteins (collagen, elastin). This activity may be 
important to the movement of recruited infl ammatory 
cells through lung tissue. However, whereas this effect is 
not important for the recruitment of allergic infl amma-
tory cells to lung, it is crucial for egression of such cells 
into the airways. Matrix metalloproteinases 2 and 9 are 
two such enzymes that coordinate cellular egression from 
lung without which resolution of allergic lung infl amma-
tion is delayed and mice become highly susceptible to 
lethal asphyxiation.303,304 In addition to matrix proteins, 
matrix metalloproteinases are likely to have numerous 
additional substrates, modifi cation of which is important 
in regulating infl ammation in asthma.

Trypsin 

Trypsin is a digestive enzyme that is also present in the 
airway epithelium that activates proteinase activated 
receptor 2 (PAR2). Activation of PAR2 induces release 
of a cyclooxygenase product, most likely PGE2, which 
inhibits bronchoconstriction, providing a unique airway 
protective effect, at least in nonallergen challenged 
animals.305 In contrast, during allergic infl ammation, 
trypsin and PAR2 promote allergic infl ammation and 
experimental asthma through mechanisms distinct from 
PGE2.306–308 Additional studies are required to under-
stand the mechanisms by which PAR2 contributes to 
allergic lung infl ammation.

Tryptase

Mast cells are a potent source of numerous secreted pro-
teinases, the most abundant of which is tryptase. Studies 
from mice, sheep, and humans indicate that inhibition of 
trypsin reduces allergic infl ammation, although not 
necessarily airway hyperreactivity.308–311 The mechanism 
by which tryptase contributes to asthma is potentially 
through activation of PAR2, although other mechanisms 
are possible.312 As with PAR2, the precise contribution 
of tryptase and other mast cell proteinases to asthma 
requires clarifi cation.

Neutrophil Elastase

Neutrophil elastase is an elastolytic proteinase secreted 
by neutrophils. Secretion of neutrophil elastase into 

airways is dramatically enhanced during status asthmati-
cus, which is also marked by signifi cantly enhanced 
recruitment of airway neutrophils.131 Experimentally, 
neutrophil elastase promotes airway mucous secretion 
and therefore may contribute to airway obstruction in 
asthma.313

Other Endogenous Proteinases 

In addition to these enzymes that have been studied 
directly, many additional enzymes are required for the 
production of mediators known to be important in asthma, 
for example, complement protein C3a (C3 convertase) 
and TNF (TNF-α converting enzyme). Several polymor-
phisms within a membrane intrinsic proteinase, a disinte-
grin, and metalloproteinase 33 (ADAM33), which is 
thought to shed various membrane proteins, was linked 
to asthma diagnosis and accelerated lung function in Cau-
casian, but not Mexican or Puerto Rican populations.314–317 
The mechanism by which this proteinase potentially con-
tributes to asthma remains to be clarifi ed.

Exogenous Proteinases

Finally, in addition to endogenous enzymes of importance 
to asthma, exogenous proteinases are of primary impor-
tance in establishing experimental allergic infl ammation 
through intranasal challenge. Proteinases derived from a 
variety of sources relevant to asthma, including plants 
(ragweed pollen), fungi (Aspergillus spp.), and dust mites 
(Dermatophagoides pteronyssinus) have all been shown 
to induce experimental asthma-like disease.318,319 More-
over, these enzymes induce allergic lung disease if given 
strictly through the airway, in contrast to ovalbumin, the 
most widely used experimental allergen, which must be 
administered remotely from the lung (intraperitoneally, 
subcutaneously) before airway challenge induces allergic 
lung infl ammation. Thus, exogenous proteinases are 
uniquely capable of initiating Th2 responses through the 
airway. However, these proteinases also cleave a variety 
of endogenous proteins, including CD23 and tight junc-
tion proteins of airway epithelium, potentially disrupting 
the IgE network and facilitating antigen presentation.320,321 
Dermatophagoides pteronyssinus enzymes may also 
inhibit the production of IFN-γ to favor allergic 
responses.319 Bacterial proteinases have been repeatedly 
implicated in outbreaks of occupational asthma and may 
contribute to diverse forms of asthma.322,323

Miscellaneous Molecules

Syndecan-1

Syndecan-1 is a heparan sulfate glycoprotein expressed 
on airway epithelial cells and is shed into the airway 
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lumen under diverse infl ammatory conditions. During 
allergic lung infl ammation, shed syndecan-1 binds to and 
inhibits Th2-cell–specifi c chemokines such as CCL11 
and CCL17, thereby inhibiting the recruitment of Th2 
cells and eosinophils and attenuating manifestations of 
asthma.324 This endogenous antiinfl ammatory mechanism 
provides a molecular explanation of the benefi cial effect 
of aerosolized heparin, the pharmaceutical functional 
mimic of endogenous heparan, in asthma.325,326

Gob-5

Gob-5 (human CLCA1) was originally identifi ed as a 
chloride channel from murine intestine but was shown 
later shown to be present in airway epithelium of mice 
and humans, especially during allergic infl ammation.327,328 
Preliminary fi ndings indicated that Gob-5 was an impor-
tant regulator of airway hyperresponsiveness and mucous 
overproduction.329 However, subsequent studies have 
shown that Gob-5 is in fact neither a chloride channel nor 
required for mucin gene expression, and its precise func-
tion and importance in asthma remain in doubt.330,331 
Nonetheless, a complex haplotype involving eight distinct 
polymorphisms all occurring in intronic DNA have been 
strongly linked to a diagnosis of asthma in Japanese 
children.332

Human Leukocyte Antigens

The human leukocyte antigen (HLA) family of molecules 
includes major histocompatibility complex antigens type 
I (MHC I) and MHC II genes required for antigen pre-
sentation to CD8+ (cytotoxic) and CD4+ (helper) T cells, 
respectively. Major histocompatibility complex II anti-
gens are especially important for activating T helper cells, 
the Th2 subset of which is essential for coordinating aller-
gic lung infl ammation and airway obstruction in experi-
mental asthma. The only MHC I locus linked to asthma 
is the HLA-G gene cluster on chromosome 6.333 Many 
more associations between asthma MHC II loci are 
known, including the HLA-DR locus for soybean,334 grass 
pollen,335 and toluene diisocyanate asthma336 and the 
HLA-DQ locus for ragweed pollen.337 The DP and DQ 
loci have also been linked to toluene diisocyanate 
asthma.336,338 The different HLA associations with specifi c 
antigens linked to asthma presumably refl ects the greater 
affi nity of specifi c HLA antigen for distinct antigens, with 
greater affi nity correlating with enhanced ability to acti-
vate antigen-specifi c Th2, and possibly Th1, cells.

Nitric Oxide Synthase

Nitric oxide synthase (NOS) genes exist in three isoforms, 
including an inducible isoform (iNOS) expressed in 
airway epithelium and macrophages and neuronal and 

endothelial types. Interest in nitric oxide (NO), a princi-
pal product of NOS activity, as a bronchodilator in asthma 
began with the discovery that NO is an important vaso-
dilator. Nitric oxide is increased in asthma,339 and both 
the neuronal and inducible forms of NOS have been 
shown experimentally to be relevant to airway hyperre-
sponsiveness and allergic infl ammation.340,341 Additional 
studies have linked a byproduct of NO metabolism, 
S-nitrosoglutathione, to bronchodilation in experimental 
asthma.342 Polymorphisms in both the neuronal and endo-
thelial NOS genes have been linked to asthma in Cauca-
sian and Korean patients, although the effect of these 
mutations is unknown.343,344

Histamine and Its Receptors 

Histamine, similar to acetylcholine and serotonin, is a 
neurotransmitter that elicits smooth muscle contraction. 
Endogenous release of histamine from neurons, but also 
mast cells, probably elicits bronchoconstriction in asthma, 
and histamine is widely used as a provocative agent 
during bronchial provocation challenge testing for 
asthma. In contrast to other neurotransmitters, however, 
histamine has important proallergic effects.

The diverse properties of histamine can be explained 
by the numerous receptors (H1–H4) that are expressed 
on diverse airway and immune tissues. The H1 receptors 
are present on airway smooth muscle cells and mediate 
bronchoconstriction. The H2 receptors are found on 
airway goblet cells and can contribute to goblet cell 
degranulation, possibly contributing to airway obstruc-
tion.345 The H1, H2, and H3 receptors are also present on 
T cells; their activation has complex effects on the secre-
tion of Th1 and Th2 cytokines and immunoglobulin pro-
duction.346 However, the H4 receptor may have the most 
potent proinfl ammatory effect through its costimulatory 
activity on T cells and dendritic cells.346

Chitinases and Related Molecules

A family of mammalian genes closely related to chitin-
ases of bacteria and other primitive organisms exists on 
human chromosome 1 (mouse chromosomes 1 and 3), 
most of which have no enzymatic activity, and, in fact, 
their function remains obscure.347–349 One of these gene 
products, YM1, which is found only in the mouse, is 
upregulated in the setting of allergic lung infl ammation 
and has weak chemotactic activity.350 In contrast, acidic 
mammalian chitinase (AMCase) retains its enzymatic 
activity and is found in elevated levels in lungs of both 
humans and mice with asthma-like disease. Neutraliza-
tion of AMCase was protective in a mouse asthma model, 
possibly because of disruption of an IL-13–dependent 
mechanism regulating lung chemokine expression.351 Two 
polymorphisms (a lysine to arginine change at position 
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17 and a noncoding adenine to guanine mutation in exon 
4) in the AMCase gene were linked to asthma in German 
children, with more complex haplotypes being very 
strongly linked to disease. Despite the linkage of chitin-
ase activity to asthma through diverse approaches, the 
relevance of chitinases to disease expression remains 
obscure.

Conclusion

We have combined studies based on two fundamentally 
different investigative approaches to understand the 
molecular basis of asthma. Genetic studies, which deter-
mine the statistical association between disease or disease 
markers and specifi c polymorphisms, are advantageous 
because they may identify candidate disease-related 
genes that are diffi cult to reveal by other approaches as 
well as provide unique insight into gene function as sug-
gested through multiple allelic isoforms. However, most 
genetic studies also share several important limitations, 
including the possibility that polymorphisms relevant to 
one population may be irrelevant to the asthma popula-
tion at large; small sample size that in many studies both 
limits statistical power and raises the possibility of Type 
II statistical error; and, generally, a lack of complimen-
tary experiments that reveal the functional importance of 
specifi c genes and polymorphisms in disease models. In 
contrast, laboratory-based approaches have the power to 
reveal in detail how specifi c genes and their variants con-
tribute to asthma pathogenesis. However, these more 
functional studies are performed largely in nonhuman 
disease models, creating the possibility that such fi ndings 
may be irrelevant in human asthma.

Agreement between human genetic and laboratory-
based animal studies therefore provides a more robust 
indication of the importance of specifi c molecules in the 
pathogenesis of asthma. Remarkably, the majority of 
molecules implicated in human genetic studies have been 
confi rmed to be relevant to the expression of experimen-
tal asthma in rodents. Many of these molecules are also 
upregulated in the context of human asthma. Conversely, 
many genes shown to be important in experimental 
disease also show enhanced expression in asthma, even 
when their actual function is uncertain (e.g., Gob-5, 
AMCase). The unexpectedly large number of genes rele-
vant to asthma as indicated by agreement between these 
diverse approaches reveals the enormous complexity of 
asthma pathogenesis and suggests the diffi culties likely to 
be encountered with future therapeutic approaches based 
on the targeting of specifi c immune molecules.

Comparison of the many asthma-related molecules 
further suggests the existence of a hierarchy, with the 
most important being related to disease initiation (e.g., 
complement anaphylatoxin C3a) and for mediating type 

IV hypersensitivity (e.g., IL-13, IL-4Rα, STAT6). Equally 
important are the molecules required for Th2-cell devel-
opment, including IL-4, GATA3, CD28, OX-40, and pos-
sibly TSLP. Confi rmation that these molecules are indeed 
relevant in humans will require clinical trials in which 
asthma patients receive molecule- or at least pathway-
specifi c pharmaceutical inhibitors.

The genes implicated in asthma pathogenesis are not 
equally distributed among the checkpoints regulating 
disease expression but rather are concentrated at the 
effector cell development and lung remodeling check-
points (checkpoints II and IV in Figure 51.2). The rela-
tively few genes implicated elsewhere in Figure 51.2 may 
simply refl ect the asymmetric biology of asthma, but 
more likely this pattern is the result of the greater empha-
sis that the topics of effector cell development and lung 
remodeling have received from researchers in recent 
years. The complete lack of insight into the genes and 
mechanisms controlling the evolution of asthma into 
more complex clinical entities such as Churg-Strauss syn-
drome and allergic bronchopulmonary aspergillosis alone 
suggests that many additional genes of great importance 
to asthma pathogenesis await discovery. Future research 
directed at the mechanisms controlling the initiation of 
allergic lung infl ammation through allergens, disease evo-
lution, and disease resolution will likely speed the process 
of gene discovery in asthma and provide a more complete 
understanding of asthma pathogenesis.
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considering genotype–phenotype relationships is the 
grouping of mutations into classes based on the primary 
mechanism responsible for reduced CFTR function.5 
Five major classes are currently individualized. Class I 
mutations, such as G542X and R553X, are those in which 
stop codons or frame shift mutations lead to premature 
termination of mRNA translation and thus essentially no 
protein production. In class II mutations, CFTR protein 
fails to mature properly in the biosynthetic pathway, with 
degradation of translated protein before it can progress 
past the endoplasmic reticulum. In the F508del mutation, 
the prototypic class II mutation, mutant CFTR protein is 
misfolded, leading to rapid ubiquitinylation and degrada-
tion, with little or no mature protein detectable at the 
plasma membrane. Like the F508del mutation, several 
other clinically important mutations, such as N1303K, 
G85E, and G91R, lead to misfolded protein that is pre-
maturely degraded. Thus, class I and II mutations prevent 
suffi cient CFTR expression at the cell surface and are 
associated with typical multiorgan diseases including pro-
gressive obstructive pulmonary disease, pancreatic insuf-
fi ciency, and male infertility with congenital bilateral 
absence of vas deferens (CBAVD).

In contrast, class III and IV mutations allow protein 
production and transit to the apical surface, but they 
result in channels that are insensitive to activation or 
display altered chloride conductance. Class III mutations, 
such as G551D, are regulatory mutations in which single 
amino acid substitutions or deletions result in a properly 
processed protein that is virtually insensitive to channel 
activation. Class IV mutations, such as R117H and R347P, 
respond to activation by cyclic adenosine monophosphate 
(cAMP) agonists but exhibit reduced chloride channel 
conductance or channel opening probability. As such, 
these mutations would be expected to result in mild 
disease manifestations, and several reports have con-
fi rmed that this is the case for pancreatic disease.

Class V mutations include promoter abnormalities and 
splice site mutations, which affect the effi ciency of normal 

Introduction

Cystic fi brosis (CF) is the most common lethal inherited 
disease of Caucasians. It is a disease of exocrine gland 
function involving many tissues and leading to a diverse 
range of pathologic and clinical problems. Although most 
patients have multiple organ involvement, pulmonary 
disease is the principal cause of both morbidity and mor-
tality in more than 90% of patients surviving the neonatal 
period.1,2

Genetics

Cystic fi brosis segregates as an autosomal recessive dis-
order. Although primarily a disease of Caucasians, CF has 
been described in virtually every race, with an approxi-
mate incidence of 1 per 17,000 in blacks and 1 per 90,000 
in Orientals. In Caucasians, the carrier incidence is around 
4%. Cystic fi brosis results from mutations in the CF 
transmembrane conductance regulator (CFTR) gene.3 
This gene, located on the long arm of chromosome 7, was 
identifi ed by using chromosome “jumping” and chromo-
some “walking” techniques in 1989 in a large-scale 
multinational research effort. The CFTR gene has been 
characterized as a segment, approximately 250 kilobases 
(kb) in length, located in the 7q31 region and consists of 
27 exons. The gene is transcribed into a 6.5 kb of mRNA 
that encodes a 1,480 amino acid membrane protein. Soon 
after the identifi cation of the gene, the molecule encoded 
was found to be a cyclic adenosine monophosphate–
activated chloride (Cl−) ion channel.4

Thus far, more than 1,400 CFTR mutant alleles and 
over 300 DNA sequence polymorphisms have been 
reported to the CF Genetic Analysis Consortium and are 
listed in the CF Mutation Database (www.genet.sickkids.
on.ca/cftr/). More than 70% of CF patients have homo-
zygous deletion of the three base pairs encoding phenyl-
alanine at position 508 (F508del). A useful framework for 
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mRNA splicing and thereby alter the abundance of nor-
mally processed and functional CFTR at the cell mem-
brane. The prototype of this class is the 3,849 + 10 kb C 
to T mutation, in which a nucleotide substitution at a 
splice site reduces but does not preclude correct mRNA 
splicing. Consequently, this mutation yields at least some 
mRNA capable of producing functional protein that 
would be expected to be associated with mild disease. 
Other new classes are proposed such as class VI muta-
tions, which are associated with defective CFTR stability 
at the cell surface and accelerated turnover.

Several polymorphisms within the CFTR gene have 
been identifi ed and found to infl uence the penetrance of 
some CFTR mutations.6 An example is variations in the 
length of the polypyrimidine tract in the intron 8 splice 
acceptor site. Three length variants were reported to be 
associated with varying effi ciencies of exon 9 splicing. The 
lower number of thymidine (T), 5T, results in less effi cient 
splicing of CFTR transcripts and therefore a lower 
amount of functional CFTR protein. In the general white 
ethnic population, the 5T polymorphism is found on 
about 5% of the CFTR gene and on about 21% of the 
CFTR genes derived from patients with CBAVD. Other 
polymorphisms such as the polymorphic TGm locus (11, 
12, or 13 TG repeats) in front of the Tn locus were dem-
onstrated to contribute to the variable penetrance of the 
5T allele. A higher number of TG repeats results in less 
effi cient splicing of the CFTR transcripts. There is there-
fore strong evidence that such polymorphisms may con-
tribute to heterogeneity in both CFTR chloride channel 
and disease phenotype among individuals with the same 
CFTR mutation.

Structure and Function of the Cystic 
Fibrosis Transmembrane 
Conductance Regulator

The CFTR protein has 1,480 amino acids and is a member 
of the adenosine triphosphate (ATP) binding cassette 
(ABC) transport protein superfamily, which uses ATP as 
an energy source to move substrates against a concentra-
tion gradient.7 The NH2 and COOH terminal halves of 
CFTR both contain a transmembrane domain comprising 
six putative membrane spanning α-helices followed by a 
nucleotide-binding domain (NBD), and the two halves 
are linked by a cytoplasmic regulatory (R) domain that 
incorporates multiple sites for phosphorylation by cAMP 
protein kinase A and protein kinase C. Both the NBDs 
and the R domain reside intracellularly (Figure 52.1). In 
the ABC transporter family, the NBDs are the site of 
ATP hydrolysis. When the R domain channel blockade is 
relieved by phosphorylation, and binding and hydrolysis 
take place at the fi rst NBD, the channel opens. Binding 

and hydrolysis at the second NBD closes the channel. 
Thus, conformational changes brought about by NBD1 
and NBD2 result in chloride conductance. The closed 
state of the molecule can be secured by dephosphoryla-
tion of the R domain. The F508del mutation results in an 
in-frame deletion within NBD1.

Cystic fi brosis transmembrane conductance regulator 
is primarily a membrane protein and is expressed in epi-
thelial cells. Besides its function as a chloride channel, 
CFTR also regulates other apical membrane conductance 
pathways. It is involved in the activity of the epithelial 
sodium channel (ENaC). Amiloride-sensitive sodium 
absorption is an important function of epithelial cells and 
is controlled by ENaC. Regulation of Cl− and Na+ trans-
port affects the homeostasis of the airway surface liquid. 
In CF, there is excess Na+ absorption across the respira-
tory epithelium. In vitro experiments have shown that the 
absence of CFTR results in increased Na+ conductance. 
The interaction between CFTR and ENaC is proba-
bly regulated by cAMP, although the details are as yet 
uncertain. Cystic fi brosis transmembrane conductance 
regulator is also important in the regulation of the out-
wardly rectifying chloride channel, a second chloride 
channel found in epithelial cells. The activity of outwardly 
rectifying chloride channels is reduced in the presence of 
CFTR mutations. Potassium channels help regulate Cl− 
transport, and their function may be disturbed by CFTR 
mutations. Finally, CFTR also interacts with Na+/
hydrogen and chloride bicarbonate exchangers in epithe-
lial cells, but the signifi cance of this has yet to be 
confi rmed.

From many reports, it is established that CFTR func-
tion is not restricted to ion transport.7 It is involved in 
transport of other molecules, for example, glutathione.8,9 
It plays a role in intracellular enzyme distribution, glyco-
lipid sulfation, and thus the density of cell surface bacte-
rial receptors. It may have prenatal effects on cell 
differentiation and maturity. It serves important roles in 
exocytosis and the formation of molecular complexes at 
the plasma membrane. At the cell surface, CFTR is part 

Figure 52.1. Diagram of the cystic fi brosis transmembrane con-
ductance regulator. NBD, nucleotide binding domain; R, regu-
latory domain; TM, transmembrane domain; N, normal halve; 
C, C terminal halve.
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of a multiprotein complex. The fi nal three amino acids 
(threonine, arginine, and leucine) anchor the protein to 
PDZ-type of receptors in close proximity to a number of 
membrane receptors and cytoskeleton. Consequently, 
CFTR is likely to interfere with the expression of a 
number of gene products, including proteins of the signal-
ing pathways of the infl ammatory response.6

Pathophysiologic Features of Lung 
Disease in Cystic Fibrosis

Abnormalities of salt and fl uid metabolism represent key 
factors of the progression of airway obstruction in the CF 
lung and are considered as chief contributors to morbid-
ity and mortality of the patients.5,6,10 Water loss increases 
mucous viscosity.11,12 The levels of CFTR in airways 
serous glandular cells are among the highest of any cell 
type in the body. The submucosal glands are progres-
sively obstructed by thick, and viscous mucus, and glan-
dular hyperplasia is observed in submucosal regions 
surrounded by peribronchiolar infl ammation and scar 
tissue. In the small airways, where surface epithelial cells 
also contribute to the production of mucus, the defect in 
Cl− and fl uid secretion results in decreased airway surface 
liquid and mucosal obstruction.13,14 Luminal dilatation is 
one of the earliest changes in the lungs of young patients 
with CF and is the consequence of the plastering of 
airway surfaces by neutrophil-dominated mucopurulent 
debris. Desiccated secretions lead to trapping of bacteria 
in the lung and reduced mucociliary clearance, allowing 
bacterial infection to become established. Pathogens such 
as Staphylococcus aureus, Haemophilus infl uenzae, and 
Pseudomonas aeruginosa are not effectively eradicated 
because of the retention of mucus, which is thought to 
favor bacterial overgrowth and then triggers a cycle of 
repeated or chronic infections associated with intense 
neutrophilic airway infl ammation. It is also suggested that 
altered pH leads to reduced sialysation of glycoconju-
gates on CF epithelial cells. Increasing numbers of 
asialoGM1 molecules, a receptor for many bacterial 
respiratory pathogens, result in an increased concentra-
tion of bacteria in the airways. In addition, pathogens 
such as P. aeruginosa specifi cally adapt to the pulmonary 
environment in the CF airways through the formation of 
macrocolonies (or biofi lms) and the production of a cap-
sular polysaccharide (an alginate product) that inhibits 
penetration by antimicrobial agents and confers the 
mucoid phenotype. This cascade of events is also favored 
by the inactivation of endogenous antimicrobial peptides, 
which is thought to be in part caused by altered salt con-
centrations in the airway surface liquid.13,14

A pathologic feature of lung disease in CF is the pres-
ence of an early and excessive infl ammatory response.15–17 

The sequence of events at the onset of pulmonary 
infection and infl ammation has been addressed in a 
number of studies. Indeed, the origin of airway infl am-
mation has been the subject of debate following the 
fi nding of neutrophil-dominated infl ammation in the 
absence of bacterial or viral pathogens on bronchial 
lavage in some studies of CF infants.18–20 Elevated levels 
of interleukin (IL)-8, IL-6, and leukotriene B4 have 
been found in the airways of patients with CF.21,22 Also, 
an elevated ratio of arachidonic acid to docosahexae-
noic acid was found in mucosal scrapings from patients 
with CF. Consequently, these fi ndings have led to the 
proposal that infl ammation, or alternatively the failure 
to downregulate infl ammation, is intrinsic to CF and 
relates to the molecular defect of the disease.23 However, 
in vitro and ex vivo cell cultures and model systems 
yield confl icting data, with results seemingly more 
dependent on experimental conditions than on intrinsic 
differences in CFTR function. It is more likely that 
infection and infl ammation are intimately linked early 
in the course of CF lung disease and that infection from 
a few weeks of age is accompanied by a signifi cantly 
increased infl ammatory response, which may display 
some features of an altered regulation.24 As such, bron-
choalveolar lavage fl uids in CF have been reported to 
contain low concentrations of the antiinfl ammatory 
cytokine IL-10.25

It is reasonable to suggest that several pathophysio-
logic processes result in lung disease in CF. These pro-
cesses most likely infl uence the development of the CF 
phenotype in different ways and at various ages and 
stages of the disease. Impaired mucociliary clearance 
and reduced innate defenses may set the scene for early 
infection. Later on, abnormalities in the infl ammatory 
response may be more critical in the progression of lung 
disease.

It is also not surprising that some patients have a CF-
like syndrome (“variant CF”) refl ecting environmental 
and genetic infl uences other than mutations in CFTR. 
There have been several reports of mutations in different 
genes that produce similar phenotypes, including dis-
orders with clinical features that overlap those of CF.26,27 
The diversity of CF manifestations also needs to take into 
account the concept that other genetic factors modify the 
phenotypic appearance of the disease. These modifi er 
genes, which include genes that could affect CFTR func-
tion, innate and adopted immune response, airway infl am-
mation, and progression of chronic lung disease, as well 
as genes involved in defense mechanisms against patho-
gens, may also modulate the phenotypic outcome.28–33 
Therefore, clinical variability in CF, within the range from 
classic or typical CF to nonclassic or atypical CF, is cer-
tainly linked not only to the type of CFTR mutations but 
also the infl uence of other non–disease-causing genes 
that can alter the course of CF.
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Diagnosis

Cystic fi brosis is characterized by a tremendous hetero-
geneity in its clinical manifestations. Classic or typical CF 
refl ects two loss-of-function mutations in the CFTR gene 
and is characterized by elevated concentrations of chlo-
ride in sweat (>60 mmol/L), chronic obstructive pulmo-
nary disease with bacterial infection, exocrine pancreatic 
insuffi ciency, and infertility in males due to obstructive 
azoospermia.34,35 Nonclassic or atypical CF includes pati-
ents with a dysfunction of at least one organ system and 
a normal (<30 mmol/L) or a borderline (30–60 mmol/l) 
chloride concentration in sweat. Most of these patients 
have a milder lung disease and exocrine pancreatic 
suffi ciency.36–38

To cope with the diagnostic challenges, consensus about 
terminology and diagnosis is being proposed. Defi nition 
of CF relies on the presence of a coherent clinical syn-
drome plus either evidence of CFTR dysfunction (based 
on abnormal values for sweat chloride or nasal potential 
difference) or confi rmation of CF-causing mutations on 
both alleles. Patients who have disease linked to mutant 
CFTR with residual protein function but do not meet the 
diagnostic criteria are considered to have CFTR-related 
disease.37

Clinical Manifestations

Clinical signs for the diagnosis of CF include pulmonary 
manifestations with airway obstruction and chronic 
productive cough, airway colonization with pathogens 
(S. aureus, P. aeruginosa), persistent abnormalities on 
chest imaging with bronchiectasis, and altered lung func-
tion with air trapping and obstructive ventilatory defect. 
Gastrointestinal manifestations include meconium ileus, 
pancreatic insuffi ciency, distal intestinal obstruction syn-
drome, rectal prolapse, pancreatitis, biliary cirrhosis, 
failure to thrive, and defi ciency in fat-soluble vitamins. 
Other manifestations include nasal polyps, pansinusitis, 
and infertility due to obstructive azoospermia.34,39

Clinical tests that do not directly assess the CFTR 
defect can also aid diagnosis. Almost 90% of patients with 
CF have pancreatic insuffi ciency, and a reduced fecal con-
centration of pancreas-specifi c elastase can confi rm this 
disorder. Bacterial pathogens typical for CF such as 
P. aeruginosa can be detected by analysis of sputum or 
throat swab samples.

Cystic fi brosis is nearly always a clinical diagnosis. 
However, in a neonatal screening program or in a sibling 
of a known patient, the diagnosis of CF may come before 
the child has shown any symptoms. Neonatal screening 
programs have been introduced in many countries.40–44 
They are based on the immunoreactive trypsinogen (IRT) 
assay, which is adaptable to large numbers of subjects. 

Increased IRT concentrations at birth are observed in 
newborns affected by CF but can also be found in healthy 
children. To improve the specifi city of neonatal screening, 
a second measurement of IRT is performed, and only 
infants with confi rmed raised IRT values progress to a 
sweat test. In most screening programs, the sweat test is 
performed after analysis of a panel of CF-causing muta-
tions in the neonatal blood samples.

Another situation pertinent to CF diagnosis is family 
history. As indicated earlier, because of the extreme clini-
cal heterogeneity of the disease, siblings of affected CF 
children should be investigated, as lack of symptoms is 
insuffi cient to exclude the diagnosis of CF. The test to be 
performed fi rst in this situation is the sweat test.

Function Assays

Sweat Test

Since the 1950s, demonstration of elevated sweat chloride 
levels has been the principal method of confi rming the 
diagnosis of CF. The quantitative pilocarpine iontophore-
sis sweat test developed by Gilson and Cookes is cur-
rently the only uniformly accepted method.45 Errors in 
the collection of sweat samples may affect the results, and 
it is important to have the test performed in an experi-
enced laboratory. A sweat chloride level >6 mmol/L is 
consistent with the diagnosis of CF. Normal sweat chlo-
ride levels are <30 mmol/L. A minimum of 50 mg of sweat 
is required, although a quantity greater than 100 mg is 
preferable for accurate analysis. A positive test should be 
confi rmed, and negative tests should be repeated if clini-
cally indicated. The test can be performed on subjects of 
any age; however, it may be diffi cult to induce adequate 
sweating in infants younger than 1 month. In practice, 
testing can be carried out after the fi rst 3 weeks of life 
in infants weighing more than 3 kg who are normally 
hydrated and without signifi cant illness.

Borderline sweat chloride levels represent a diffi cult 
problem. Sweat chloride concentrations of 30–60 mmol/L 
are seen in about 4% of sweat tests, with 23% of these 
patients subsequently be found to have two CFTR muta-
tions. Several studies have discussed the value of the cut-
off level. Recent reports indicate that CF-affected patients 
occur with similar frequency in the 30–40 mmol/L range 
as in the 40–60 mmol/L range. Therefore, in most CF 
centers, a chloride cut-off level of 30 mmol/L is now 
used.

Transepithelial Nasal Potential Difference 

Measurement of ion transport across the proximal epi-
thelia in the nose is the most widely used test.46 Nasal 
potential difference (PD) is measured between a fl uid-
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fi lled exploring bridge on the nasal mucosa and a refer-
ence bridge on the skin of the forearm. The active 
transport of charged ions across the electrically tight 
respiratory epithelia results in a voltage termed potential 
difference. Absorption of Na+ is the main ion transport 
of the airway. The basal PD gives an indication of Na+ 
transport via the amiloride-sensitive epithelial Na+ 
channel. The nasal PD of a patient with classic CF is 
remarkably different from that of controls. In this situa-
tion, Na+ hyperabsorption and Cl− impermeability result 
in a high negative baseline PD, a magnitude of voltage 
that falls precipitously following perfusion with a solution 
that blocks Na+ absorption (amiloride) and a lack of 
response to solutions that stimulates Cl− secretion. In a 
signifi cant number of individuals with an equivocal sweat 
test, nasal PD measurement can provide useful informa-
tion toward making or refuting the diagnosis of CF. 
However, in nonclassic CF, the nasal PD may be border-
line, and there is not yet a consensus as to what exactly 
constitutes an abnormal result. To date, the nasal PD 
measurements can be used as an outcome measure in 
therapeutic trials.

Treatment Approaches

Current treatment approaches aim to improve airway 
clearance, eradicate or suppress the growth of bacterial 
pathogens, and attenuate airway infl ammation. The 
constant improvement of treatment strategies since the 
description of the disease has considerably increased 
the life expectancy from approximately 6 months to 35 
years. Treatment of airway infections and obstruction by 
antibiotics and physiotherapy, nutritional repletion, 
and the use of pancreatic enzymes, antiinfl ammatory 
therapy, and lung transplantation have tremendously 
contributed to improve quality of life and survival 
outcomes.35

Gene therapy, despite initial hopes and focused efforts 
of several groups worldwide, remains a challenge, as a 
gene therapy product with proven clinical effi cacy still 
does not exist.47 Consequently, a tremendous amount of 
work has been oriented toward a CFTR pharmacologic 
approach aimed at correcting the CFTR primary defects 
caused by CF mutations.48 In recent years, important 
advances have improved our understanding of the patho-
physiology of CF and the role of CFTR in lung disease. 
These discoveries open a new era of translational research 
that incorporates specifi c therapeutic targets and new 
cellular pathways. Therapies aimed at correcting specifi c 
CFTR defects are currently being investigated. For 
example, compounds that correct the F508del abnormal-
ity (class II mutations) have been identifi ed by robotic 
drug screening. Curcumin, a nontoxic compound and the 
major constituent of the spice tumeric, has been shown 

to correct F508del protein processing in a number of in 
vitro model systems and prolong the lives of mice that 
are homozygous for this mutation.49

Pharmacologic correction of stop codon mutations is 
an important area of investigation and targets class I 
mutations. Aminoglycosides have been shown in vitro 
and in vivo to allow for the read through of stop codon 
mutations leading to the synthesis of an almost normal 
CFTR protein. The proposed mechanism is based on the 
alteration of a ribosomal complex involved in protein 
translation with misreading of the stop codon and the 
insertion of another amino acid with a codon similar to 
the termination codon. The same concept has been 
applied to other diseases cause by premature stop codons, 
such as Duchenne’s muscular dystrophy.

High-throughput screening programs specifi cally 
designed to identify drugs that activate residual CFTR 
activity (class III and IV mutations) are also in progress. 
To date, a series of compounds belonging to different 
chemical scaffolds have been found to increase the activ-
ity of mutant CFTR. These activators are potentially 
useful for the development of drugs targeting CFTR 
channels with gating defects. Also a number of molecules 
based on strategies allowing identifi cation of molecular 
targets important in CFTR traffi cking by new tools, such 
as proteomics or gene silencing with siRNA libraries, will 
rapidly increase the list of drugs that may be of clinical 
interest. Consequently, in the near future, it will be critical 
to develop novel assays to evaluate candidate drugs for 
CFTR pharmacotherapy.

Conclusion

Important advances have been made in understanding 
the mechanisms underlying lung disease in CF, the 
sequelae stemming from the absence of a functional 
CFTR gene, and the therapeutic strategies devised to 
correct these abnormalities. It will soon be imperative to 
undertake randomized trials with young CF patients at 
an early stage of the disease. Translating clinical research 
into clinical practice is an important challenge. In the CF 
fi eld, this will be achieved only by the development of an 
international infrastructure to assist with the recruitment 
and coordination of pediatric trials

Another important challenge emerging with the tre-
mendous increased knowledge regarding CFTR gene 
structure and function and the introduction of neo-
natal screening programs is the defi nition and diagnosis 
of atypical CF and, consequently, the management of 
patients who do not meet the classic CF diagnostic 
criteria.50,51 These patients should be considered 
to have CFTR-related disease and should benefi t 
from appropriate intensive supportive treatment and 
follow-up.
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53
Pulmonary Organogenesis and 
Developmental Abnormalities

Timothy Craig Allen and Philip T. Cagle

mately embryonal day 25, epithelial cells “bud,” or grow 
into mesenchymal cells off of the ventral foregut, and 
develop into the trachea and bilateral primary bronchi, 
giving rise to lung primordium. Branching morphogene-
sis describes the development of the lungs that occurs 
through sequential rounds of branching. The primary 
bronchi grow and elongate, followed by “branching,” the 
development of secondary bronchi, which then elongate 
and divide to form tertiary bronchi, and so forth for 
approximately 22–24 generations.1,5,8

The fi rst approximately 16 generations of this process 
of branching are highly stereotyped and under strict 
genetic control.8 Such genetically controlled stereotypical 
development has been described as hard wired.8 Branch-
ing morphogenesis is carefully organized with cell growth 
and differentiation, proliferation, and apoptosis in a spa-
tially and temporally dependent manner.1 Some of the 
signals and pathways mediating these events have recently 
been uncovered, but much remains unknown.1–5,8 This 
genomically encoded, hard-wired emergence of the laryn-
gotracheal groove and early lung branching morphogen-
esis is mediated by highly regulated, interactive growth 
factor signaling mechanisms that infl uence the automatic-
ity of branching, interbranch length, stereotypy of branch-
ing, left–right asymmetry, and gas diffusion surface area.8 
The extracellular matrix is an important regulator as 
well as a target for growth factor signaling in both branch-
ing morphogenesis and alveologenesis.1,8 Coordination 
not only of epithelial but also endothelial branching 
morphogenesis determines bronchial branching and the 
eventual alveolar–capillary interface.1,4,8 Finally, alveolo-
genesis occurs, beginning in the canalicular stage, with 
branching of distal airway saccules into immature alveoli, 
primitive airspace formation, and apposition of capillar-
ies to form a potential air–blood interface for future gas 
exchange. Mesenchymal cells adjacent to airways undergo 

Lung Organogenesis

Introduction

Lung organogenesis involves the emergence of the lung 
anlage from the anterior foregut, laryngeal and tracheo-
esophageal morphogenesis and septation, tracheal bifur-
cation, patterning of the major bronchi, lobation of the 
lungs, branching morphogenesis of approximately 23 
generations of airways, and formation of alveoli.1 In the 
third week of gestation, the lung begins to develop as a 
ventral outpouching on the fl oor of the primitive foregut.2 
The lung’s development may be divided into fi ve phases: 
the embryonic, pseudoglandular, acinar or canalicular, 
saccular, and alveolar phases.2–4 A variety of factors infl u-
ence normal lung development, including normal fetal 
breathing movements, adequate intrathoracic space, 
appropriate volumes of extra- and intrapulmonary fl uid, 
pulmonary blood fl ow, as well as maternal factors such 
as nutrition and smoking.3 The foregut endoderm differ-
entiates into epithelial cell types that line the developing 
lung and trachea, whereas lung mesenchyme originates 
from the lateral plate mesoderm and develops into several 
lung components, including connective tissue, smooth 
muscle surrounding airways and medium- and small-sized 
blood vessels, endothelial cell precursors, lymphatics, tra-
cheal cartilage, and pleura.5 Some authors have shown a 
role for blood vessels as a source of inductive signals to 
epithelium, but such roles have not been completely 
elucidated.5–7

Control of fetal lung development and growth is tightly 
orchestrated and regulated. Development of the lung 
occurs in three segments—specifi cation of lung primor-
dium via septation from the esophagus and tracheal for-
mation, branching morphogenesis, and alveologenesis 
and distal epithelial cell type differentiation. On approxi-
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apoptosis, allowing formation of thin interstitial 
septae.1,3

Signaling Pathways

Several signaling pathways have thus far been identifi ed 
to be involved in lung organogenesis, including Notch, 
transforming growth factor (TGF)-β/bone morphogenic 
protein 4 (BMP4), Wingless (Wnt), Sonic Hedgehog, 
fi broblast growth factor (FGF), and epithelial growth 
factor (RGF) (see Chapter 2 for detailed discussion of 
these pathways).9

Wingless Signaling Pathway

The Wnt growth family of secreted glycoproteins con-
sists of 19 different ligands that interact with 10 
known Frizzled (Fzd) receptors and two low-density-
lipoprotein–related protein-5 and -6 coreceptors.10,11 
Wingless signaling controls several developmental pro-
cesses, including proliferation and migration.9,10 Wingless 
signaling, through both canonical and noncanonical path-
ways, has been found to be critical for embryonic lung 
development.9–24 Canonical Wnt signaling, necessary for 
the regulation of branching morphogenesis and mesen-
chymal differentiation, has been identifi ed throughout 
mouse embryonic lung development.9,11,12 β-Catenin, a 
critical component of canonical Wnt signaling, localizes 
in the cytoplasm and sometimes the nuclei of undifferen-
tiated primordial epithelial cells, differentiating alveolar 
epithelial cells, and associated mesenchymal cells.9,13 
Activation of the Wnt canonical pathway results in β-
catenin nuclear localization and its interactions with tran-
scription factors of the T-cell factor/lymphoid 
enhancer-binding factor family that regulate target gene 
transcription.10,14 Other studies have identifi ed Wnt2 
expression predominantly within mesenchyme, Wnt7b 
expression exclusively in lung epithelium, and Wnt11 and 
Wnt5a expression within both epithelium and mesen-
chyme.9,11,16–19 The noncanonical pathway involves activa-
tion of c-Jun kinase or regulation of calcium fl ux.11,16

Sonic Hedgehog

Sonic Hedgehog (Shh) is one of several factors derived 
from lung endoderm that is critical for lung epithelial 
branching morphogenesis and peribronchial smooth 
muscle development.10,11,25–35 Sonic Hedgehog, the mam-
malian ortholog of Drosophila hedgehog, is highly 
expressed in lung epithelium.10,27 Sonic Hedgehog signal-
ing occurs with the binding of Shh to its receptor, Patched, 
resulting in the loss of Patched-mediated inhibition of 
Smoothened protein, which in turn causes transduction 
of Shh signaling to the Gli proteins, which translocate 

into the nucleus and bind Shh-responsive elements.10,11,25,26,28 
Sonic Hedgehog is important for normal peribronchial 
smooth muscle development as well as for branching 
morphogenesis.11 It has also been proposed that Shh may 
be important in lung stem cell maintenance, given the 
fi ndings of increased cell proliferation and changes of 
cellular differentiation caused by Shh overexpression.10,35 
Transient Shh activation has been identifi ed in adult lung 
airway epithelium during repopulation of injured airways 
after acute proximal injury, suggesting that Shh activa-
tion might drive epithelial cell proliferation during lung 
epithelial repair.10

Fibroblast Growth Factor

Fibroblast growth factor-10 has been found to be a signal-
ing pathway critical for normal lung branching mor-
phogenesis.11,27,36–43 Fibroblast growth factor signaling is 
required at specifi c times during lung organogenesis for 
normal peripheral lung formation.25,39,40 Other FGF family 
members, including FGF-1, FGF-7, and FGF-18, are 
expressed in lung organogenesis.25 Targeted deletion of 
FGF-9 has been found to cause lung hypoplasia in 
mice.25,42

Notch

Notch is a transmembrane signaling protein initially iden-
tifi ed for its involvement in Drosophila neurogenesis, and 
complete loss of Notch causes massive neuronal hyper-
plasia.44 Notch-1, Notch-2, and Notch-3 are members of 
the Notch family, and Notch ligands include Jagged-1 and 
Jagged-2.44

Epithelial Growth Factor

Epithelial growth factor (EGF) is involved in regulating 
the growth and development of fetal lung.45 It induces 
gender-specifi c and development-specifi c changes in fetal 
lung surfactant synthesis (see Chapter 54).45 Villanueva 
et al., studying fetal rabbit lung culture cells, found that 
EGF affected the expression of EGF receptor on EGF-
specifi c binding in fetal lung.45

Transforming Growth Factor-b/Bone 
Morphogenic Protein 4

Bone morphogenic protein 4, a member of the TGF-β 
family, is induced in epithelial cells in the distal epithelial 
tips as a response to FGF-10 in the mesenchyme.11,27,38,46 
This protein is expressed in lung mesenchyme also, with 
its highest expression adjacent to proximal epithelium.11 
Bone morphogenic protein 4 is also expressed in 
peribronchial smooth muscle cells.11,38 Its receptors are 
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identifi ed throughout lung epithelium, including distal 
mesenchyme, suggesting that the BMP-4 signaling path-
ways relevant to lung development are found in the distal 
mesenchyme and proximal epithelium.11

Branching

Canonical Wnt signaling represses lung branching mor-
phogenesis.11 Using cultured lung explants, Dean et al. 
found that depletion of β-catenin in both epithelium and 
mesenchyme increased mesenchymal FGF-10 expression 
and increased branching morphogenesis.11,21 De Langhe 
et al., however, studying lung explants, found that Wnt 
signaling inhibition impaired branching morphogenesis, 
including failed cleft formation and reduced parabron-
chial smooth muscle differentiation.11,22 These discrepant 
fi ndings underscore the complex nature of Wnt signaling 
pathways in lung organogenesis.11

Sonic Hedgehog is secreted by epithelial cells in embry-
onic lung buds.25 Clinical syndromes that include pulmo-
nary malformations, such as Pallister-Hall syndrome, 
VACTERL, and Smith-Lemli-Opitz syndrome, have been 
linked to Shh signaling pathways.25,29,30 Mice with a tar-
geted SHH gene null mutation have hypoplastic lungs 
with impaired branching.11 Diffuse FGF-10 expression 
hinders directed lung epithelial cell growth, and loss of 
SHH, with resultant delocalized FGF-10 expression, 
may be the cause of impaired branching morphogenesis 
in SHH null lungs.11 Mice research has emphasized the 
importance of FGF-10 in initiating airway branching, 
demonstrating that null mutations of FGF-10 and mis-
expression of a dominant negative FGF receptor prevent 
airway branching distal to the trachea.11,37 Deletion of 
FGF-R2IIIb or inhibition of FGF signaling via Sprouty 
expression, an intracellular FGF signaling inhibitor, or 
via FGF mutant receptors inhibiting receptor signaling 
blocks lung branching morphogenesis.25,39,40 Retinoic acid 
downregulates expression of FGF-10 and inhibits lung 
epithelial branching morphogenesis via a mechanism of 
action not presently understood.11,43

Examining mouse fetal lung, Kong et al. identifi ed 
Notch-1, Notch-2, Notch-3, Jagged-1, and Jagged-2 expres-
sion in embryonic mouse lung and identifi ed increased 
branching morphogenesis in lung buds cultured with anti-
sense to Notch-1, increased neuroendocrine cell differen-
tiation with Notch-1 and Jagged-1 antisense, and increased 
neural tissue with Notch-3 antisense.44 The authors con-
cluded that Notch-1 plays a role in the regulation of 
branching in developing lung.44 The authors speculated 
that Notch signaling effects might be mediated by altered 
cell adhesion to other cells or to extracellular matrix 
components or to altered cell motility.44 The authors 
noted that the absence of changes in cell proliferation or 
apoptosis suggests that altered cell adhesion or migration 

is the mechanism for altered branching with Notch family 
antisense oligonucleotides.44 Although the role of BMP-4 
is not well-defi ned, Shannon and Hyatt propose that 
BMP-4 helps regulate epithelial proliferation and proxi-
mal–distal patterning in lung epithelium.11,46 Bone 
morphogenic protein 4 may regulate lung branching 
by induction of peribronchial smooth muscle cell 
differentiation.11,46

Airway

Wingless plays a role in lymphoid enhancer-binding 
factor-1 expression in submucosal gland buds, potential 
stem cells for submucosal gland, and airway surface epi-
thelium regeneration, suggesting that the Wnt/β-catenin 
pathway may play a role in stem cell maintenance of 
airway epithelium.10,23,24

Peripheral Airway

Mucenski et al. have shown β-catenin to be important for 
peripheral airway formation but dispensable for proximal 
airway formation.9,15

Alveoli

Thyroid transcription factor-1 (TTF-1), essential for lung 
epithelium differentiation, was shown by Minoo et al. to 
regulate Wnt7b promoter activity, and TTF-1 null mice 
were found to have a lethal lung phenotype with increased 
mesenchymal and epithelial proliferation without func-
tional alveoli.9,20 These fi ndings suggest that dysregulated 
Wnt7b signaling leads to the absence of functional 
alveoli.9,19

Mesenchyme

Investigators propose that Shh is a negative feedback 
signal downregulating FGF-10 expression in lung mesen-
chyme.11,27,31,32 Sonic Hedgehog overexpression in distal 
lung epithelium causes increased epithelial cell and mes-
enchymal cell proliferation and reduced expression of 
FGF-10, whereas loss of expression of Shh causes lung 
hypoplasia along with increased cell death, decreased 
mesenchymal proliferation, and ectopic FGF-10 expres-
sion in both proximal and distal mesenchyme.11,33 As Shh 
expression is high at the distal epithelial tips where mes-
enchymal FGF-10 expression occurs, Shh expression may 
not correlate with Shh activity.11 Authors propose that 
Shh activity may depend on a balance among Shh 
modulators, including hedgehog interacting protein and 
Patched; alternatively, Shh activity might be spatially 
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restricted so that Shh expression in the distal epithelial 
tips only represses FGF-10 expression in the immediately 
adjacent lung mesenchyme.11,34

The identifi cation of delocalized FGF-10 expression 
and the absence of peribronchial smooth muscle in Shh 
null lungs suggests that peribronchial smooth muscle cells 
may mediate FGF-10 expression inhibition by Shh.11 
Such a possibility could explain the association of high 
Shh expression in the distal epithelial tips along with high 
FGF-10 expression in adjacent lung mesenchyme.11 Fibro-
blast growth factor-10 may function by promoting growth 
of distal epithelial buds toward it, as FGF-10 expression 
is localized to distal lung mesenchyme surrounding the 
tip of extending epithelial buds.11 Fibroblast growth 
factor-10 receptors are identifi ed throughout lung epithe-
lium, and studies suggest that proximal as well as distal 
lung epithelial cells have the capacity to respond to FGF-
10.11 Signals arising from proximal lung mesenchyme 
have been considered as possible suppressors of proximal 
FGF-10 function.11 Fibroblast growth factor-10 also plays 
a role in regulating development of peribronchial smooth 
muscle.11,41

Vascular Factors

It is important to remember that the pulmonary circula-
tion involves duel blood supplies from both bronchial 
and pulmonary arteries. The pulmonary arteries arise 
from the right ventricle and divide into left and right 
mainstem pulmonary arteries, further dividing into lobar 
arteries, and upon entering the lung follow and divide 
with bronchi and bronchioles. The bronchial artery typi-
cally arises near the descending portion of the aortic arch 
and follows and nourishes the bronchial tree to the level 
of the respiratory bronchiole. Within the periphery a cap-
illary network is established early, which most probably 
is stepwise connected to the central arterial branches as 
the bronchial buds are developed.

To ensure optimal gas exchange, vascularization must 
precisely match epithelial morphogenesis.8 A variety of 
vascular epithelial growth factor (VEGF) isoforms are 
expressed in the developing lung epithelium, whereas 
their cognate receptors are expressed in, and direct the 
emergence of, developing vascular and lymphatic capil-
lary networks within the mesenchyme.8 Vascular epithe-
lial growth factor signaling may possibly occur downstream 
of FGF signaling, as in vivo abrogation of FGF signaling 
severely affects both epithelial and endothelial morpho-
genesis.8 When the lung buds evaginate from the foregut, 
vasculogenesis begins.8 Vascular epithelial growth factor 
is critical for branching morphogenesis, and the loss of 
even a single VEGF allele causes embryonic lethality in 
mice.8 Vascular epithelial growth factor is diffusely dis-

tributed in pulmonary epithelial and mesenchymal cells 
and is important for controlling endothelial proliferation 
and vascular structure maintenance.8

Vascular epithelial growth factor-120, VEGF-164, and 
VEGF-188 are expressed in mice during development, 
and the VEGF-164 isoform is most highly expressed and 
active during embryogenesis. Vascular epithelial growth 
factor signals through the cognate receptors fetal liver 
kinase-1 (FLK-1 or VEGFR2) and fetal liver tyrosinase-
1 (FLT-1 or VEGFR1).8 Vascular epithelial growth 
factor signaling is critical for embryonic mesenchymal 
cell differentiation into endothelial cells.8 Epithelial and 
mesenchymal cell interactions contribute to lung neo-
vascularization, crucial in normal lung formation, and 
epithelial cells in the airways are positive for VEGF, 
especially at the budding regions of the distal airway.8 
Vascular epithelial growth factor–misexpressing trans-
genic mice, with the Vegf transgene under the control of 
the surfactant protein C (SP-C) promoter, show gross 
abnormalities in lung morphogenesis associated with a 
decrease in acinar tubules and mesenchyme.8 VEGF-
treated human lung explant tissue shows an increase in 
distal airway epithelial cell proliferation with up-regula-
tion of the mRNA expression of surfactant protein A 
(SP-A) and C (SP-C) but not SP-B.8 Vascular epithelial 
growth factor also helps maintain alveolar structure.8 
Lungs from newborn mice treated with antibodies to 
FLT-1 are reduced in size and display signifi cant imma-
turity with a less complex alveolar pattern, whereas 
VEGF accumulation in the alveoli makes Vegf trans-
genic mice more resistant to hypoxic injury.8 Vascular 
epithelial growth factor is a target of hypoxia-inducible 
transcription factor (HIF)-2α, and HIF-2α–defi cient 
newborn mice die from respiratory distress syndrome.8 
Vascular epithelial growth factor expression in HIF-2α 
null mice is greatly reduced in alveolar epithelial type 2 
cells.8 Furthermore, VEGF signaling may be required 
for matching the epithelial–capillary interface during 
lung morphogenesis.8

Specifi c Genes and Developmental 
Abnormalities

Several pathways have been discussed that are involved 
in lung organogenesis and are likely involved in devel-
opmental abnormalities. A summary of specifi c genes 
associated with specifi c syndromes and pulmonary 
developmental abnormalities is provided in Table 53.1.25 
Surfactant abnormalities are discussed in Chapter 54. 
Other specifi c inherited lung diseases, such as α1-
antitrypsin defi ciency (Chapter 50) and cystic 
fi brosis (Chapter 52), are discussed in their respective 
chapters.
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Conclusion

Continuing investigation into the molecular genetics of 
lung organogenesis might provide therapeutic targets for 
treatment of abnormalities of lung morphogenesis, pos-
sibly via the activation of systemic or pulmonary stem 
cells.1,27 As well, such continuing research will provide 
increased knowledge of the molecular genetics of lung 
repair and neoplasia.
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synthesis, are developmentally regulated.8–11 In contrast, 
member A3 of the adenosine triphosphate (ATP) binding 
cassette family of proteins (ABCA3) is highly expressed 
in type II cells, where it is localized to the limiting mem-
brane of the lamellar body, and appears to have an essen-
tial role in lamellar body biogenesis and likely in surfactant 
lipid metabolism.12,13 Surfactant is secreted by exocytosis 
of the lamellar body contents, where it unravels into an 
intermediate known as tubular myelin before adsorbing 
to the air–liquid interface. Surfactant lipids and proteins 
are both recycled by the type II cell through an endocytic 
pathway, as well as being catabolized by alveolar macro-
phages, which are dependent on granulocyte-macrophage 
colony stimulating factor (GM-CSF) for their appropri-
ate maturation.

About 10% of mammalian surfactants by weight is 
composed of protein, and, while the majority of protein 
in surfactant is derived from serum, specifi c proteins 
found primarily or largely in surfactant have been identi-
fi ed that have important roles in its function and metabo-
lism. Surfactant proteins A and D (SP-A, SP-D) are 
hydrophilic proteins that are part of the collectin family, 
having both a collagenous domain and a carbohydrate 
binding or lectin domain. In their native forms in the 
airspaces, both are composed of high-order multimers. 
Both are encoded on chromosome 10, with two genes 
(SFTPA1, SFTPA2) contributing to the SP-A protein and 
a single gene (SFTPD) for SP-D.14 The principal roles for 
SP-A and SP-D appear to be in innate immunity and 
regulation of local pulmonary infl ammation.15,16 Although 
both are highly expressed in the lung, SP-A and, even 
more so, SP-D are also expressed in extrapulmonary 
tissues.17–21 Multiple allelic variants of SFTPA1, SFTPA2, 
and SFTPD that alter their encoded protein sequences 
have been identifi ed, and genetic association studies have 
linked certain SFTPA and SFPTD alleles to susceptibility 
to a variety of pulmonary diseases, ranging from RDS in 
premature newborns and viral infection in children to 
chronic obstructive pulmonary disease and lung cancer in 

Introduction

Pulmonary surfactant is the complex mixture of lipids 
and proteins needed to reduce alveolar surface tension 
at the air–liquid interface and prevent alveolar collapse 
at the end of expiration. It has been recognized for almost 
50 years that a defi ciency in surfactant production due to 
pulmonary immaturity is the principal cause of the respi-
ratory distress syndrome (RDS) observed in prematurely 
born infants.1 Secondary surfactant defi ciency due to 
injury to the cells involved in its production and func-
tional inactivation of surfactant is also important in the 
pathophysiology of acute respiratory distress syndrome 
(ARDS) observed in older children and adults.2,3 In the 
past 15 years, it has been recognized that surfactant defi -
ciency may result from genetic mechanisms involving 
mutations in genes encoding critical components of the 
surfactant system or proteins involved in surfactant 
metabolism.4,5 Although rare, these single gene disorders 
provide important insights into normal surfactant metab-
olism and into the genes in which frequently occurring 
allelic variants may be important in more common pul-
monary diseases.

Overview of Pulmonary Surfactant

Pulmonary surfactant is synthesized, stored, and secreted 
by alveolar type II cells. Alveolar type II cells contain a 
specialized, lysosomally derived organelle, the lamellar 
body, in which surfactant lipids and proteins are stored.6 
Surfactant phospholipids, particularly disaturated or 
dipalmitoyl phosphatidylcholine, are critical for its ability 
to effectively lower alveolar surface tension.7 A large 
number of enzymes are involved in surfactant lipid syn-
thesis, but in general these enzymes are found in many 
tissues and are not specifi c for type II cells. Only a few, 
such as fatty acid synthase and CTP:phosphocholine cyti-
dylyltransferase (CCTα), the rate-limiting enzyme in PC 
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adults.22–28 However, the functional signifi cance of these 
variants is uncertain. Currently, no human diseases due to 
genetic mechanisms disrupting either SP-A or SP-D pro-
duction or structure have been reported. It may be that 
defi ciencies of these two proteins do not result in human 
lung disease or that the phenotype associated with defi -
ciencies of these proteins has not yet been determined. 
Mice genetically engineered to be defi cient in SP-A have 
been generated, and, although more susceptible to a 
number of different pathogens, they do not have respira-
tory distress at birth or spontaneously develop lung disease 
with age.29–34 Moreover, as there are two SP-A genes, 
complete defi ciency of SP-A will likely have to result from 
a major deletion involving their loci. In contrast, SP-D 
null mice develop a pulmonary lipoidosis and emphysema 
with age, and thus SP-D remains a candidate gene for 
pulmonary disease.35–37 As both SP-A and SP-D contain 
collagenous domains and form higher order multimers in 
the airway, it is possible that mutations introducing struc-
tural changes in the collagenous domains or elsewhere 
could prevent oligomerization and thus result in defi ciency 
of SP-A or SP-D by a dominant negative mechanism.

Surfactant proteins B and C (SP-B, SP-C) are small, 
hydrophobic proteins that have essential roles in surfac-
tant’s ability to lower surface tension. Both SP-B and 
SP-C when combined with surfactant lipids yield a sur-
factant that effectively lowers surface tension in vitro and 
is effective in treating animal models of RDS. Both are 
found in varying amounts in mammalian derived exoge-
nous surfactant preparations used clinically to treat 
human infants with RDS.38,39 Abnormalities in both SP-B 
and SP-C expression and structure due to mutations in 
the genes encoding these proteins have been associated 
with acute and chronic human lung disease and are dis-
cussed in more detail later. While regulation of expres-
sion of both SP-B and SP-C is distinct, both are increased 
with glucocorticoids.40–42 The promoter regions of both 
genes have been extensively studied, and numerous tran-
scription factors are involved in their expression as well 
as that of other key components of the surfactant system, 
with thyroid transcription factor 1 (TTF-1, also known as 
Nkx2.1), forkhead box A2 (Foxa2), and CCAAT/enhancer 
binding protein α (C/EBPα) of particular importance in 
determining tissue specifi city and developmentally regu-
lated expression.43–51 Selective inactivation of these tran-
scription factors in the distal respiratory epithelium of 
experimental animals results in perinatal lethality with 
decreased production of surfactant proteins and lipids.

Respiratory Distress Syndrome

The primary lung disease related to surfactant is RDS 
caused by defi cient production of surfactant due to pul-
monary immaturity. The primary pathologic changes 

observed in the lungs of infants dying from RDS are 
diffuse atelectasis and the formation of hyaline mem-
branes lining small airways. Although a great deal of 
effort initially focused on the role of the hyaline mem-
branes in the pathophysiology of RDS, the seminal obser-
vations of Avery and Mead in 1959 demonstrated the 
functional absence of surfactant and its ability to lower 
surface tension as the primary cause of the disease.1,52

Respiratory distress syndrome results not from the 
selective production of one surfactant component but 
from global decreases in surfactant lipid and protein 
production. Immature type II cells do not contain well-
developed lamellar bodies but are instead rich in glyco-
gen, which disappears as lamellar bodies appear.8,53 The 
expression of SP-A, SP-B, and SP-C, as well as other 
proteins involved in surfactant lipid production and 
homeostasis such as ABCA3, fatty acid synthase, and 
CCTα, are developmentally regulated, with their expres-
sion increasing with advancing gestation.11,12,54–61 
Decreased expression of SP-A and SP-B has been 
observed in lung tissue from newborns that died from 
RDS compared with controls.62 Measurements of surfac-
tant lipids in amniotic fl uid, including PC (also known as 
lecithin), disaturated phosphatidylcholine, and phospha-
tidylglycerol (PG), as well as assessments of lamellar 
body counts, can be used to predict maturity of the sur-
factant system in the fetus. Clinical testing for fetal lung 
maturity introduced in the 1970s resulted in a reduction 
in iatrogenic RDS.63,64

Along with technical advances in neonatal mechanical 
ventilation, RDS is now very effectively treated with 
exogenous surfactant preparations that have substan-
tially reduced mortality from RDS in premature in-
fants.65–67 Respiratory distress syndrome is principally a 
disease of premature infants, with the risk for RDS pri-
marily dependent on gestational age, although it may also 
be observed in full-term or near-term infants. As many 
more infants are born at >35 weeks, RDS in larger infants 
represents a considerable cause of neonatal morbidity, 
although mortality in such infants is low.68,69 With the 
effectiveness of modern therapies for RDS in reducing 
mortality, the phenotype of severe RDS unresponsive to 
current treatment strategies is one that suggests another 
etiology for lung disease, particularly a genetic or devel-
opmental mechanism disrupting lung development or 
impairing surfactant metabolism.

Surfactant Protein B

Surfactant protein B is encoded by a single gene (called 
SFTPB) located on the short arm of chromosome 2, span-
ning approximately 10 kb.70,71 The gene contains 11 exons, 
of which the last is untranslated. The gene is transcribed 
into an approximate 2 kb mRNA, which is translated into 
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a 381 amino acid preproprotein.72 After cotranslational 
cleavage of a signal peptide, the proprotein (pro-SP-B) 
undergoes several proteolytic processing steps at both 
the amino- and carboxy-terminal ends to yield the 79 
amino acid mature SP-B protein that is secreted into the 
airspaces. Proprotein SP-B has homology to the saposins, 
proteins that bind to and interact with a number of lipids, 
and contains three saposin domains. Mature SP-B is 
encoded in exons 6 and 7 of the gene, which corresponds 
to the middle domain.73,74 Proprotein SP-B contains one 
potential site for N-linked glycosylation in the carboxy-
terminal domain and a possible second site in the amino-
terminal domain depending on which variant of a 
commonly occurring single nucleotide polymorphism 
(SNP) is present in codon 131.75 Alternative splicing at 
the beginning of exon 8 yields a small percentage of tran-
scripts lacking four amino acids from the carboxy-
terminal domain. The functional consequences of this 
alternative splicing are unknown, although this transcript 
may be overrepresented in RNA from diseased lung 
tissues.76 Surfactant protein B is expressed in both non-
ciliated bronchiolar epithelium in the lung and alveolar 
type II epithelial cells, although only alveolar type II cells 
fully process pro-SP-B to mature SP-B.60,77 Hereditary 
SP-B defi ciency was the fi rst recognized inborn error of 
surfactant metabolism, with the fi rst report in 1993.78 The 
index patient was a full-term infant with diffuse lung 
disease clinically and radiographically suggestive of sur-
factant defi ciency. Unlike premature infants with surfac-
tant defi ciency, who generally improve toward the end of 
the fi rst week of life, this child had persistent hypoxemic 
respiratory failure and eventually died at age 5 months. 
The family history was notable for a previous child born 
to the same parents who also died from neonatal lung 
disease. Lung biopsy fi ndings included changes similar to 
those of alveolar proteinosis in adults, with distal air-
spaces fi lled with granular eosinophilic material. This 
pathology had also been observed rarely in newborns 
with clinically similar lung disease, often with a positive 
family history.79,80 A selective absence of SP-B in lung 
tissue from this infant was demonstrated by immunologic 
assays, and SP-B defi ciency was established as the basis 
for the lung disease with the demonstration of a frame 
shift mutation that precluded SP-B production on both 
SP-B alleles in affected infants.81

Surfactant protein B defi ciency is an extremely rare 
disorder. Approximately 50 cases have been reported in 
the literature, and extrapolations from estimates of the 
population frequency of the most frequently encountered 
SFTPB mutation yields an expected disease incidence of 
about 1 in 1 million live births in the United States.82–84 
Although the disease is almost always fatal, affected 
infants can survive for months with aggressive support, 
and it is thus important to establish the diagnosis so as to 
avoid futile therapy or provide timely referral for lung 

transplantation, as well as for proper counseling regard-
ing recurrence risk.

Over 40 different mutations in SFTPB have been iden-
tifi ed. The fi rst identifi ed mutation consists of a substitu-
tion of GAA for C in codon 121 of the SP-B mRNA and 
has been termed 121ins2.81 This mutation has accounted 
for 60%–70% of the mutant alleles in patients of North-
ern European descent, and the fi nding of a common 
mutation likely is the result of a common ancestral origin 
or “founder” effect.85 Other mutations have been found 
in more than one unrelated family in specifi c ethnic 
groups. Although some mutations allow for the produc-
tion of pro-SP-B, processing to mature SP-B is impaired 
such that all known mutations lead to an absence or 
severe reduction in the amount of mature SP-B and can 
thus be viewed as loss-of-function mutations.86 The disease 
is inherited as an autosomal recessive condition, with 
mutations needed on both alleles to manifest disease.

The usual clinical presentation is that of a full-term 
infant without risk factors for lung disease or infection 
who presents with symptoms of respiratory distress, 
hypoxemia, and diffuse, homogenous infi ltrates on chest 
radiographs. Although many of the initial reports of 
infants with this condition involved children with very 
severe lung disease who often required extracorporeal 
membrane oxygenation for support, it is clear that some 
affected infants may have milder disease initially and 
may not require mechanical ventilation for days to 
weeks.87,88 The disease is progressive, and the diagnosis 
should thus be considered in full-term infants with a 
history of neonatal lung disease that is progressive after 
the fi rst week of life, especially if there is a family history 
of neonatal lung disease.

The pathophysiology of the lung disease due to SP-B 
defi ciency is incompletely understood. Certainly the lack 
of mature SP-B could contribute to poorly functioning 
surfactant and thus accounts for some of the initial clinical 
symptoms consistent with severe surfactant defi ciency. In 
addition, defi ciency of SP-B results in a block in process-
ing of pro-SP-C to mature SP-C. This results in both 
defi ciency of mature SP-C as well as an accumulation of 
partially processed SP-C-related peptides that are secreted 
into the airspaces but are not very surface-active and 
contribute to the pathophysiology of the lung injury.89,90 
Type II cells in SP-B-defi cient lung do not contain nor-
mally form lamellar bodies, indicating a fundamental 
intracellular role for SP-B or pro-SP-B, and the lack of 
normal lamellar bodies may explain the impaired process-
ing of pro-SP-C, as the fi nal processing steps for pro-SP-C 
take place in a distal cellular compartment.6,91,92

Genetically engineered SP-B knockout mice have been 
generated and have a phenotype that recapitulates the 
human disease, with homozygous null mice dying at birth 
from respiratory failure.93 The lung pathology of mice 
dying in the neonatal period is notable principally for 
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atelectasis and does not have many of the histopathology 
features observed in lung tissue from human infants 
with SP-B defi ciency (described in detail later). Potential 
reasons for the differences in histopathology fi ndings 
include the inherent variations between species, the fact 
that some changes may take time to develop after birth 
or are a result of the treatments used to sustain life in 
human infants with SP-B defi ciency, or some combina-
tion of these factors. Homozygous SP-B null mice are 
completely lacking in mature SP-B protein and also have 
abnormal lamellar bodies and aberrant processing of pro-
SP-C to SP-C, indicating that these are due to the primary 
defi ciency of SP-B and are not secondary to other post-
natal factors.94

Mice that conditionally express SP-B under the control 
of a tetracycline responsive promoter have also been gen-
erated and bred with knockout mice in order to generate 
animals that can survive the neonatal period and then 
have SP-B production shut off when the antibiotic is 
removed from their diet. These animals develop lung 
disease when SP-B levels fall below 20%–25% of the 
levels in control mice, indicating that there is a critical level 
of SP-B needed for proper lung function.95 This concept is 
supported by the observation that human patients with 
SP-B mutations allowing for some SP-B production survive 
longer than those with null mutations.87,88 Mice heterozy-
gous for one SP-B null allele survive and have only mild 
abnormalities in lung function but are more susceptible to 
pulmonary oxygen toxicity.96,97 Genetic control of SP-B 
levels could thus be an important determinant of risk for 
lung disease, with individuals who have a lower capacity 
for SP-B production being at risk for lung disease should 
additional environmental factors (premature birth, infl am-
mation) further reduce SP-B levels.

Multiple polymorphic variants have been identifi ed 
within the SFTPB locus, including an SNP in codon 131 
that alters a potential site for N-linked glycosylation, 
several SNPs in the promoter region that could affect 
gene transcription, and a variable tandem nucleotide 
repeat sequence in intron 4.26,98–102 This latter variant in 
intron 4 has been associated with increased risk for 
several pulmonary diseases, ranging from RDS and 
bronchopulmonary dysplasia in premature infants to lung 
cancer in adults.101,103–107 The mechanisms by which this 
variant affects SP-B expression are unknown, although 
effects on gene transcription based on potential tran-
scription factor binding sites and on mRNA splicing have 
been proposed.104,108 The codon 131 SNP has been associ-
ated with both risk for RDS in premature infants as well 
as acute and chronic lung injury in adults.99,109,110 The 
observed associations have been relatively weak, however, 
and often in combination with other risk factors or genetic 
variants at other loci. Additional studies will be needed 
to fully address the question of whether and which SFTPB 
alleles may predispose to different disease conditions.

Currently there is no specifi c effective therapy for SP-
B defi ciency other than lung transplantation. Children 
with SP-B defi ciency have been transplanted in early 
infancy, with short- and long-term outcomes comparable 
to those for lung transplantation for other disorders in 
infancy.111 As lung transplantation carries with it signifi -
cant burdens for the family as well as long-term morbid-
ity and mortality risks, compassionate care is also an 
appropriate option once the diagnosis is established. 
Identifi cation of the responsible mutations allows for 
proper genetic counseling and the option for prenatal or 
even preimplantation diagnosis for future pregnancies.

Surfactant Protein C

Surfactant protein C is encoded by a single gene (SFTPC) 
on the short arm of chromosome 8. The gene is relatively 
small, spanning some 3,500 bases, and contains 6 exons, 
of which the last is untranslated.112 The gene is transcribed 
into an approximately 0.9 kb mRNA, which directs the 
synthesis of a 191 or 197 proprotein (pro-SP-C), depend-
ing on alternative splicing at the beginning of exon 5.38,72 
Proprotein SP-C does not contain a signal peptide but is 
a transmembrane protein in which the domain corre-
sponding to mature SP-C acts as the membrane anchor-
ing domain, with the amino-terminus oriented toward the 
cytoplasm.113,114 Proprotein SP-C undergoes a number of 
posttranslational modifi cations, including palmitoylation 
of cysteine residues within the mature peptide domain, 
such that SP-C is a proteolipid.115,116 Like SP-B, pro-SP-C 
is proteolytically processed at both the carboxy and 
amino termini, to yield the 34 or 35 amino acid mature 
SP-C, whose protein sequence is encoded within exon 2 
of the gene and is secreted into the airspaces along with 
SP-B and surfactant lipids. The carboxy-terminal domain 
of pro-SP-C has homology with a group of proteins linked 
to forms of familial dementia and cancer (BRICHOS 
domain), with their common pathogenesis hypothesized 
as being related to abnormal protein folding and hence 
conformational diseases.117,118 Surfactant protein C expres-
sion is confi ned to type II cells within the lung, and the 
SP-C human and mouse promoter sequences have been 
widely used in animal experiments to drive lung-specifi c 
gene expression.47,119–121

Lung disease due to SFTPC mutations is rare, although 
the incidence and prevalence are unknown as popula-
tion-based studies have not been performed. The major-
ity of reported cases have involved single cases or families 
or small series of cases, and patients have been evaluated 
primarily by phenotype. The typical presentation in 
infancy is with symptoms and signs of diffuse lung disease, 
including tachypnea, retractions, and hypoxemia in 
room air; digital clubbing and failure to thrive may also 
occur.84,122 Most affected infants do not have symptoms 
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at birth, although neonatal lung disease similar to that of 
RDS has been observed and may prove fatal in the neo-
natal period.123 A family history of interstitial lung disease 
or pulmonary fi brosis may provide a clue to the diagnosis, 
although sporadic disease may result from de novo 
germline mutations, or family members may be asymp-
tomatic.124–127 Of reported patients, the majority have pre-
sented in the pediatric age group. In one study of adults 
with idiopathic pulmonary fi brosis (n = 89) or nonspecifi c 
interstitial pneumonia (n = 46) evaluated for SFTPC 
mutations, only one patient was found to have an SFTPC 
mutation likely related to lung disease.128 Two commonly 
occurring SNPs that alter the pro-SP-C coding sequence 
in codons 138 (threonine [T] or asparagine [N]) and 186 
(serine [S] or asparagine) have been identifi ed. These 
two variants are in strong linkage disequilibrium with 
one another, and the 186N variant was found with 
increased frequency in patients with RDS compared 
with controls in one study.129 This variant is of particular 
interest, as 186S has been strongly conserved during evo-
lution, and several SFTPC mutations associated with 
lung disease have been identifi ed in nearby codons. An 
additional preliminary study noted an association with 
pulmonary fi brosis in adults.130 Further studies are needed 
to confi rm or refute these interesting preliminary 
observations.

As opposed to SP-B defi ciency in which all known 
mutations would be predicted to preclude or reduce the 
amount of mature SP-B, all known mutations in SFTPC 
associated with human disease have been missense muta-
tions, small insertions or deletions, splicing mutations that 
would maintain the reading frame, or frame shifts in the 
fourth or fi fth exons that are likely to be associated with 
stable transcripts.84,122–127,131–133 Almost all of the mutations 
have mapped to the carboxy-terminal domain of pro-SP-
C. Thus the mutations are ones that would be predicted 
to result in the production of an abnormal form of pro-
SP-C. Furthermore, mutations have generally been found 
on only one allele. When familial, the lung disease associ-
ated with SFTPC mutations is inherited in an autosomal 
dominant pattern, with a variable age of onset of lung 
disease, ranging from early infancy to the fi fth or sixth 
decade of life.102,125 Whether there is complete penetrance 
of the lung disease associated with SFTPC mutations is 
uncertain. Individuals with mutations who do not have 
lung disease have been reported, but in general these 
individuals have not been formally evaluated for lung 
disease and may simply have a later onset of disease.

The exact mechanisms whereby SFTPC mutations 
result in lung disease are unclear. The abnormal pro-SP-
C resulting from the mutation may be targeted for deg-
radation, and as pro-SP-C self-associates in the secretory 
pathway, this may result in degradation of wild-type pro-
SP-C as well, leading to SP-C defi ciency due to a domi-
nant negative mechanism.113,134,135 In support of this, 

reduced pro-SP-C and mature SP-C have been demon-
strated in lung tissue associated with an SP-C mutation 
that resulted in the skipping of the fourth exon (Δexon 
4), and expression of this mutation in vitro resulted in its 
rapid degradation that was prevented by inhibitors of 
proteasome-mediated degradation.131,134,136 Surfactant 
protein C null mice also develop lung disease in a strain-
dependent fashion, with progressive interstitial lung 
disease and aging.137,138 Thus SP-C defi ciency may be 
involved in the pathogenesis of lung disease in some 
patients with SFTPC mutations, although precisely how 
defi ciency of mature SP-C results in chronic lung disease 
is not known. Although complete SP-C defi ciency does 
not result in RDS at birth, SP-C-defi cient surfactant 
may not be as effective at maintaining low surface tension 
at low lung volumes and may be particularly important 
if SP-B levels are also decreased, and thus relative 
defi ciency of SP-C may lead to intermittent alveolar atel-
ectasis over time.137,139 In addition, SP-C binds lipopoly-
saccharide, and SP-C defi ciency may therefore lead to an 
increased infl ammatory response.140–142

A second mechanism whereby SP-C mutations may 
result in lung disease is direct toxicity due to the effects 
of mutated pro-SP-C. Proprotein SP-C contains the 
extremely hydrophobic epitopes of mature SP-C, and 
mutations in pro-SP-C may allow exposure of these epi-
topes with secondary deleterious effects. Transfection of 
a construct expressing an SP-C missense mutation 
(L188Q) into lung epithelial lines in vitro resulted in 
cytotoxicity as demonstrated by lactate dehydrogenase 
release.102 Abnormally folded pro-SP-C due to mutations 
could also form aggregates, and abnormal accumulation 
of pro-SP-C containing the SP-C Δexon 4 mutation has 
been demonstrated in vitro and in lung tissue from at 
least one infant with a small in-frame deletion in 
SFTPC.126,136 Pro-SP-C molecules containing mutations 
are likely to be misfolded and hence trigger the unfolded 
protein response in the endoplasmic reticulum with resul-
tant endoplasmic reticulum stress. Transfection of con-
structs expressing the SP-C Δexon 4 mutation identifi ed 
in index patients has been shown to be associated with 
induction of the unfolded protein response and with sec-
ondary apoptosis of alveolar epithelial cells.134,143 In addi-
tion, cells stably transfected in vitro with constructs 
expressing the SP-C Δexon 4 mutation that induced a 
state of chronic endoplasmic reticulum stress were more 
vulnerable to viral infection, thus suggesting a mecha-
nism by which environmental insults could trigger or 
exacerbate lung disease primarily due to a genetic mech-
anism.144 The potential toxic effects of abnormal pro-SP-
C have also been demonstrated in vivo in that transgenic 
mice expressing the human SP-C Δexon 4 mutation had 
markedly disrupted lung development that correlated 
with amount of transgene expression.134 Although there 
are currently no specifi c treatments for the lung disease 



54. Abnormalities of Surfactant Metabolism 595

due to SFTPC mutations, agents that facilitate traffi cking 
through the secretory pathway that are currently under 
evaluation for other genetic lung diseases may also be of 
benefi t for SP-C-related lung disease.136,145,146

Member A3 of the Adenosine 
Triphosphate Binding Cassette 
Family of Proteins

ABCA3 is a member of the ATP binding cassette family 
of proteins, transmembrane proteins that hydrolyze ATP 
in order to translocate a wide variety of substrates across 
biologic membranes.147 The gene encoding ABCA3 
(ABCA3) is located on the short arm of chromosome 16 
and spans over 80 kb, containing 33 exons.148 The gene 
directs the synthesis of a 1,704 amino acid protein and is 
considered a full transporter with 12 membrane spanning 
domains and 2 nucleotide binding domains. A number of 
tissues express ABCA3, but it is highly expressed in lung 
tissue where it is localized to the limiting membrane of 
lamellar bodies.12,57 As the ABCA subfamily is often 
involved in transport of lipids, this localization for 
ABCA3 is consistent with a role for ABCA3 in importing 
lipids needed for surfactant function into lamellar 
bodies.149,150

The importance of ABCA3 in surfactant metabolism 
has been demonstrated by the observation that muta-
tions on both ABCA3 alleles resulted in severe lung 
disease in full-term newborns who had clinical and radio-
graphic features of surfactant defi ciency.13,151–153 In addi-
tion, surfactant isolated from bronchoalveolar lavage 
specimens of children who required lung transplantation 
for ABCA3 defi ciency was shown to have markedly 
reduced ability to lower surface tension and an abnor-
mal composition, with a particular reduction in phospha-
tidylcholine content observed.152 In an in vitro study, 
downregulation of ABCA3 expression was associated 
with decreased lipid uptake into lamellar bodies of alve-
olar type II cells, and cells transfected with constructs 
expressing forms of ABCA3 containing mutations iden-
tifi ed in patients had reduced uptake of lipids into lyso-
somes compared with cells transfected with wild-type 
ABCA3.154 Collectively these observations support a 
fundamental role for ABCA3 importing surfactant lipids 
into lamellar bodies, although the exact substrates remain 
to be determined. Thus quantitative and functional defi -
ciencies of surfactant components likely contribute to 
the symptoms of surfactant defi ciency observed in 
ABCA3-defi cient infants. As lamellar body biogenesis is 
interfered with, processing of pro-SP-B and pro-SP-C to 
their mature forms may also be hindered in this condi-
tion, leading to defi ciencies of these surfactant compo-
nents as well.151

Although ABCA3 defi ciency is the most recently iden-
tifi ed inborn error of surfactant metabolism, it is likely a 
more common cause of disease than SFTPB or SFTPC 
mutations. ABCA3 mutations accounted for a combined 
24 of 35 cases of unexplained respiratory failure in two 
reports13,151 and for 8 of 12 infants who underwent lung 
transplantation in the fi rst year of life for severe lung 
disease of unknown etiology.152 Well over 100 different 
ABCA3 mutations have been identifi ed13,151–153 (and 
L. Nogee, unpublished observations) and markedly 
reduced or absent ABCA3 expression has been demon-
strated in the lung tissue of affected infants consistent 
with disease resulting from a loss-of-function mecha-
nism.151 Aside from mutations that completely preclude 
ABCA3 expression, mutations may also result in abnor-
mal intracellular routing of ABCA3 or decreased func-
tional activity.154,155 Although initial studies focused on 
children with fatal or very severe lung disease, survival 
with chronic interstitial lung disease is possible.153 Because 
identifi ed patients with interstitial lung disease shared 
one particular ABCA3 mutation, this may be a result of 
partial defi ciency, and genotype may thus be important 
in predicting phenotype in this disease. Additional studies 
are needed to evaluate this hypothesis.

Detailed studies of the clinical features associated with 
ABCA3 mutations have not yet been published. From the 
initial reports, the phenotype of patients with ABCA3 
defi ciency often resembles that of infants with SP-B defi -
ciency, with severe neonatal lung disease resembling 
RDS in premature infants.13,151 As with SP-B defi ciency, 
however, some infants may have considerably milder 
neonatal lung disease, and yet others may not have symp-
toms in the neonatal period.153 The initial lung disease 
may also improve with time such that affected infants are 
able to be discharged. The clinical picture associated with 
ABCA3 defi ciency thus overlaps that associated with SP-
B defi ciency and SP-C mutations.

The incidence and prevalence of lung disease due to 
ABCA3 defi ciency are unknown. Population studies have 
not yet been done on the frequency of ABCA3 mutations 
in the general population. It is likely that the disease is 
rare, but, particularly if milder variants contribute to 
chronic lung disease, it may prove to be more common 
than has initially been appreciated.

Lung Pathology Associated 
with Inborn Errors of 
Surfactant Metabolism

The lung pathology changes associated with all three 
single gene disorders disrupting surfactant metabolism 
are similar and overlapping (Figure 54.1) These include 
marked alveolar type II cell hyperplasia, interstitial 
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Figure 54.1. Lung histopathology of inborn errors of surfactant 
metabolism. (A,B) Representative histopathology of two chil-
dren with SFTPB mutations. Features of pulmonary alveolar 
proteinosis (PAP) with eosinophilic, proteinaceous material 
fi lling the alveoli (arrow) are shown in A. Features of desqua-
mative interstitial pneumonitis with accumulation of foamy 
alveolar macrophages in the alveoli (arrow) are shown in 
B. (C,D) Representative histopathology of two children with 
SFTPC mutations. Features of nonspecifi c interstitial pneumo-
nitis with thickened alveolar septa are shown in C. An example 
of chronic pneumonitis of infancy with both macrophages and 

granular, eosinophilic material in the alveoli (arrow) is shown 
in D. (E,F) Representative histopathology of two children with 
ABCA3 mutations. Features of PAP (arrow) are shown in 
E. Features of desquamative interstitial pneumonitis (arrow) 
are shown in F. Features of alveolar proteinosis with eosino-
philic material and/or foamy macrophages and prominent type 
II cell hyperplasia (arrowheads) are highlighted in B and F, and 
thickened alveolar septa are variably present in all three types 
of disorders. (Hematoxylin and eosin stains. All original mag-
nifi cations, ×10; bar = 20 μm.)
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thickening with variable amounts of fi brosis, and numer-
ous foamy macrophages in the airspaces. A prominent 
feature can be the accumulation of granular, eosinophilic 
material fi lling distal airspaces that stains positively 
with periodic acid–Schiff reagent or alveolar proteinosis 
material. Although fi ndings of alveolar proteinosis were 
prominent in the index patient with SP-B defi ciency and 
provided an important clue to the mechanism, similar 
fi ndings may be seen with other inborn errors of surfac-
tant metabolism due to mutations in the SFTPC or 
ABCA3 genes. The composition of this material is also 
likely different in the different disorders and differs from 
the proteinosis material observed in older children and 
adults who have alveolar proteinosis due to an immune 
mechanism.156 The proteinosis material may be minimal 
in appearance and the sensitivity and specifi city of this 
fi nding for each of the disorders has not been critically 
examined. The term congenital alveolar proteinosis is 
thus probably best avoided in describing these 
conditions.

In older children with the clinical picture of intersti-
tial lung disease histopathologic diagnoses associated 
with SFTPC and ABCA3 mutations have included 
chronic pneumonitis of infancy, nonspecifi c interstitial 
pneumonia, and idiopathic pulmonary fi brosis.124,125,131,133 
Usual interstitial pneumonia has also been reported in 
older individuals in association with an SFTPC muta-
tion.127 Desquamative interstitial pneumonia has also 
been reported as the histologic diagnoses in children 
with ABCA3 and SFTPC mutations, although the course 
is much more severe than with desquamative interstitial 
pneumonia observed in adults.153,157,158 The majority of 
these children were given this diagnosis before the 
description of chronic pneumonitis of infancy.159 
Although it has not been formally studied, it is likely 
that histology fi ndings will be unable to discriminate 
between the three known conditions. Recently the term 
surfactant dysfunction mutation has been used to encom-
pass the changes found in all three disorders, and it is 
also likely that other genetic mechanisms leading to 
disruption of surfactant metabolism will yield similar 
pathology.160

Specifi c immunostaining of the lung may be helpful in 
establishing the specifi c diagnosis of SP-B defi ciency 
(Figure 54.2) With SFTPB mutations, absent or mark-
edly reduced staining for both pro-SP-B and SP-B may 
be observed, although, depending on the genotype, some 
staining for both may be detected.86 Reduced staining 
for SP-B may also be seen in association with ABCA3 
mutations, and hence absent staining for SP-B is not 
suffi cient for a specifi c diagnosis.151 However, because of 
the presence of large amounts of secreted aberrantly 
processed SP-C peptides, the extracellular material in 
SP-B-defi cient lung stains intensely with antibodies 

directed against pro-SP-C and appear to be a specifi c 
marker for this disorder.86 Specifi c staining for the sur-
factant proteins has not revealed a consistent pattern 
associated with SFTPC mutations. Proprotein SP-C may 
be readily detected in alveolar epithelial cells or may be 
markedly reduced or absent.125,131 Markedly reduced 
staining for pro-SP-C has also been observed with famil-
ial lung disease in which, however, no SFTPC mutations 
could be identifi ed.161

Ultrastructural studies may be very helpful in estab-
lishing a specifi c diagnosis. Electron microscopy of lung 
tissue from SP-B-defi cient children demonstrates specifi c 
changes within the lamellar bodies within type II cells. 
Instead of normally formed lamellar bodies with well-
organized layers and lamellae, the type II cells contain 
intracellular inclusions with poorly formed lamellae and 
vesicles of varying size (Figure 54.3).162,163 These obser-
vations are consistent with a function for SP-B in mem-
brane fusion and indicate a fundamental intracellular 
role for SP-B in lamellar body biogenesis. These abnor-
mal lamellar bodies appear characteristic for SP-B 
defi ciency.

ABCA3 is localized to the limiting membrane of 
lamellar bodies, and specifi c ultrastructural changes 
have also been observed in the type II cells of ABCA3-
defi cient infants.13,151,163–165 Normal-appearing lamellar 
bodies may appear to be absent, and instead the cyto-
plasm of alveolar type II cells contains many small, 
dense bodies that on higher magnifi cation may be seen 
to contain tightly packed membrane. An eccentrically 
placed electron-dense core in these small bodies may 
give them a “fried egg” appearance.165 Although only a 
limited number of studies are available, the fi nding of 
these bodies has had a very high correlation with the 
identifi cation of mutations in the ABCA3 gene, and they 
have not yet been reported in other conditions. 
However, the exact sensitivity and specifi city of this 
fi nding remain unknown. Anecdotal experience indi-
cates that some type II cells in infants with ABCA3 
mutations may have more normal-appearing lamellar 
bodies, and there are few data on the ultrastructural 
fi ndings in children with milder lung disease due to 
ABCA3 mutations. Currently, no consistent ultrastruc-
tural abnormalities in association with SFTPC mutations 
have been identifi ed. Some abnormally formed lamellar 
bodies were observed both in vitro and in vivo in associ-
ation with two SFTPC mutations, but normal lamellar 
bodies were also observed126,127 and additional study is 
needed. However, the ultrastructural fi ndings associated 
with SP-B and ABCA3 defi ciencies are so striking that 
the preparation of tissue for electron microscopy should 
be included in autopsies of children dying from neonatal 
respiratory disease or in biopsies of young infants with 
diffuse lung disease.166



Figure 54.2. Immunohistochemical staining for mature surfac-
tant protein B (SP-B) and proprotein surfactant protein C 
(pro-SP-C). (A,B) Specimens from a child with SP-B defi ciency 
showing absent staining for mature SP-B (A) and intense stain-
ing for pro-SP-C (B) of both alveolar epithelium and the intra-
alveolar material. (C,D) Specimens from a child with an SFTPC 
mutation showing robust staining for both mature SP-B (C) and 

pro-SP-C (D) that is confi ned to the epithelium. (E–H) Speci-
mens from two subjects with ABCA3 defi ciency. In one subject, 
staining for mature SP-B is severely reduced (E), whereas in 
the other there is robust staining for mature SP-B (G). Propro-
tein SP-C staining is robust in both subjects (F and H) and is 
confi ned to the alveolar epithelium. (All original magnifi ca-
tions, ×20; bar = 10 μm.)
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Figure 54.3. Electron micrographs of alveolar type II cells. (A) 
Normal lung, showing well-developed lamellar bodies (arrow) 
within alveolar type II cells. (B) Child with surfactant protein 
B defi ciency, demonstrating disorganized, large multivesicular 
bodies (arrow) in lieu of lamellar bodies. (C) Child with an 
SFTPC mutation, showing well-formed lamellar bodies (arrow) 

similar to those observed in normal lung (A). (D) Child with 
ABCA3 defi ciency, demonstrating small, dense bodies (arrows) 
with eccentrically placed electron-dense inclusions and tightly 
packed phospholipid lamellae (inset). (A–C, original magnifi ca-
tions, ×5,000; D, original magnifi cation, ×10,000; inset in D, 
×30,000.)

Genetic Testing

The identifi cation of single gene defects that cause both 
acute neonatal respiratory failure and chronic interstitial 
lung disease allows for potential diagnostic testing 
through analysis of genomic DNA for potential muta-
tions in these genes. Such testing has the advantage that 
it is noninvasive, potentially obviating the need for biopsy 
in an unstable patient, and can yield a specifi c diagnosis. 
Clinical testing is now available through Clinical Labora-
tory Improvement Amendments–certifi ed laboratories. 
The sensitivity of such testing in different clinical situa-
tions is unknown, the testing is not inexpensive and costs 

may not be covered by insurance, and results may take 
weeks to months to receive. The interpretation of such 
testing can be potentially problematic. It may not be pos-
sible to distinguish rare yet benign SFTPC variants from 
mutations responsible for disease, and it is apparent that 
not all ABCA3 mutations are detected by current 
methods. In the case of a child with lung disease of unclear 
etiology in whom only one ABCA3 mutation is found, it 
may be diffi cult to determine whether such an individual 
is affected with an unknown mutation on the second 
allele or whether is simply a carrier for an ABCA3 genetic 
variant that is unrelated to the cause of the lung 
disease.
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Other Proteins Important in 
Surfactant Metabolism Linked 
to Genetic Diseases

Alterations in two other proteins resulting in abnormali-
ties of surfactant expression have been reported in asso-
ciation with human lung disease. A single report associated 
infantile alveolar proteinosis and interstitial lung disease 
with abnormalities of the common β-chain of the GM-
CSF/IL-3/IL-5 receptors.167 The rationale for examining 
this protein was based on observations in genetically 
engineered mice that targeted disruption of either the 
ligand (GM-CSF) or common beta chain (βc) of the 
receptor resulted in a phenotype of alveolar proteinosis 
as the mice aged.168–171 In four infants examined, defective 
expression of the receptor was demonstrated on periph-
eral blood leukocytes, as well as decreased signaling for 
GM-CSF, but not G-CSF in vitro. Thus, these infants 
appeared to have a clear functional defect in this recep-
tor. However, in only one infant was an abnormality in 
the gene encoding βc identifi ed: a substitution of threo-
nine for proline in codon 602, which was found on only 
one allele and may well have represented a polymor-
phism. To date, no clear disease-causing mutations in this 
gene have been identifi ed, and no subsequent reports 
have appeared to confi rm these initial observations.

Thyroid transcription factor 1 (also known as Nkx2.1) 
is a homeodomain transcription factor that has been 
shown to be critical for pulmonary development and 
expression of SP-A, SP-B, and SP-C. Several reports 
have linked genetic causes of reduced amounts of TTF-1 
due to either deletion of a region containing the gene or 
loss-of-function mutations on one copy of the gene with 
neonatal respiratory disease with symptoms and signs of 
surfactant defi ciency.172–175 As TTF-1 is also expressed in 
extrapulmonary sites, not surprisingly these patients have 
had abnormalities in other organ systems, specifi cally 
transient neonatal hypothyroidism and central nervous 
system abnormalities. In general these patients have 
recovered from the neonatal lung disease, and lung 
pathology information is not available for these patients. 
Hypothyroidism and central nervous system abnormali-
ties have also been observed without any respiratory 
symptoms.176 Some have had recurrent pulmonary infec-
tions, possibly related to the reduced amounts of SP-A, 
although other explanations are also possible. The inci-
dence and prevalence of this disorder are unknown; only 
fi ve families have been reported in the literature.

Pulmonary Alveolar Proteinosis

Pulmonary alveolar proteinosis is a lung disease of insidi-
ous onset due to an accumulation of surfactant in the 
airspaces and was fi rst described in 1958.177 The accumu-

lation of material in the airspaces results in a restrictive 
lung defect with resultant hypoxemia and pulmonary 
symptoms. The disease is primarily seen in adults and may 
occur either in a primary form or secondary to a number 
of pulmonary insults, including infection and toxic inhala-
tion.156,178 The material accumulating in the lungs of 
patients with pulmonary alveolar proteinosis is rich in 
surfactant lipids and proteins, and lung lavage material 
from such patients was often the starting material for the 
purifi cation of the surfactant proteins.179,180 The surfactant 
material accumulates as the result of the decreased catab-
olism rather than increased production. Primary pulmo-
nary alveolar proteinosis in adults is now known to largely 
(if not entirely) be an autoimmune disease due to neu-
tralizing autoantibodies to GM-CSF.181–183 Such antibod-
ies have been found in both serum and bronchoalveolar 
lavage fl uid of affected patients. The absence of func-
tional GM-CSF interferes with alveolar macrophage 
function, leading to defective catabolism of surfactant 
and accumulation of the pulmonary alveolar proteinosis 
material in the airspaces.

Similar pathology can be seen in newborns and young 
infants with severe respiratory failure and has been 
termed congenital alveolar proteinosis. Although aspects 
of the pathology in these infants may be similar to that 
seen in adults with pulmonary alveolar proteinosis, the 
underlying causes are different; specifi cally, in young 
infants the disease is more likely due to the inborn errors 
of lung cell metabolism described earlier. As a result, the 
material accumulating in the lungs of these infants differs 
from that observed in adults, and the course of the disease 
differs, with a more rapid downhill course in young infants 
that is refractory to therapy. Alveolar proteinosis in young 
infants and children may also occur in children with lysin-
uric protein intolerance, a disorder of cationic amino acid 
transport due to mutations in the gene encoding the 
solute transporter SLC7A7.184,185 Children affected with 
lysinuric protein intolerance usually have other systemic 
symptoms, such as recurrent vomiting and failure to 
thrive, but the pulmonary disease may be the most promi-
nent feature and may prove fatal.

Conclusion

An intact pulmonary surfactant system is essential for 
normal respiratory function. Too little or too much sur-
factant can lead to profound lung disease, such as surfac-
tant defi ciency due to decreased production as a result of 
developmental immaturity causing RDS in newborn 
infants, and accumulation of pulmonary surfactant from 
decreased catabolism as a result of inactivation of GM-
CSF due to neutralizing antibodies leading to alveolar 
proteinosis in adults. The identifi cation of rare genetic 
variants in genes important in surfactant metabolism and 
correlation with the resulting phenotypes provides poten-
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tial insights into the role of their gene products in surfac-
tant function and support for polymorphic variants in 
these genes as having a role in more common pulmonary 
diseases.
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fi brosing NSIP), fi brosis associated with collagen-
vascular diseases (CVD), and more rarely, COP, chronic 
hypersensitivity pneumonitis, and pulmonary Langer-
hans cell histiocytosis. Although the histologic patterns 
among idiopathic interstitial pneumonias have been well 
established in consensus classifi cations on the basis of 
several notable differences, diagnostic confi dence levels 
are variable. According to several studies, a full diagnos-
tic agreement is not reached even among expert lung 
pathologists, and it is highly probable that the interob-
server variabilities in pathologic interpretations among 
general pathologists is higher.4 The introduction of new 
therapeutic strategies for IPF, a disorder that still remains 
a deadly disease, adds a further level of complexity and 
new needs in diagnostic approaches. Some data provided 
by the results of clinical trials using interferon (IFN)-γ for 
IPF suggest that this therapy can be more benefi cial and 
less harmful when patients are treated in earlier stages of 
the disease.5 This means that establishing early diagnosis 
could become a crucial need and that radiologists and 
pathologists will be requested to improve their diagnostic 
criteria. We hypothesize that new information regarding 
the pathogenesis of IIP, and in particular IPF/UIP, can 
potentially provide new insights into the mechanisms 
leading to lung tissue effacement and remodeling. New 
information could also be relevant for developing new 
therapeutic strategies and new morphologic and mole-
cular markers for improving the diagnostic yield of his-
tologic data.

Pathogenesis

Although the etiology of IPF still remains elusive, a 
growing body of evidence suggests new concepts in its 
biology and pathogenesis. It is now clear that infl amma-
tion does not play a major role, as previously hypothe-
sized, and that central to the development of the disease 
is a sequential epithelial cell injury, followed by deranged 

Introduction

Idiopathic pulmonary fi brosis (IPF), the most common 
and severe among idiopathic interstitial pneumonias, has 
now been defi nitively recognized as a distinct clinical 
entity, defi ned in the American Thoracic Society/
European Respiratory Society (ATS/ERS) consensus 
statement as a specifi c form of chronic fi brosing intersti-
tial pneumonia limited to the lung and associated with 
the histologic appearance of usual interstitial pneumonia 
(UIP) in surgical lung biopsy material.1–3 Thus, the precise 
defi nition of the “UIP” pattern is crucial for the diagnosis 
of IPF when histology is available and also for the under-
standing of the specifi c changes characterizing this dev-
astating disease. The morphologic criteria for defi ning the 
UIP pattern have been progressively refi ned, from the 
seminal studies of Liebow to the recent ATS/ERS classi-
fi cation. It is worth noting that the different morphologic 
patterns that characterize the idiopathic interstitial pneu-
monias—UIP, nonspecifi c interstitial pneumonia (NSIP), 
acute interstitial pneumonia (AIP), cryptogenic organiz-
ing pneumonia (COP), lymphocytic interstitial pneumo-
nia (LIP), desquamative interstitial pneumonia (DIP), 
and respiratory bronchiolitis–combined interstitial lung 
disease (RB-ILD)—have been progressively defi ned fol-
lowing a process of matching the clinical, radiologic, and 
morphologic features, using varying terms and criteria, in 
the absence of a precise knowledge of the etiology and 
pathogenesis of the different diseases.

Because this complex process is still ongoing, it is rea-
sonable to think that diagnostic criteria should be con-
stantly reevaluated in the light of the knowledge provided 
by new technologies. In fact, although the classic morpho-
logic criteria are widely applied, and in most cases can 
provide correct diagnostic evaluations in interstitial lung 
diseases, problems still remain in a substantial number of 
cases. The principal areas of diagnostic uncertainty occur 
in the differential diagnosis of the UIP pattern versus 
other chronic lung diseases, including NSIP (especially 
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regeneration of parenchymal tissue and abnormal activa-
tion of reparative processes.6–10 According to this alterna-
tive pathogenic route, abnormally increased, although 
focally distributed, epithelial cell loss and dysfunctional 
epithelial repair characterize the UIP pattern in IPF at 
variance with other interstitial pneumonias in which 
infl ammatory responses are the crucial pathogenic events 
triggering the fi brogenic process. The mechanisms leading 
to epithelial damage in IPF are currently unknown, as is 
the etiology of this disease.

Some data suggest that in IPF abnormal reepithelial-
ization after injury can be caused by cellular defects 
related to either a predisposing genetic background 
(familial IPF is a well recognized entity) or to the aging-
related accumulation of metabolic alterations (e.g., due 
to toxic effects of smoking, pollution, or other causes). In 
this scheme, IPF could be then considered within the 
spectrum of dysplastic/neoplastic disorders. Accordingly, 
IPF is typically a disease of advanced age, there is in-
creased risk for IPF in smokers and in people exposed to 
other toxic substances, IPF is complicated at exceeding 
frequency by epithelial malignancies, and molecular 
abnormalities at loci associated to lung cancer are fre-
quent.11–16 Surfactant protein A and B genetic variants 
predispose to pulmonary fi brosis, and an association with 
surfactant protein C has been found in familial IPF that 
is not common in sporadic cases.17–19 Oncogenic viruses 
are very appealing as causative agents, because they may 
provide both direct and indirect mechanisms of abnormal 
cell behavior. Among these, Epstein-Barr and human 
herpesvirus 8 viruses have been investigated as possible 
causative agents of IPF/UIP with contrasting results.20–22

DNA Microarray Studies

Microarray technology allows the simultaneous evalua-
tion of the expression of thousands of genes, thus provid-
ing a widespread molecular profi le of pathologic tissue 
samples. A large number of tumors have been investi-
gated with this technique, defi ning distinct aberrant pro-
fi les of neoplastic cells. The same approach has recently 
been applied to a few seminal studies aimed at defi ning 
the expression profi le of IPF compared with normal lung 
and other interstitial lung diseases.23–25 This powerful 
approach is extremely promising for understanding the 
pathogenesis of IPF and for detecting new diagnostic 
markers.

As elegantly shown in these studies, gene expression 
patterns can in fact clearly distinguish between IPF/UIP 
and normal samples. Among the genes that are increased 
in fi brotic lungs, matrilysin (matrix metalloproteinase-7 
[MMP-7]) was the most informative increased gene; this 
was confi rmed in situ by immunohistochemistry in UIP 
samples.26 Selman and coworkers have clearly demon-

strated that the gene expression signatures of UIP and 
hypersensitivity pneumonitis are signifi cantly different.24 
The IPF signature was characterized by the absence of 
proinfl ammatory genes and by the expression of a series 
of genes involved in active tissue remodeling, and it was 
fully consistent with the pathogenic model based on an 
epithelial/fi broblastic pathway. Accordingly, several epi-
thelial-related genes were among those upregulated in 
IPF, including genes related to epithelial cell growth, dif-
ferentiation, and adhesion/migration (those for keratins 
6 and 8, mucin 6, stratifi n, N-cadherin, as well as a number 
of target genes of the canonical Wingless (Wnt)/β-catenin 
pathway such as MMP-7 and that for osteopontin). Genes 
related to tissue fi brogenesis were also upregulated in 
IPF, including various collagen peptides, tenascin, versi-
can, and asporin. On the other hand, the hypersensitivity 
pneumonitis signature was enriched for genes related to 
infl ammation, T-cell activation, and immune response. 
Interestingly, hypersensitivity pneumonitis and IPF gene 
expression signatures were able to identify subgroups of 
NSIP, thus potentially providing a more consistent basis 
to classify interstitial lung diseases and to improve the 
diagnostic assignment of diffi cult cases.

Molecular Pathways Involved 
in Alveolar Damage and 
Reepithelialization

Alveolar epithelium is generally considered to represent 
a major target of injury in UIP, where alveolar gas 
exchange units are progressively substituted by dense 
fi brosis. Occurrence of pneumocyte apoptosis and in-
creased expression of molecular pathways involved in 
cell death and apoptosis have been demonstrated in IPF/
UIP.27–29 Nevertheless, evidence of alveolar damage and 
repair is typically focal in UIP samples, and the presence 
of normal or minimally affected alveolar tissue is a major 
morphologic feature of the UIP pattern.2,3 On the other 
hand, pneumocyte loss following alveolar damage is a 
common feature in most, if not all, interstitial lung dis-
eases, and the limited involvement of alveolar epithelium 
that gives the patchy appearance characterizing UIP can 
hardly explain by itself the rapid and irreversible evolu-
tion of IPF.

The damage and regeneration of alveolar epithelium 
involves a variety of complex molecular and cellular 
mechanisms, including programmed-cell death (apopto-
sis), cell proliferation, cell migration, and also epithelial–
mesenchymal transition (EMT).30 The presence of 
microscopic areas of epithelial cell dropout, typically 
observed in IPF, is considered as a consequence of focal 
pneumocyte death, and activation of the proapoptotic 
p53 pathway has been involved in this fi nding. Increased 
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expressions of p53 and regulatory proteins p21WAF1 and 
MDM2 are in fact observed in IPF at sites of pneumocyte 
hyperplasia cannot be considered as specifi c features of 
IPF because similar fi ndings occur in AIP/diffuse alveolar 
damage (DAD), NSIP, organizing pneumonia (OP), and 
asbestosis.16,31–33 A direct confi rmation is further provided 
by global analysis of gene expression on experimental 
pulmonary fi brosis where GADD45 and p21WAF1 are 
among the few genes induced early by bleomycin.34

The Wnt/β-catenin pathway is activated in pneumo-
cytes in IPF samples as evidenced by the nuclear localiza-
tion of β-catenin (Figure 55.1) and up-modulation of 
target genes such as cyclin D1, MMP-7, osteopontin 
(SPP1), c-Myc, and others.23,26 Nevertheless, nuclear 
localization of β-catenin in pneumocytes is a feature that 
can be observed in a variety of lung diseases, including 
AIP/DAD (see Figure 55.1), COP/OP, and NSIP, and 
cannot be considered a specifi c pathogenic mechanism 

A

C
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B

D

F

Figure 55.1. Hyperplastic pneumocytes in both idiopathic pul-
monary fi brosis (IPF) and diffuse alveolar damage (DAD) are 
characterized by molecular changes suggestive of Wnt pathway 
activation and epithelial–mesenchymal transition (EMT), 
including β-catenin nuclear localization (A, IPF; B, DAD) and 

high levels of slug, a transcription factor involved in EMT 
(C, IPF; D, DAD). Hyperplastic pneumocytes in DAD also 
express decreased levels of E-cadherin (E) and increased levels 
of laminin-5 γ2-chain (F).
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for IPF/UIP. The activation of the Wnt signaling pathway 
is in fact involved in physiologic repair mechanisms of 
damaged alveoli, and activation of the Wnt pathway is 
crucial in the regulation of the proximal–distal patterning 
in the lung during embryonal life, where it is central for 
the correct formation of alveolar tissue but not for bron-
chiolar development and branching.35 The precise tuning 
of the Wnt/β-catenin pathway is so crucial that when 
aberrantly expressed it severely modifi es the histogenetic 
program of pulmonary epithelial development. In fact, 
high levels of Wnt pathway activity in embryonic lung 
progenitor cells expressing a lung-specifi c gene (SFTPC) 
lead to the generation of intestinal progenitors that sub-
sequently give rise to multiple intestinal and gut cell 
types.36 Epithelial mesenchymal transition is one of the 
most intriguing functions triggered by β-catenin transac-
tivation,37 and evidence has been recently provided of 
EMT involvement in fi brosis related to regeneration of 
alveolar tissue in IPF.38 The pathogenic specifi city of this 
phenomenon is nevertheless questionable, because EMT 
activation may represent an intrinsic mechanism involved 
in alveolar regeneration, as suggested by different experi-
mental studies.30,39 In line with this view are the recent 
data of our group, demonstrating that hyperplastic 
pneumocytes in AIP/DAD, IPF/UIP, and NSIP are 
able to express an EMT phenotype, as defi ned by the 
down-modulation of E-cadherin, as well as by the up-
modulation of slug, a transcription factor involved in 
EMT triggering (Chilosi et al., unpublished data; see also 
Figure 55.1).40,41

A potential molecular trigger of progressive pneumo-
cyte depletion that can be taken into account in this 
scheme is c-Myc, a downstream target of Wnt/β-catenin 
activation. The β-catenin/T-cell factor complex is the 
master switch that controls proliferation versus differen-
tiation, and c-Myc is one of its most relevant media-
tors.42,43 It is possible to speculate that in IPF/UIP, at sites 
where abnormal levels of β-catenin, and hence c-Myc, are 
expressed, migrating bronchiolar cells could behave as 
supercompetitors.43

Molecular Characterization of 
Fibroblast Foci

If the molecular mechanisms involved in pneumocyte 
regeneration are not apparently aberrant, the peculiarity 
of the alveolar loss in IPF/UIP may be more likely cen-
tered on the overwhelming fi brotic process. Damaged 
epithelial cells can produce factors stimulating fi broblast 
migration, proliferation, and differentiation into contrac-
tile myofi broblasts. Evidence of this tissue reaction is 
observed in a variety of diseases, in particular in AIP/

DAD, where myofi broblast accumulate along interstitial 
alveolar walls, and in COP/OP, where polypoid aggre-
gates of myofi broblasts obliterate the alveolar lumina. In 
IPF/UIP the fi brotic reaction is distinctive, because 
discrete collections of myofi broblasts, generally known as 
fi broblast foci, are scattered at the borders between 
normal and dense scar tissue. Fibroblast foci are consid-
ered a key element for defi ning the UIP pattern, because 
they give the appearance of temporal heterogeneity and 
represent the leading edge of ongoing lung injury and 
abnormal repair. The fi broblast foci in UIP are similar to 
those observed in organizing pneumonia (the so-called 
Masson’s body) but have a different location (interstitial/
intramural versus intraalveolar) and biologic features, 
such as the absence of blood vessels and infl ammatory 
cells.44 Fibroblast foci occur in the majority of UIP 
samples, and their frequency seems to be related to 
disease severity and prognosis.11,45

A number of studies have focused on the molecular 
characterization of myofi broblasts in UIP FF, searching 
for abnormalities justifying the increased proliferation 
and/or decreased apoptotic clearance of these cells. 
Accordingly, increased numbers of proliferating cells, as 
defi ned by Ki-67 immunostaining, occur in FF of UIP, 
together with elevated expression of TIMP-2, a member 
of tissue inhibitors of metalloproteinases.46 Abnormal 
nuclear accumulation of β-catenin is observed in FF of 
UIP, at variance with OP.26 This fi nding is part of the 
activation of the Wnt pathway in UIP described before, 
and transactivation of antiapoptotic and/or proprolifera-
tive β-catenin target genes could be implicated in the 
abnormal persistence of FF in UIP.

Another recent fi nding characterizing the myofi bro-
blasts forming FF in patients with IPF is the lack of 
Thy-1 expression, at variance with normal lung fi bro-
blasts, which are predominantly Thy-1 positive.47 Further 
information can be obtained from in vitro studies inves-
tigating the molecular features of lung fi broblasts. A 
recent study comparing normal lung fi broblasts and 
fi broblasts obtained from patients with IPF showed a 
switch in responsiveness to interleukin-6, corresponding 
to a shift from signal transducer and activator of tran-
scription 3–dependent to extracellular signal-regulated 
kinase (ERK)–dependent signaling in IPF [48]. Interest-
ingly, the ERK-pathway is activated by the Wnt/β-
catenin pathway in fi broblasts, providing for them a 
signifi cant proliferative advantage.49 Functional abnor-
malities of IPF fi broblasts can be involved in the abnor-
mal regeneration of pneumocytes, thus contributing to 
the progressive alveolar loss observed in this disease, as 
elegantly shown in a recent study demonstrating that the 
basal hepatocyte growth factor secretion by IPF fi bro-
blasts is decreased by 50% when compared with control 
fi broblasts.50
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Molecular Pathways Involved in 
Bronchiolar Reepithelialization

The epithelial cells overlying fi broblast foci of UIP have 
been described as “cuboidal” epithelial cells of undeter-
mined nature. These epithelial cells, which likely repre-
sent target cells in the injury–repair sequence occurring 

in IPF, have been recognized as either alveolar or bron-
chiolar in different studies.2 As determined with immuno-
phenotypic analysis, the majority of FF are covered by 
bronchiolar epithelium,26,33,51 and honeycomb cysts fre-
quently have myofi broblast collections resembling FF in 
their wall (Figure 55.2).

Honeycombing is a major feature of the UIP pattern, 
although it is not specifi c for this disease. The cysts as 
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C

Figure 55.2. Evidence of bronchiolar involvement and mole-
cular abnormalities characterizing bronchiolar lesions in 
idiopathic pulmonary fi brosis/usual interstitial pneumonia. 
(A) Areas of dense fi brosis, large portions of spared alveolated 
tissue, and honeycomb cysts lined by bronchiolar epithelium are 
present. (Hematoxylin and eosin stain.) Note a peripheral 
dilated bronchiolar honeycomb lesion with a large fi broblast 

focus in its wall (arrow). (B) Cytokeratin-5 highlights the basal 
cell proliferation in a honeycomb zone. (C) Abnormally ele-
vated expression of matrix metalloproteinase-7/matrilysin in an 
enlarged bronchiole. (D) A sandwich focus, characterized by 
strong expression of laminin-5 γ2-chain, in basal cells overlying 
a fi broblast focus (FF) within an area of microscopic honey-
combing (arrow).
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recognized on high-resolution computed tomography 
slides correspond to lesions of different types when 
observed at the microscopic level, where three different 
types of honeycomb lesions can be recognized: (1) those 
formed by large emphysematous spaces (lined by alveo-
lar epithelium) surrounded by dense collagen scarring; 
(2) cysts formed by large dilated bronchiolar structures; 
and (3) areas of dense fi brosis including irregular bron-
chiolar structures, frequently fi lled by mucus, and showing 
features of hyperplasia and bronchiolization (so-called 
microscopic honeycombing). The latter type of honey-
comb cyst is in most instances peripheral and appears 
early in the evolution of the disease. These lesions are in 
our view the most typical type of honeycombing observed 
in IPF/UIP.

In a pathogenic model of IPF, we hypothesized that 
bronchiolar epithelium is a major target of injury and 
abnormal repair and that this abnormal bronchiolar 
regeneration can play a central role in triggering abnor-
mal mesenchymal accumulation and tissue remodeling 
that progressively obliterate contiguous alveolar paren-
chyma.51 This view is in line with the frequent occurrence 
of bronchiolar lesions, encompassing basal cell hyperpla-
sia, bronchiolization, squamous metaplasia and atypia.33,51 
In a proportion of cases of IPF/UIP, the bronchiolar 
changes are so prominent that they mimic an epithelial 
neoplasm. In IPF/UIP, aberrant accumulation of mesen-
chymal tissue, including smooth muscle cells, newly 
formed blood vessels, and dense fi brous tissue, are spa-

tially related to bronchiolar proliferative lesions and hon-
eycombing.51 Interestingly, the molecular abnormalities 
occurring in bronchiolar proliferative lesions are all cen-
tered on basal cells, which are characterized by abnormal 
activation of the Wnt/β-catenin pathway, as evidenced by 
the expression of nuclear β-catenin, cyclin D1, and MMP-
7/matrilysin (Figure 55.2).26 This observation is relevant 
because basal cells are stem cells involved in the renewal 
of airway epithelium,52 and in physiologic conditions they 
do not express signifi cant levels of these molecules.26

As for other stratifi ed epithelia, basal cells express a 
defi ned molecular repertoire, involved in the anchorage 
and survival within their stem cell niches, including the 
antiapoptotic ΔN-p63 truncated isoform of the p63 gene 
[53]. This interesting molecular species is able to antago-
nize the transactivating functions of p53, and p63 gene 
amplifi cation is involved in the pathogenesis of squamous 
carcinomas.54,55 In addition, ΔN-p63 represents an highly 
specifi c marker of bronchiolar basal cells, thus allowing 
the precise detection of these cells on tissue.

Molecular Characterization of 
Epithelial Cells in Fibroblast Foci

In a recent study we investigated the functional profi le of 
bronchiolar lesions of IPF/UIP by analyzing the expres-
sion of molecules involved in cell motility and invasive-
ness, including laminin-5 γ2-chain (LAM5γ2), fascin, and 

Figure 55.3. Hypothetical pathogenic 
model focused on the abnormal “fi eld” 
expression of the Wingless (Wnt) sig-
naling pathway centered on bronchoal-
veolar junctions. A sandwich fi broblast 
focus (FF) is shown in the center, 
characterized by abnormal expression 
of laminin-5 γ2-chain (LAMγ2) in basal 
cells. The various molecular species 
described in this review are assigned to 
different cell compartments, with special 
emphasis on target molecules of the 
Wnt pathway involved in cell prolifera-
tion and motility. EMT, epithelial–
mesenchymal transition; HGF, 
hepatocyte growth factor; MMP, matrix 
metalloproteinase; SMA, smooth 
muscle actin; TIMP, tissue inhibitor of 
matrix metalloproteinase.
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phosphorylated heat shock protein 27 (Hsp27).56 These 
molecules were expressed in bronchiolar basal cells over-
lying fi broblast foci in virtually all investigated UIP 
samples (28/30 cases). The relevance of this fi nding is 
related to the specifi c functions of the investigated mol-
ecules, as well as the peculiar tissue localization of their 
abnormal expression. Heat shock protein 27 is a small 
molecule rapidly induced and phosphorylated by heat 
shock and other stressing agents and behaves as an actin-
capping protein interfering with its polymerization, thus 
regulating cell adhesion and motility under the control of 
p38 mitogen-activated protein kinase. In addition, Hsp27 
can mediate resistance against cell death induced by 
stress and differentiation, preventing apoptosis by block-
ing interactions of Daxx with Ask-1 and Fas.57 The 
trimeric protein laminin-5 (α3β3γ2-chain) is an integral 
part of the basal lamina of stratifi ed epithelia where it 
plays a crucial role in the organization of the basal stem 
cell niche by providing epithelial–mesenchymal connec-
tions by interacting with α6β4-integrin.58 These interac-
tions are critical for regulating cell migration, an event 
required in different processes, such as wound healing, 
embryogenesis, and metastatic dissemination.59,60

The γ2-chain of laminin-5 is induced by β-catenin and 
acts as a soluble cell motility factor in a variety of condi-
tions after its cleaving by metalloproteinases.61,62 The 
enhanced expression of LAM5γ2 is considered one of the 
best markers of invasiveness in different carcinomas.62,63 
Laminin-5 γ2-chain, is considered a reliable marker of 
reepithelialization, and type II hyperplastic pneumocytes 
focally express this molecule in all diseases where in 
which regeneration takes place, including COP/OP and 
IPF/UIP64 and especially AIP/DAD (see Figure 55.1).56 
Within the fi broblast foci, the LAM5γ2-positive cells 
appeared as wedged between luminal epithelial cells and 
myofi broblasts, forming peculiar negative-positive-nega-
tive three-layered lesions (which we named sandwich 
fi broblast foci; see Figures 55.2 and 55.3). According to 
this study, the “sandwich foci” appear specifi c for IPF/
UIP, because similar lesions were extremely rare in a 
large variety of control samples, including NSIP, DIP, 
CVD, hypersensitivity pneumonia, Langerhans cell his-
tiocytosis, COP, AIP, acute eosinophilic pneumonia, 
airway-centered interstitial fi brosis, and others. Interest-
ingly, these fi broblast foci were often located at the 
bronchoalveolar junction. This microenvironmental com-
partment represents a complex stem cell niche homing 
different multipotent progenitors,52 and aberrant stimula-
tion of this compartment in IPF could be involved in the 
abnormal remodeling process.
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phocytes, T-helper lymphocytes (CD4+) predominate, 
whereas CD8+ T cells and B lymphocytes are found 
outside the granulomas. This suggests a functional 
relationship: Within the granulomas the secretion of 
cytokines and chemokines from CD4+ lymphocytes and 
epithelioid cells is necessary to maintain the immune 
reaction toward the antigen(s), develop the granulomas, 
and stimulate the differentiation of epithelioid and giant 
cells out of the macrophage/monocyte cell pool. The func-
tion of the CD8+ lymphocytes outside the granulomas is 
still not understood; maybe they are downregulating 
infl ammatory signals or are involved in limiting the 
immune reaction and infl ammation.

Variants of Sarcoidosis

Löfgren’s Disease/Acute Sarcoidosis

The Swedish physician Sven Halvar Löfgren described 
acute sarcoidosis as a variant of sarcoidosis presenting 
with erythema nodosum and hilar lymphadenopathy,5 
and this disease now bears his name. Pulmonary involve-
ment in Löfgren’s disease is usually also present but 
radiographically not always detectable. As in the classic 
form of sarcoidosis, there is a lymphocytic infi ltration and 
also early granuloma formation. However, the granulo-
mas are usually smaller (500 μm in diameter) and less 
numerous. The course of acute sarcoidosis most often is 
benign with an acute onset, a short duration, and a spon-
taneous resolution. Muscular pain and joint swelling may 
be present and are probably caused by a granulomatous 
infl ammation (unpublished personal observation), but 
most often no biopsies are performed.

Nodular Sarcoidosis

Romer6 and later Churg7 described nodular sarcoidosis 
as a variant of sarcoidosis. The main features are con-
fl uent sarcoid granulomas, absence of necrosis, and 

Introduction

More than 100 years have passed since the fi rst descrip-
tion of sarcoidosis by Hutchinson1 and the identifi ca-
tion of sarcoid granulomas by Besnier,2 Boeck,3 and 
Schaumann,4 but the causative agent or agents of sarcoid-
osis still have not been identifi ed. However, in these inter-
vening years, considerable knowledge has accumulated 
about the pathogenesis and the molecular events that 
lead to the granulomatous reaction. Clinical evaluation 
has shed some light on this systemic disease; pathology 
and immunology have contributed to our understanding 
of the infl ammatory process. More recently, genetics and 
molecular biology have opened new avenues of research 
for this still enigmatic disease. There is some hope that 
new techniques provided by molecular biology, employ-
ing samples from bronchoalveolar lavage and biopsies, 
might elucidate the causative agents behind this disease 
and defi ne the genetic modifi cations that make some 
people prone to developing sarcoidosis.

Morphology and Its Implications

Sarcoidosis begins with local infi ltration of alveolar septa 
and bronchial mucosa by alveolar macrophages and lym-
phocytes, predominantly of the T helper phenotype. This 
early infi ltration is centered on blood and lymphatic 
vessels (Figure 56.1). It is most probable that the antigens, 
which induce the accumulation of these cells, enter or 
reenter the lung via the blood stream and the lymphatic 
system. This is in contrast to airway epithelium-centered 
granulomas as seen in infectious granulomatosis. At these 
early stages of sarcoidosis the granulomas have ill-defi ned 
borders and abundant lymphocytes. As the granulomas 
mature, lymphocytes are less numerous and the granulo-
mas organize with central epithelioid histiocytes and 
Langerhans giant cells surrounded by a smaller rim of 
lymphocytes (Figure 56.2). Within this outer rim of lym-
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ischemic infarcts. The nodules are usually in the range of 
1–7 cm, but usually 1–3 cm prevails. Besides the lung, 
several other organs can be involved. Most often the 
macronodular pattern is accompanied by conventional 
microscopic granulomas as well. There is no known cause 
for nodular sarcoidosis. Treatment follows the same 
regimen as for sarcoidosis.

Necrotizing Sarcoid Granulomatosis

Necrotizing sarcoid granulomatosis (NSG) was originally 
described by Averill Liebow as a separate entity.8 For 
Liebow, NSG shared a mixture of patterns of sarcoidosis 
and Wegener’s granulomatosis, showing sarcoid granulo-
mas, most often a macronodular pattern, and ischemic 
necrosis and vasculitis as in Wegener’s granulomatosis. 
All of Liebow’s original NSG cases presented in the lungs 
and hilar lymph nodes. In cases published subsequently 
by Andrew Churg and colleagues, extrapulmonary 
involvement was found in some cases, and the separation 
of NSG from sarcoidosis was questioned.9 In the largest 
series published so far, Popper et al. demonstrated that 
NSG has features of sarcoidosis: sarcoid granulomas, 
nodular sarcoid aggregates, and epithelioid cell granulo-
matous vasculitis.10 The only difference was vascular 
occlusion by the vasculitis and subsequent ischemic 
infarcts.

All these variants of classic sarcoidosis might be caused 
by the same mechanisms, but disease modifi ers might 
infl uence the reaction pattern. Some genetic differences 
from classic sarcoidosis are recognized in Löfgren’s disease 
(see subsequent paragraphs); however, nodular sarcoid-
osis and NSG have not been investigated thus far.

What Is the Meaning of 
Indistinguishable Differentials?

Chronic allergic metal disease, such as chronic berylliosis 
and zirkoniosis, and so-called sarcoid-like reactions in 
the lung and lymph nodes are indistinguishable histo-
pathologically from sarcoidosis. Both present with non-
necrotizing epithelioid cell granulomas, and there are no 
organisms detectable within the granulomas. In sarcoid-
like reaction, granulomas are distributed along lymphat-
ics and blood vessels within the lung and in pulmonary 
and mediastinal lymph nodes in patients with primary 
pulmonary carcinomas and other malignancies in the 
lung. The mechanism of granuloma formation in this con-
dition is not fully explored, but release of various cyto-
kines and chemokines, like interleukin (IL)-1β, IL-2, 
interferon (IFN)-γ, granulocytẽ–macrophage colony 
stimulating factor (GM-CSF), and tumor necrosis factor 
(TNF)-α from tumor cells might be responsible for this 
reaction.11–14

Genetic susceptibility to chronic berylliosis has been 
associated with human leukocyte antigen (HLA)-DP 
alleles, possessing a glutamic acid at the 69th position of 
the β-chain. These HLA-DP molecules bind and present 
beryllium to pathogenic CD4+ T cells. These helper T 
cells secrete Th1-type cytokines upon beryllium recogni-
tion. The presence of circulating beryllium-specifi c CD4+ 

Figure 56.1. Early epithelioid cell granuloma. Macrophages and 
a few developing epithelioid cells are infi ltrating the lung together 
with lymphocytes. (Hematoxylin and eosin stain; ×200.)

Figure 56.2. Epithelioid cell granulomas in sarcoidosis. Note 
the intimate location of the granulomas to this dilated lym-
phatic, whereas there is a distance to the alveolar side. This is a 
typical fi nding in sarcoidosis and might be caused by antigens 
entering via bloodstream and lymphatics. (Hematoxylin and 
eosin stain; ×200.)
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T cells directly correlates with the severity of lymphocytic 
alveolitis.15 In addition to HLA-DP-Glu69, HLA-DR-
Glu71 is capable of inducing beryllium-specifi c prolifera-
tion and IFN-γ expression by lung CD4+ T cells.16 The 
metal oxide acts as a hapten, associates with HLA-DP 
and HLA-DR to form an allergen, and then induces a 
type IV immune reaction.17–19 In both berylliosis and sar-
coidosis CD4+ helper cells are the major immune cell 
population within the granulomas. CD8+ and B cells 
can be found outside the granulomas in much lesser 
quantity.

Other granulomatous diseases caused by infectious 
organisms can also mimic sarcoidosis. Good examples 
are granulomas caused by slow growing mycobacteria 
such as Mycobacterium avium and Mycobacterium 
intracellulare.

These granulomatous reactions demonstrate that there 
can be different causes but one mechanism to induce 
nonnecrotizing sarcoid granulomas. This is primarily 
because many of these antigens, such as mycobacterial 
capsules, are of low solubility and are minimally degrad-
able. Other antigens, such as BeO by its association with 
HLA molecules, can directly stimulate CD4+ T lympho-
cytes. Probably many of these antigens are processed 
similarly by the dendritic cells and stimulate similar 
subpopulations of helper T cells by a selection of T-cell 
receptors and costimulatory molecules of the HLA 
system. The analysis of costimulatory molecules by com-
paring different types of epithelioid cell granulomas and 
their immune cells is also a focus of research. A few 
important fi ndings in this fi eld are emerging such as the 
butyrophilin-like 2 gene and Toll-like receptor 4 (TLR4; 
see later discussion).

The Cells in Sarcoidosis

The fi rst cells to appear in a granuloma are alveolar 
macrophages followed by T lymphocytes. Not much is 
known about the phenotype and function of the macro-
phages. What morphologically appears as a macrophage 
might not always be a classic phagocytic cell. Antigen-
presenting dendritic or Langerhans cells may resemble 
macrophages histologically. Even among CD68+ macro-
phages there are phagocytic cells, as well as cells capable 
of antigen processing and stimulating an immune reac-
tion. In experimental assays, immunostaining of multiple 
surface markers can easily defi ne these cells, but in for-
malin-fi xed tissue sections or in cytologic specimens, 
immunopositivity of many of these markers is lost. Given 
that alveolar macrophages are the primary cells, which 
induce a lymphocytic infl ux in sarcoidosis, these cells 
most probably have the capability to process antigens 
and present them to lymphocytes. A better characteriza-
tion of the cellular compartments in this early granulo-

matous reaction is warranted. In addition, the participation 
of dendritic cells and Langerhans cells needs to be eluci-
dated. Because macrophages and lymphocytes induce the 
differentiation of macrophages/monocytes into epitheli-
oid cells and giant cells, and release chemokines to main-
tain the granulomas, this granulomatous reaction is most 
likely not the primary antigen contact but recognition 
of antigens to which the patient has been previously 
sensitized.

T Lymphocytes

The major cell population in sarcoidosis is helper T cells. 
Most of these express the αβ receptor, produce/secrete 
IFN-γ and IL-2, and therefore belong to the Th1 subset 
of helper cells.20 The selection of a Th1-dominated reac-
tion can be facilitated by a release of various chemokines/
cytokines or by the presence of antigens and costimula-
tory molecules. Interleukin-18 expressed by airway epi-
thelial cells and macrophages drive a Th1 reaction with 
an increase of IFN-γ–producing cells.21 Interleukin-27 
induces the expression of the major Th1-specifi c tran-
scription factor T-bet (T-box expressed in T cells) and its 
downstream target IL-12Rβ2. Interleukin-27 suppresses 
expression of GATA-3, the Th2-specifi c transcription 
factor. Interleukin-27 induces phosphorylation of signal 
transducer and activator of transcription (STAT) 1, 
STAT3, STAT4, and STAT5. STAT1 is required for sup-
pression of GATA3.22 Another mechanism for selecting 
a Th1 or Th2 response is by activation of the aryl hydro-
carbon receptor. Aryl hydrocarbon receptor activation by 
the addition of representative ligands suppresses naive 
helper T-cell differentiation into Th2 cells.23 A further 
mechanism that suppresses Th2 differentiation and thus 
the balance of Th1/2 is by the Src kinase homology 
domain 2.24 A Th2 cell differentiation can also be achieved 
by the ras/extracellular signal-regulated kinase/mitogen-
activated protein kinase system, which facilitates GATA3 
protein stability and GATA3-mediated chromatin remod-
eling at Th2 cytokine gene loci.25

Some confl icting reports exist on the role of TNF-α: 
overexpression of TNF-α and IFN-γ together leads to 
persistence and progression in sarcoidosis,26 whereas in 
animal models TNF-α is required for Th1 accumulation, 
granuloma formation, and antigen clearance, which 
should lead to a downregulation of infl ammation.27

Epithelioid Cells

Epithelioid cells are the secretory cells within the granu-
lomas. Epithelioid cells secrete many different chemo-
kines and cytokines, such as migration inhibitory factor 
and various interleukins. Their major role is the mainte-
nance of the granulomas and the immune reaction. In 
part they support the helper T lymphocytes functionally.
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Giant Cells (Foreign Body and 
Langerhans Type)

Giant cells form by fusion of macrophages as well as by 
nuclear division without concomitant cell division. Giant 
cells are specialized in phagocytosis and have large lyso-
somes capable of digesting poorly soluble and slowly 
degradable material. In tuberculosis and other infectious 
diseases, these cells are directed against the resistant cap-
sules of mycobacteria and similar organisms. However, 
the reason for giant cell formation in sarcoidosis is not 
clear. A comparison with rheumatoid arthritis might shed 
some light on this phenomenon. Antigen–antibody com-
plexes, sometimes combined with additional idiotypic 
and antiidiotypic antibodies, form very robust complexes 
deposited in the synovial membrane in rheumatoid arthri-
tis. In these usually seropositive cases, histiocytic granu-
lomas with giant cells develop. One might speculate that 
antigen–antibody complexes in sarcoidosis are also 
insoluble and thus induce a giant cell reaction.

Mycobacteria and Other Trigger 
Mechanisms—Is Sarcoidosis an 
Infectious Disease?

Because of the close resemblance of granulomas in sar-
coidosis to those in mycobacterial diseases, an infection 
caused by Mycobacterium tuberculosis or other mycobac-
teria has been proposed in sarcoidosis. Culture of myco-
bacteria from sarcoidosis granulomas of the skin has been 
reported,28 but this fi nding was not confi rmed in other 
investigations.28–30 Several investigators have reported 
mycobacterial DNA and RNA in sarcoidosis.31–37 However, 
other investigators have reported negative results for 
mycobacterial DNA or RNA.38–40 It has been speculated 
that cell wall–defi cient mycobacteria, unable to grow in 
culture, might induce sarcoidosis.31,41,42 In some cases, 
DNA insertion sequences characteristic for M. avium 
were reported to be amplifi ed from granulomas.43 In 
three cases of recurrent sarcoidosis in lung transplant 
patients, mycobacterial DNA other than tuberculosis 
complex could be demonstrated in the explanted native 
lungs and in the transplanted lungs with recurrent sar-
coidosis.36 Other recent reports have shown that naked 
mycobacterial DNA is capable of inducing a strong 
immune response.44,45 It is known that mycobacteria can 
persist preferentially in macrophages. In accordance with 
these observations, heat shock protein 90 is upregulated 
in sarcoidosis, which is part of the initial immunologic 
response mechanism in mycobacterial infections. Heat 
shock protein together with TLR4 expression is one of 
the mechanisms by which the selection of HLA types and 
costimulatory molecules is facilitated in mycobacterial 
infections (unpublished observation).46–49

In a working hypothesis, we assume that slow-growing 
mycobacteria or even breakdown products thereof might 
elicit an allergic reaction in the background of a host’s 
hyperergic predisposition. These allergens could be dis-
tributed to different organ systems via the circulation, 
eliciting the well-known perivascular granulomatous 
reaction.35,50

Other investigators demonstrated Propionibacterium 
acnes DNA in sarcoidosis. A scenario similar to that with 
mycobacteria was reported. Propionibacteria DNA or 
RNA could be amplifi ed from tissue sections of sarcoid-
osis granulomas, and in experimental settings these bac-
teria can elicit a granulomatous reaction.51–53 Many other 
agents have been discussed as probable causes or trigger 
mechanisms of sarcoidosis, including herpesvirus and 
Chlamydia.54,55 None of these has attracted as much 
attention and controversy as mycobacteria and 
propionibacteria.

Risk Factors

The course of sarcoidosis remains unpredictable. Approx-
imately two thirds of patients will recover from the 
disease. However, in one third the disease progresses. The 
most serious complication is lung fi brosis, starting with 
fi brosis of the granulomas and extending into the sur-
rounding lung parenchyma. Many studies have focused 
on factors predicting fi brosis, because these patients 
should be treated with corticosteroids.

The combination DQB1*0602/DRB1*150101 haplo-
type was found to be positively associated with severe 
pulmonary sarcoidosis indicated by radiographic stages 
II–IV. However, there was no association with fi bro-
sis.56,57 In the study by Kruit et al. an association of the 
TGF-b3 17369C allele was demonstrated more frequently 
in patients with fi brotic lung than in patients with acute/
self-remitting and chronic sarcoidosis.58 The TGF-b2 
59941G allele also was more abundant in fi brosis com-
bined with sarcoidosis. TGFb1 gene polymorphisms were 
not associated with fi brosis.58

Prostaglandin-endoperoxide synthase 2 (PTGS2) is a 
key regulatory enzyme for the synthesis of the antifi -
brotic prostaglandin E2 and is reduced in sarcoidosis lung. 
A promoter polymorphism −765G > C in PTGS2 identi-
fi ed individuals who are susceptible to sarcoidosis and, 
more importantly, at risk of pulmonary fi brosis. An altered 
Sp1/Sp3 binding to the −765 region may reduce PTGS2 
expression.59

In Löfgren’s syndrome, which usually presents with 
sudden onset, short duration, and quick resolution of the 
disease, other genetic variations have been demonstrated 
that could be responsible for this disease modifi cation. In 
Löfgren’s syndrome signifi cantly increased frequency of 
the CCR2 haplotype 2 was observed compared with 
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controls.60 A prevalence of DRB1*03, HSP (+2437)-C 
and (+2763)-G was observed in patients with Löfgren’s 
syndrome and might confer a susceptibility toward this 
variant of sarcoidosis.61

The Steps of an Immune Reaction and 
What Might Happen in Sarcoidosis

If we suppose a working hypothesis that is based on the 
induction of the disease by different immunogenic agents, 
such as mycobacteria, propionibacteria, chlamydia, and 
even viruses or other unknown antigens, there are several 
steps within the immune reaction that might bear a gene 
modifi cation or mutation conferring susceptibility to sar-
coidosis (Figure 56.3):

Antigen recognition and take up by macrophages or den-
dritic cells

Antigen handover and antigen processing usually within 
dendritic cells and/or macrophages

Antigen presentation to effector cells together with pre-
selected costimulatory molecules

Finally, the immune reaction by a concerted action of 
T and B cells46

An upregulated allergic or hyperimmune reaction 
could be buried within each of these steps and might be 
responsible for the heterogeneity of clinical courses in 

sarcoidosis. Allergic reaction may have already been 
induced at the antigen presentation site. For example, 
antigen presented in association with costimulatory mol-
ecules could induce prolonged stimulation of lympho-
cytes as a result of phenotypic variations or point 
mutations in these molecules, resulting in increased sus-
ceptibility to sarcoidosis. Other possible explanations for 
a hyperimmune reaction include a hyperreactive effector 
cell system that has an exaggerated response to antigen 
stimulation or impairment of a counterbalance system 
such as apoptosis.

Antigen Uptake and Processing

It is reasonable to assume that the susceptible individual 
has had previous exposure to the antigen(s) that cause 
sarcoidosis. Otherwise, a short onset reaction as in 
Löfgren’s disease would not be possible. It is well known 
that the tertiary antigen structure preselects the type of 
immune reaction. Selection of Toll-like receptors (TLRs), 
heat shock proteins, and so forth, determines the type of 
immune reaction toward an antigen as well as the cells 
for response: CD4 (Th1, Th2), CD8, or B cells.62 Antigens 
within the mycobacteria family, for example, dictate a Th1 
reaction via an upregulation of various cytokines.63,64

A failure in this selection process, or prolongation of 
the immune cell stimulation, could be one of the possible 

Figure 56.3. Possible steps where in the pathogenesis of sar-
coidosis genes might interact (probably the reason why this 
disease is so multifaceted). (1) Genes might be responsible for 
an inability to degrade invading organisms, thus leading to per-
sistence of these organisms. The organisms might produce pro-
teins and induce an autoimmune reaction. (2) The immune 

reaction might be altered by a predisposition in the organism 
to select improper costimulatory molecules, thus inducing an 
adverse immune reaction. Here also an alteration of antigen-
presenting cells (APC) might come into play. (3) There might 
be a genetically abnormal and prolonged type IV immune reac-
tion determined by genetic modifi cation or mutations.
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mechanisms of susceptibility to sarcoidosis. As noted pre-
viously, little is known about the regulatory mechanisms 
of activation and deactivation of the antigen-presenting 
cells.

Not much is known about the processing of antigens 
within macrophages or dendritic cells, although this might 
be another factor that infl uences disease susceptibility. If 
the antigens that cause sarcoidosis are not degraded 
within a given time, they might persist intracellularly, 
resulting in protein transcription eliciting an allergic 
reaction.

Antigen Presentation, Costimulatory 
Molecules, and Gene Polymorphisms 
and Where They Come Into Play

Antigen presentation is another potential step where an 
allergic or hyperimmune reaction could occur. Processed 
antigens are presented to T cells in association with 
costimulatory molecules. This combination can exert 
opposite effects on the T cells. For example, CD28 acti-
vates phosphatidylinositol-3 kinase (PI3K) and Akt1 
kinase, causing downstream impaired recruitment of pro-
caspase-8 to the death-inducing signaling complex, inhib-
iting apoptosis.65 Inducible costimulator (ICOS), another 
costimulatory molecule, augments PI3K levels, whereas 
only CD28 costimulation activates c-Jun N-terminal 
kinase. However, only CD28 induces high levels of IL-2 
and Bcl-xL, which also prevent apoptosis.66

Tripartite motif-containing genes (TRIMs) are costim-
ulatory molecules and are able to stimulate proliferation 
of lymphocytes via an activation of the PI3K pathway. 
The TRIMs 5, 16, and 22 are upregulated in sarcoidosis 
and in Löfgren’s disease.50 This pathway might also con-
tribute to inhibition of apoptosis in sarcoidosis.

Toll-like receptors might play a role in the develop-
ment of sarcoidosis. Toll-like receptor 4 is usually upregu-
lated in response to certain substances present in the 
capsules of bacteria.52,67 An association of a TLR4 pheno-
typic mutation with chronic sarcoidosis has been found 
recently.68 Toll-like receptors are an important mecha-
nism for maintenance of a balanced immune system. Toll-
like receptors induce an upregulation of IL-12, IL-1 
receptor associated kinase-M, and suppressor of cytokine 
signaling-1. Normally an excess of these proinfl ammatory 
action proteins is limited by PI3K, which suppress IL-12.69 
An imbalance in this gate-keeping system might be 
another facet in the sarcoidosis mosaic.

Valentonyte et al. have identifi ed the butyrophilin-like 
2 gene (BTNL2) as strongly associated with sarcoidosis.70 
The authors demonstrated a truncated protein whose 
function is impaired in sarcoidosis. In a subsequent study, 
a strong association with sarcoidosis susceptibility 
was shown for Caucasians but was weaker for African-

Americans.71 BTNL2 is a member of the immunoglobulin 
superfamily of genes and is a homolog to B7-1. Recently 
it was shown that BTNL2 is a receptor expressed on 
activated B and T lymphocytes. It inhibits T-cell prolif-
eration and T-cell receptor mediated activation of nuclear 
factor of activated T cells (NFAT), nuclear factor (NF)-
κB, and activator protein-1 (AP1) signaling pathways.72

Members of the HLA system, located on chromosome 
6, are strongly associated with immune reactions as well 
as with autoimmune disorders. However, it can be con-
cluded that HLA molecules associated with sarcoidosis 
have most often been identifi ed as disease modifi ers and, 
thus far, not as disease-causing agents. Polymorphisms 
have been identifi ed in many of the HLA genes, and these 
are responsible for stimulation of the immune reaction 
and also for organotypic involvement.

Human Leukocyte Antigen Class I Genes

Human leukocyte antigen B8 (HLA-B8) has been found 
in sarcoidosis patients with acute onset and short dura-
tion of the disease.73 HLA-B*07 and HLA-B*08 have 
been associated with higher risk of developing sarcoid-
osis.74 An association with persistent disease was con-
ferred by a combination of the HLA alleles A*03, B*07, 
and DRB1*15 (see also later discussion).

Human Leukocyte Antigen Class II Genes

In a genetic linkage study using 122 affected siblings from 
55 families Schürmann et al. have defi ned a locus close 
to major histocompatibility complex (MHC) II and III 
frequently altered in these affected persons.75 In a follow-
up study analyzing 63 families with affected siblings, this 
observation was expanded, and a peak was identifi ed 
again at the D6S1666 marker.76 In addition, other peaks 
were identifi ed, including genes for chemokine receptor 
2 (CCR2) and 5 (CCR5), T cell receptor B, TGF-β recep-
tor 1, and IL-2 receptor. In a subsequent study focusing 
on CCR2, an association with sarcoidosis could not be 
confi rmed.77

In the ACCESS study, HLA-DRB1 alleles were associ-
ated with sarcoidosis in Caucasians as well as African 
Americans. The DRB1*1101 allele confers risk in both 
ethnic populations, whereas the allele DRB1*1501 was 
differently distributed among the tested patients and 
controls.78 Another class II gene DQB1, namely, the 
allele *0602, was signifi cantly associated with progressive 
disease.56 This was confi rmed in a subsequent study within 
a European population.79 HLA-DR1 and HLA-DR4 
have been shown to be protective in Scandinavian, 
Japanese, Italian, English, Polish, and Czech popula-
tions.80 A major problem with most of these studies is that 
they do not attempt to investigate the function of these 
HLA alleles, and thus the importance of mutations or 
phenotypic variations remains obscure.
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Tumor necrosis factor genes are located on chromo-
some 6, in close proximity to most genes of the MHC 
complex. Tumor necrosis factor-α is a proinfl ammatory 
mediator found in most infl ammatory conditions and also 
early in sarcoidosis.11 A genetic variation within the TNF-
α gene at positions 308 (G to A mutation, TNFA) has 
been shown to be associated with high TNF-α production 
and was found in Löfgren’s disease,81 but an 857 T muta-
tion was observed in sarcoidosis and not in Löfgren’s 
disease.82 This point mutation was associated with higher 
promoter activity and thus resulted in increased TNF-α 
release. Another variation in the fi rst intron of the TNF-β 
gene (TNFB) was associated with prolonged disease but 
not with severity.83

Effector Mechanisms, the Lymphocyte–
Macrophage Network, and Gene 
Expression in Sarcoidosis

Once an immune reaction has been started, it is regulated 
through activation and deactivation. Regulatory T cells 
might be responsible for this fi ne tuning. However, as 

earlier, the susceptibility of patients to elicit a type IV 
granulomatous immune reaction might also be based on 
a hyperreactive T-cell system. Recently it was shown that 
in bronchoalveolar lavage cells from sarcoidosis patients, 
predominantly composed of T-helper cells and macro-
phages, there was an upregulated signaling cascade for 
proliferation and a downregulation of apoptosis. Confl ict-
ing reports have been published on the upregulation of 
apoptosis-associated ligands and receptors.84–86 Fas is 
highly expressed in sarcoidosis T lymphocytes, and high 
levels of soluble Fas ligand (FasL) are found,87,88 favoring 
apoptosis. However, once Fas and FasL are associated, 
they activate downstream death receptors, which sub-
sequently cleave and activate caspase-8. Caspase-8 
either cleaves Bid and thus activates the mitochondria-
mediated pathway or cleaves caspase-9 and activates the 
direct apoptosis pathway fi nally leading to the activation 
of caspase-3. Petzmann et al. found that the extracellular 
concentration of FasL or other proapoptotic molecules 
might have no effect, because the apoptosis signaling in 
sarcoidosis is blocked at the intracellular level of the 
mitochondria-mediated and the direct apoptotic path-
ways (Figure 56. 4).50 This was also confi rmed in another 
study.89 p21WAF1 is highly expressed in sarcoidosis90 and 
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Figure 56.4. Antiapoptotic mechanisms 
might prolong the lifetime of sarcoi-
dosis lymphocytes. Independent of the 
concentration of outside proapoptotic 
ligands there is a downregulation of 
key molecules within the mitochondrial 
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factor receptor–associated death do-
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inhibits apoptosis in alveolar macrophages and lympho-
cytes. p21 is predominantly regulated by IFN-γ and might 
be another mechanism by which macrophages and lym-
phocytes in sarcoidosis can escape apoptosis.

In addition to prolonged survival of CD4+ lymphocytes 
and macrophages in sarcoidosis, there is also an enhanced 
stimulation of proliferation by an activation of the PI3K/
Akt2 kinase/mTOR/STAT3 pathway. The antagonist 
PTEN, which can interrupt the PI3K activation system, 
was downregulated in sarcoidosis.50 Moreover, in lavage 
cells of patients with Löfgren’s, an additional stimulatory 
signal for proliferation was found. The mRNA for per-
o xisome proliferator-activated receptor (PPARD) and 
its shuffl e proteins fatty acid binding proteins 4 and 5 
(FABP4/5) were all upregulated. The PPARD needs 
FABPs for a translocation into the nucleus. If shuffl ed 
into the nuclei, PPARD associates with E-type prosta-

glandins or leukotrienes and stimulate cell proliferation.50 
This additional proliferation signal might be responsible 
for the rapid increase of macrophages and lymphocytes 
in this variant of sarcoidosis (Figure 56.5).

Disease Modifi er Genes and Aspects of 
Organ Involvement in Sarcoidosis

A switch from Th1 to Th2 cells occurs in progressive sar-
coidosis. There is an increase of IL-4, which can stimulate 
fi broblast proliferation. Interleukin-1 stimulates granu-
loma formation, fi broblast proliferation, and collagen 
deposition. Insulin-like growth factor I, TGF-β, and plate-
let-derived growth factor, produced and secreted by mac-
rophages and epithelioid cells, might also be responsible 
for fi brosis.91,92
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Figure 56.5. Probable activation of pro-
liferation pathways in sarcoidosis CD4+ 
lymphocytes and CD68+ macrophages. 
Tripartite motif molecules might be the 
main receptor type signaling into the 
phosphoinositol-3 kinase pathway and 
activating Akt and signal transducer and 
activator of transcription 3 downstream. 
Other receptors such as CD28 and 
inducible costimulator and the T-cell 
receptor system might interplay here, 
because Crk is also upregulated. In 
Löfgrens disease (acute sarcoidosis) an 
additional proliferation pathway is 
turned on by prostaglandins and fatty 
acid binding proteins 4 and 5, which 
associate with peroxisome proliferator-
activated receptor and again activate 
Akt.
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Organs other than the lungs may be involved in sar-
coidosis. It has long been recognized that organ involve-
ment does not occur randomly. For example, sarcoid 
myocarditis is common in Japan,93 whereas skin involve-
ment is common in other ethnic groups.94 This has 
prompted research for factors responsible for the distri-
bution of specifi c organ involvement. Although at an 
early stage, several observations have been reported. 
Cardiac sarcoidosis probably is mediated by an HLA-
DQB1*0601 allele in addition to an unusual A2-allele of 
the TNF gene.95,96

Cytotoxic T-lymphocyte antigen 4 (CTLA-4) with a 
phenotypic CC mutation at 318 and AG or GG mutation 
at position 49 was signifi cantly associated with ocular 
involvement in association with involvement of three 
or more organs. 97 Cytotoxic T-lymphocyte antigen 4 
is another costimulatory molecule that counterbalances 
T cell activation, serving as an antagonist to CD28.98 Thus 
far, nothing is known about an impaired function as a 
result of phenotypic point mutations of the CTLA-4 gene. 
No molecular genetic data are available regarding most 
other organ involvement in sarcoidosis, probably because 
these cases are rare and can only be investigated by multi-
center studies to acquire suffi cient numbers of patients 
for the study.
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Histiocytic Diseases of the Lung

Carol Farver and Tracey L. Bonfi eld

Langerhans cells. The early cellular lesions are, on average, 
1–5 mm in greatest dimension and consist of Langerhans 
cells, lymphocytes, plasma cells, and eosinophils. Although 
previously referred to as eosinophilic granuloma, eosino-
phils are not the major cell type present, and the lesion 
is, at best, a loosely formed granuloma, consisting of den-
dritic cells and not the epithelioid histiocytes seen in 
other granulomatous diseases. Immunohistochemistry 
reveals the Langerhans cells to be diffusely, strongly 
immunoreactive to S100 protein and CD1a.6 Ultrastruc-
tural analysis reveals intracytoplasmic organelles called 
Birbeck granules, a normal constituent of Langerhans 
cells, in greater numbers in PLCH.7

Cellular and Molecular Biology

The pathogenetic mechanisms involved in the develop-
ment of PLCH center on the homeostasis of dendritic 
cells in the lungs of smokers and the possibility of tobacco 
smoke as a trigger that disturbs this steady state and 
induces the proliferation of these cells.8 Increased 
numbers of Langerhans cells in the bronchoalveolar 
lavage fl uid in heavy smokers and the abnormal T-cell 
response to tobacco antigens by Langerhans cells sup-
ports a smoking theory.9 In addition, the presence of the 
lesion around airways and the upper lobe distribution 
argues for an inhaled etiology.

The mechanism by which tobacco smoke stimulates the 
proliferation of Langerhans cells is not known. The role 
of cytokines in the pathogenesis of this disease has, not 
surprisingly, received signifi cant attention. Some studies 
suggest that stimulation of alveolar macrophages near 
the airway results in secretion of such cytokines as granu-
locyte–macrophage colony-stimulating factor, transform-
ing growth factor (TGF)-β and tumor necrosis factor 
(TNF)-α.10 Excess granulocyte–macrophage colony-
stimulating factor in transgenic mice can cause accumula-
tion of dendritic cells around airways.11 In addition, other 
cytokines, such as TGF-β, interleukin (IL)-1, and IL-4 

Introduction

Histiocytic lesions of the lung are a group of diseases that 
arise out of defects in the lung’s macrophage population. 
Although histiocytes play a major role in many diseases 
of the lung, including granulomatous diseases (myco-
bacterial and fungal infections, sarcoidosis)1 and other 
interstitial lung disease,2 we discuss only those lesions 
with the primary defect in the lung histiocyte or 
those systemic diseases with notable lung involvement. 
These include pulmonary Langerhans cell histiocyto-
sis, Erdheim-Chester disease, Niemann-Pick disease, 
Gaucher’s disease, and Hermansky-Pudlak syndrome.

Pulmonary Histiocytosis X

Clinical Disease

Pulmonary Langerhans cell histiocytosis (PLCH) is a 
disease of the dendritic cells of the lung referred to as 
Langerhans cells. The Langerhans cell histiocytoses are a 
heterogeneous group of diseases that are characterized 
by a proliferation of Langerhans cells in organs through-
out the body that range from a malignant systemic disease 
as is seen in children3 to the more benign pulmonary 
variant that is seen in adolescents and adults. This pulmo-
nary form is usually the result of infl ammatory or neo-
plastic stimuli in lungs of smokers or in lungs involved by 
some neoplasms.4 The disease usually presents with bilat-
eral nodules on chest radiographs, suspicious for meta-
static disease. Treatment is smoking cessation and steroid 
therapy, but, predominantly, the disease undergoes spon-
taneous regression. Approximately 15%–20% of patients 
will progress to irreversible end-stage fi brosis.5

Pathologic Features

Pulmonary Langerhans cell histiocytosis is characterized 
by airway-based lesions that consist of a proliferation of 
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have been localized to PLCH lesions, and it is thought 
that IL-4 may be responsible for the eosinophilic infi l-
trate in the lesions.12 Other theories speculate that ciga-
rette smoke stimulates the secretion of bombesin-like 
peptide by the neuroendocrine cells in the bronchiolar 
epithelium and leads to a similar stimulation of alveolar 
macrophages and a cytokine milieu that promotes the 
proinfl ammatory proliferative changes.13

Because PLCH occurs in only a small percentage of all 
smokers, some suggest that factors in addition to tobacco 
smoke are needed to produce the uncontrollable prolif-
eration of Langerhans cells that occurs. Studies have 
established that, at least in some cases, the Langerhans 
cells in PLCH are clonal, suggesting that cellular abnor-
malities must play some part in the pathogenesis of the 
diseases.14 Molecular evidence for this theory includes 
studies that show genetic predisposition, mutations, and 
allelic loss of tumor suppressor genes.15 Also, other envi-
ronmental exposures such as viral infections have been 
proposed to increase the susceptibility of some smokers 
to this disease.16 However, studies have failed to identify 
viral DNA in PLCH.17

The fi nal area of research in this enigmatic disease is 
the mechanism by which Langerhans cells destroy the 
bronchiolar epithelium, leading to the pathology that is 
seen. Although Langerhans cells in normal lungs have 
little ability to interact with T cells or act as effective 
antigen-presenting cells, the Langerhans cells of PLCH 
have a mature immunophenotype, expressing B7–1 and 
B7–2, the costimulatory molecules needed for lympho-
stimulatory activity.18 This may allow the initiation of an 
“uncontrolled” local immune response that results in the 
tissue destruction that is seen. Furthermore, these 
bronchiolar epithelial cells may provoke the expression 
of this mature phenotype that leads to their own des-
truction either by secreting cytokines in response to 
environmental stimulants such as cigarette smoke or viral 
infections or by the development of hyperplastic or 
dysplastic lesions that express new “foreign” antigens.18 
Considerable research into the molecular and cellular 
events of this disease is needed to substantiate these 
theories.

Erdheim-Chester Disease

Clinical Disease

Erdheim-Chester disease (ECD) is a systemic non–Lang-
erhans cell histiocytosis that usually affects adults and 
most commonly involves the long bones. Involvement of 
other organs, including the lung, has been reported. Lung 
involvement occurs in approximately 20%–35% of the 
cases,19–25 and the symptoms are those of interstitial lung 
disease with cough, dyspnea, rhonchi, and pleuritic 

pain. Radiographically, the lungs reveal infi ltrates in a 
lymphatic distribution, predominantly upper lobe, with 
prominent interstitial septal markings that can mimic 
sarcoidosis.

Pulmonary involvement by ECD may have an unfavor-
able prognosis, and the fi brosis that ensues is one of the 
most frequently reported causes of death.19,20 The treat-
ment of ECD is variable with corticosteroids, che-
motherapy, surgical resection, and radiation therapy 
reported.24

Pathologic Features

The infi ltrate in ECD consists of non–Langerhans cell 
histiocytes of dendritic cell phenotype.13 The infi ltrate is 
a histiocytic proliferation that contains large, foamy his-
tiocytes with scattered giant cells, a scant number of 
lymphocytes or plasma cells, and some fi broblasts. The 
histiocytes express CD68 (macrophage antigen) and 
factor XIIIa (dendritic cell antigen) but express S100 
protein weakly or not at all and do not express CD1a. 
Ultrastructural analysis reveals phagolysosomes, but no 
Birbeck granules are present.26 This infi ltrate involves the 
lung in a lymphangitic distribution (i.e., expanding the 
pleura and subpleura) in the interlobular septa and 
around the bronchovascular structures. The adjacent lung 
is usually essentially normal, although paracicatricial 
emphysema may be present if the fi brosis that can be 
sequelae of the infi ltrate develops.

Cellular and Molecular Biology

Erdheim-Chester disease is a nonfamilial histiocytosis. 
The etiology of ECD is not known, but this rare disease 
has been established as primarily a macrophage disor-
der.27 The lack of CD1a expression in these cells and 
the abundant phagolysosomes are consistent with a 
phagocytic cell, most likely closely related to alveolar 
macrophages. The peripheral monocytosis and the pro-
infl ammatory cytokine profi le that are found in these 
patients might suggest that the histiocytic infi ltrate is a 
result of systemic monocytic activation and invasion of 
circulating monocytes into the tissues throughout the 
body.28 A recent publication documenting the successful 
treatment of an ECD patient by an agent toxic to mono-
cytes supports a role for these cells in the disease.28 
Alternatively, end-organ cytokine production by local 
infl ammatory cells resulting in proliferation and differen-
tiation of resident immature histiocyte populations may 
produce a similar picture. Indeed, its coexistence with 
Langerhans cell histiocytosis21 suggests that it may repre-
sent a disease in which macrophages transition between 
two different phenotypes along the differentiation spec-
trum of tissue dendritic cells.29 Whether this is a benign 
or malignant proliferation has not been established. Of 
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fi ve patients studied, clonality has been demonstrated in 
three by polymerase chain reaction.30

Lysosomal Storage Disorders

Gaucher’s Disease

Clinical Disease

Gaucher’s disease (GD) is an autosomal recessive inher-
ited lipid storage disease with an accumulation of gluco-
sylceramide in the phagocytic cells due to a defi ciency in 
the enzyme lysosomal hydrolase acid β-glucosidase.31 
There are three types of clinical diseases that are usually 
distinguished by their central nervous system involve-
ment. Type I, the most common form, spares the central 
nervous system and is common in Ashkenazi Jews. Type 
II involves the central nervous system and usually leads 
to death before the age of 3 years. Type III involves the 
central nervous system later in life and usually has a more 
chronic clinical course.32 Pulmonary involvement is found 
in both type I and type II GD but is most common in the 
latter. In both types, bronchopneumonia and increasing 
dyspnea are the most common complaints. Imaging 
studies can show consolidation, reticulonodular infi ltrates, 
or interstitial thickening.33

Pathologic Disease

The pathologic picture of pulmonary involvement by GD 
is that of foamy macrophages, or Gaucher cells, infi ltrat-
ing the alveolar or interstitial spaces and the peribron-
chial or vascular walls, including the septal capillaries. 
This vascular involvement may produce pulmonary 
hypertensive changes, especially in type I GD.32 The 
Gaucher cells are macrophages with abundant cytoplasm 
that have a “crumpled silk” appearance. When infi ltration 
of the Gaucher cells is diffuse, pulmonary fi brosis may 
occur.31

Cellular and Molecular Biology

The gene for GD is located on chromosome 1q21 and 
encodes for acid β-glucosidase. Two major haplotypes 
have been defi ned at this locus, N370S and c84 ins G 
alleles, and two minor haplotypes, L444P and IVS 2. The 
relationship of these alleles to the clinical phenotype has 
not been clearly elucidated, although Type I GD may be 
associated with the NS70S allele.34 The allele frequency 
depends on the ethnic group, with Ashkenazi Jews con-
taining a relatively small number of mutations. However, 
in the overall population, there may be many rare alleles, 
limiting an accurate diagnosis by DNA.31

The pulmonary injury in GD may be a result of macro-
phage activation by the accumulation of the undigested 

material due to the lysosomal enzyme dysfunction and 
surrounding lung parenchymal damage by proinfl amma-
tory cytokines secreted. Gaucher’s disease patients have 
higher levels of circulating IL-6, IL-10, and IL-1β mRNA 
and TNF-α.35 These cytokines also increased with disease 
severity, suggesting an etiologic link.34

Niemann-Pick Disease

Clinical Disease

Niemann-Pick disease (NPD) is one of several lysosomal 
storage diseases that can involve the lungs. It is a rare, 
autosomal recessive inherited lipid storage disease with 
accumulation of sphingomyelin due to a defi ciency of the 
lysosomal enzyme acid sphingomyelinase, which degrades 
sphingomyelin into ceramide and phosphocholine.36 Six 
clinical types of NPD have been described as NPD-A 
through NPD-F. In patients with NPD-B, lung involve-
ment is the most important clinical symptom and prog-
nostic factor. Patients with NPD-C have predominantly 
neurodegenerative disease, but a rare subtype of these 
patients with the NPC2 gene mutation may also have 
some pulmonary involvement. Clinically, the NPD-B 
patients have recurrent pneumonias starting early in life, 
usually around 40 years of age, and imaging studies 
usually demonstrate a ground-glass infi ltrate with inter-
lobular septal thickening anywhere in the lungs.37 Pro-
gression of the lung disease can cause signifi cant morbidity 
and mortality, and treatment is diffi cult. However, a case 
of successful treatment by whole-lung lavage has been 
reported.38 Despite this, compared with other NPD 
patients, those with NPD-B have a more favorable 
prognosis.39

Pathologic Disease

The usual pathology in the lungs is an endogenous lipoid 
pneumonia with abundant foamy “sea blue” histiocytes, 
usually referred to as Pick cells (Figure 57.1). These mac-
rophages are present within both the alveolar spaces and 
the interstitium. Other infl ammation is minimal, and 
there is only mild fi brosis with little, if any, loss of the 
underlying lung architecture.40 Irregular emphysema has 
been reported in one case of a patient with NPD-C type2 
disease.41 Ultrastructural analysis of the alveolar macro-
phages in patients with pulmonary involvement reveals 
an abundance of lysosomes with lamellar bodies, the 
same structures found in other tissues.

Cellular and Molecular Disease

Like all lysosomal storage diseases, Niemann-Pick disease 
is a single gene disorder. The gene for acid sphingomye-
linase is on chromosome 11p15.1. However, the molecu-
lar nature of the genetic heterogeneity underlying the 
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clinical phenotypes is not well understood. In general, the 
cell injury in this disease is due to the accumulated sphin-
gomyelin, stored as lamellar bodies in the lysosomes. In 
the lung, the focus is on the macrophages, where abun-
dant sphingomyelin is stored. The mechanism by which 
this induces cell injury is not known. Unlike GD, there is 
no evidence in NPD for an increase in proinfl ammatory 
cytokines or macrophage activation in the lungs of these 
patients.42 However, there is evidence of increased che-
mokine levels in lungs of the NPD-B patients, perhaps 
due to an increase in overall number of macrophages.

Studies from an acid sphingomyelinase knockout mouse 
model reveal elevated levels of macrophage infl ammatory 
protein-1α, a monocyte chemoattractant in the bronchoal-
veolar lavage fl uid. In addition, the macrophages present 

have a more mature phenotype when compared with mice 
of similar age. This suggests an increased number of 
monocytes are being recruited into the lungs from the 
periphery, and a slower rate of turnover of mature mac-
rophages may be occurring in the lungs, leading to an 
increase in numbers of macrophages. The stimuli for the 
increased macrophage infl ammatory protein-1α is unclear, 
but some speculate that the sphingomyelin–ceramide 
signal transduction pathway may be involved in the stimu-
lation of this chemokine production.42

In addition to macrophage dysfunction, some have 
speculated that the recurrent infections in these patients 
may be due to an aberrant surfactant composition. Some 
NPD-B patients have pulmonary alveolar proteinosis-
like pathology due to an accumulation of surfactant 
material in the alveolar space. This accumulation may 
be due to decreased catabolism by macrophages, and 
the increased amount of surfactant, especially surfactant 
protein A, may inhibit the macrophage response to infec-
tion and lead to the recurrent pneumonias that are seen 
clinically.43

Hermansky-Pudlak Syndrome

Clinical Disease

Hermansky-Pudlak syndrome (HPS) is a triad of oculo-
cutaneous albinism, a bleeding defect due to a platelet 
storage pool defi ciency and ceroid lipofuscin lysosomal 
storage disease.44 Some patients have granulomatous 
colitis and pulmonary fi brosis.45 The pulmonary fi brosis, 
found in approximately 50% of patients, develops during 
the third and fourth decades and is secondary to abnor-
mal ceroid deposition in the lung. Chest imaging studies 
usually show a homogeneous distribution of reticulonod-
ular infi ltrates and fi brosis in the upper or lower lobes. 
The only effective treatment to date is lung transplanta-
tion, which is quite risky given the bleeding diathesis 
associated with the disease.45

Pathologic Disease

Hermansky-Pudlak syndrome–associated lung pathology 
consists of pulmonary fi brosis with characteristic type II 
pneumocytes with a foamy cytoplasm, sometimes referred 
to as giant lamellar body degeneration, foamy alveolar 
macrophages, probably containing ceroid-like material, 
patchy airway-centered fi brosis, and honeycomb changes 
without a predilection for any particular lobe.46 Herman-
sky-Pudlak syndrome can even simulate a usual intersti-
tial pneumonia pattern; however, the foamy alveolar 
macrophages will always help in the differential diagnosis. 
A lymphocytic infi ltration usually accompanies the fi bro-
sis. On bronchoalveolar lavage, the alveolar macrophages 
contain the granular ceroid pigment, which is positive 

A

B

Figure 57.1. (A) Foamy macrophages present in the lung of 
patient with Niemann-Pick disease type B. (Hematoxylin and 
eosin; ×200.) (B) The macrophages are present within the inter-
stitium and have grey-blue cytoplasm with lipid vacuoles that 
indent the nuclei.
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with PAS and Sudan black histochemical staining. The 
origin of this ceroid-like material is not known; however, 
it may be a result of defective catabolism of lipids.47

Cellular and Molecular Biology

Hermansky-Pudlak syndrome is a group of eight related 
autosomal recessive disorders (HPS-1 through HPS-8). 
The common cellular defect is an abnormal intracellular 
traffi cking that results in a dysfunction of specialized 
secretory organelles such as melanosomes. Other organ-
elles are also involved as in platelets, T cells, and type II 
pneumocytes. The primary defect in all of the cells is found 
in the lysosome-related organelles.48 Of the eight HPS 
diseases, HPS-1 and HPS-4 are the major causes of pul-
monary fi brosis. This is thought to be the result of defects 
in the protein BLOC-3 complex in these two groups of 
patients. This complex regulates the function of the lung 
lamellar body.49 Studies in both human and mouse models 
support the hypothesis that the primary organelle defect 
is in the production and secretion of this lamellar body, 
which leads to its accumulation in the type II pneumo-
cytes.46 Because the lamellar bodies store the surfactant 
lipids, the presence of these giant lamellar bodies indicates 
formation of cellular degeneration and accumulation of 
surfactant.50 This initiates a cycle of cell injury, infl amma-
tion, and fi brosis. In addition, a ceroid lipofuscin sub-
stance that consists of a lipid–protein complex accumulates 
in the cellular lysosomes.51 Phagocytosis of the excess 
lipid, surfactant, or ceroid-like material by alveolar mac-
rophages may lead to alveolar macrophage activation and 
increased superoxide production and release, contribut-
ing to the parenchymal damage and fi brosis.44

The HPS1 gene is located on chromosome 1052 and 
encodes for a protein that contains two transmembrane 
domains.44 Twenty-three disease-causing mutations have 
been found in the HPS1 gene, although one variant 
accounts for the overwhelming majority of the cases, 
most found in Puerto Rico.53 In Puerto Rican HSP-1 
patients, homozygous 16-bp duplication in the HPS1 
gene is present and results in a clinical picture of restric-
tive lung disease, hemorrhage, and granulomatous 
colitis.54,55 Fifteen patients have been reported with HPS-
4, with 10 mutations documented on the HPS4 gene 
present on chromosome 22.49 Most mutations result in a 
loss of amino acids from a carboxyl terminus. Severe 
pulmonary fi brosis has been reported in these patients 
and HPS-4 RNA isolated from fi broblasts.56
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58
Pulmonary Arterial Hypertension

Wim Timens

Pathology

In all forms of pulmonary arterial hypertension common 
pathologic features can be observed. These changes com-
prise medial hypertrophy of muscular and elastic arteries, 
dilation lesions and intimal thickening of elastic pulmo-
nary arteries, and right ventricular hypertrophy. As these 
changes are found in all forms of severity of pulmonary 
arterial hypertension, it is obvious that these aspects of 
pulmonary vascular remodeling have limited diagnostic 
value. In addition, medial and intimal thickening of 
pulmonary arteries can be found incidentally in certain 
areas of the lung without a clear association to pulmo-
nary arterial hypertension. Pulmonary arterial hyper-
tension is, however, characterized by a specifi c set of 
changes to pulmonary arteries of which a comprehen-
sive overview has been given by Pietra et al.4 The 
main features are discussed, and present knowledge of 
the possible pathogenetic mechanisms that play a major 
role in development of these pathologic features are 
reviewed.

Constrictive changes are present in all parts of the arte-
rial wall resulting from medial hypertrophy and thicken-
ing of intimal adventitia (Figure 58.1). At present the 
main opinion is that these changes result from imbalance 
between increased proliferation and reduced apoptosis 
of the different cell types that are present in the vessel 
wall. With respect to hemodynamics, these changes may 
have different consequences. On the one hand, vasorelax-
ant or vasoconstrictive properties of certain cells may be 
lost, with or without associated loss of ability to respond 
to external stimulants. On the other hand, the number 
and volume of the different cell types may be changed, 
resulting in actual thickening of the vascular wall with 
loss of available lumen.

Hypertrophy of the media results in an increase in the 
actual number of smooth muscle cells in the media, which 
leads to an increase in the cross-sectional area in pre- and 

Introduction

Pulmonary arterial hypertension is and has often been 
classifi ed into two separate categories: primary pulmo-
nary (arterial) hypertension, presently more often called 
idiopathic pulmonary arterial hypertension (iPAH), and 
secondary pulmonary arterial hypertension.1 As in many 
other diseases, the secondary form was defi ned by pres-
ence of proven causes or risk factors, whereas the diag-
nosis of the primary form could be made only after 
excluding other causes of pulmonary arterial hyperten-
sion. In 1998, a clinical classifi cation of pulmonary arterial 
hypertension was put forth, the so-called Evian classifi ca-
tion.2 In a recent conference in Venice a revised clinical 
classifi cation of pulmonary arterial hypertension was pro-
posed (Table 58.1).3 Both the original and the revised 
classifi cation was based on a clinical subdivision aimed at 
separating different categories within each category 
based on pathophysiology, clinical presentation, and ther-
apeutic options. The clinical classifi cations were more or 
less based on assumptions that subsets of pulmonary 
arterial hypertension have a comparable spectrum of 
pathologic changes. However, it became clear that in the 
different categories different segments of the pulmonary 
vascular tree are involved in more or less specifi c combi-
nations of pathologic changes to arteries and to veins. 
In an attempt to better document the types of vascular 
changes and to standardize the pathologic reporting 
and description of background and extent of vas-
cular pathology, a descriptive histopathologic system of 
classifi cation was put forward at the Venice conference 
(Table 58.2).4

In the clinical and pathologic classifi cations of the 
plexiform pulmonary arterial hypertension, arteriopa-
thies as well as venopathies were included. However, in 
this chapter the attention is focused on the arterial 
changes in pulmonary arterial hypertension either or not 
having an identifi able cause.
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intraacinar pulmonary arteries. In general, not only the 
number but also the volume of the smooth muscle cells 
increases, thus leading to both hypertrophy and hyperpla-
sia. Furthermore, in general also an increase in connec-
tive tissue matrix is observed. As a seeming contradiction, 
atrophy of the media also occurs in developing dilation 
lesions and in arteries with marked intimal thickening.

The increase in the intima can be concentric laminar 
or eccentric or concentric nonlaminar. The intimal thick-
ening can be cellular and fi brous, each to a variable 
extent. Apart from endothelial cells, in the intima cells 
with features of fi broblasts and myofi broblasts are 
observed. In the so-called pulmonary plexogenic arteri-
opathy, concentric laminar thickening is a characteristic 
feature. Eccentric and nonlaminar changes contain mainly 

Table 58.1. World Health Organization’s clinical classifi cation 
of pulmonary hypertension (Venice 2003).

Pulmonary arterial hypertension
 Idiopathic
 Familial
 Associated with
  Collagen vascular disease
  Congenital systemic-to-pulmonary shunts
  Portal hypertension
  Human immunodefi ciency virus infection
  Drugs and toxins
   Other (thyroid disorders, glycogen storage disease, Gaucher’s 

  disease, hereditary hemorrhagic telangiectasia, 
hemoglobinopathies, myeloproliferative disorders, 
splenectomy)

 Associated with signifi cant venous or capillary involvement
  Pulmonary venoocclusive disease
  Pulmonary capillary hemangiomatosis
 Persistent pulmonary hypertension of the newborn
Pulmonary venous hypertension (with left heart disease)
 Left-sided atrial or ventricular heart disease
 Left-sided valvular heart disease
Pulmonary hypertension associated with lung diseases and/or 
   hypoxemia
 Chronic obstructive pulmonary disease
 Interstitial lung disease
 Sleep-disordered breathing
 Alveolar hypoventilation disorders
 Chronic exposure to high altitude
 Developmental abnormalities
Pulmonary hypertension due to chronic thrombotic and/or embolic 
   disease
 Thromboembolic obstruction of proximal pulmonary arteries
 Thromboembolic obstruction of distal pulmonary arteries
  Nonthrombotic pulmonary embolism (tumor, parasites, foreign 

  material)
Miscellaneous
 Sarcoidosis
 Histiocytosis X
 Lymphangiomatosis
  Compression of pulmonary vessels (adenopathy, tumor, fi brosing 

   mediastinitis)

Source: Simonneau et al.3

Table 58.2. Pathologic classifi cation of vasculopathies of pul-
monary hypertension.

Pulmonary arteriopathy (pre- and intraacinar arteries) and subsets
 Pulmonary arteriopathy with isolated medial hypertrophy
  Pulmonary arteriopathy with medial hypertrophy and intimal 

  thickening (cellular, fi brotic)
  Concentric laminar
  Eccentric, concentric nonlaminar
  Pulmonary arteriopathy with plexiform and/or dilation lesions or 

  arteritis
 Pulmonary arteriopathy with isolated arteritis

As above, but with coexisting venous–venular changes (cellular and/
  or fi brotic intimal thickening, muscularization). The presence of the 

following changes should be noted: adventitial thickening; 
thrombotic lesions (fresh, organized, recanalized, colander lesion); 
necrotizing or lymphomonocytic arteritis; elastic artery changes 
(fi brotic or atheromatous intimal plaques, elastic laminae 
degeneration); bronchial vessel changes, ferruginous incrustation, 
calcifi cations, foreign body emboli, organized infarct; perivascular 
lymphocytic infi ltrates

Pulmonary occlusive venopathy (veins of various size and venules) 
    with or without coexisting arteriopathy. Histopathologic 

features:
  Venous changes: intimal thickening/obstruction (cellular, fi brotic); 

  obstructive fi brous luminal septa (recanalization)
  Adventitial thickening (fi brotic); muscularization; iron and calcium 

  incrustation with foreign body reaction
  Capillary changes: dilated, congested capillaries; angioma-like 

  lesions
  Interstitial changes: edema; fi brosis; hemosiderosis; lymphocytic 

  infi ltrates
  Others: dilated lymphatic; alveoli with hemosiderin-laden 

  macrophages; type II cell hyperplasia

Pulmonary microvasculopathy with or without coexisting arteriopathy 
   and/or venopathy
 Histopathologic features
   Microvessel changes: localized capillary proliferations within 

  pulmonary interstitium; obstructive capillary proliferation in 
veins and venular walls

  Venous-venular intimal fi brosis
  Interstitial changes: edema, fi brosis, hemosiderosis
   Others: dilated lymphatics: alveoli with hemosiderin-laden 

 macrophages; type II cell hyperplasia
 Unclassifi able

Source: Pietra et al.4

connective tissue matrix and fi broblasts and are in general 
associated with thromboembolic arteriopathy (Figure 
58.2). Such thromboembolic arteriopathy can, apart from 
a primary presentation also be observed secondary to 
pulmonary arterial hypertension, most likely due to 
endothelial damage and perhaps shear stress phenom-
ena. As in pulmonary arterial hypertension cells in both 
media and intima produce many growth factors, it can be 
envisaged that these growth factors also affect the changes 
associated with secondary thromboembolic arteriopathy. 
Therefore, further research should sort out these effects 
that may lead to identifi cation of phenotypic changes that 
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Figure 58.1. Small arteriole in pulmonary hypertension with medial hypertrophy and thickening of intimal adventitia. (A) Hema-
toxylin and eosin stain. (B) Verhoeff’s elastin stain (original magnifi cation, ×200).

Figure 58.2. Postthrombotic vasculopathy: recanalized obstructed vessels (multiple lumina) (A) Hematoxylin and eosin stain. 
(B) Verhoeff’s elastin stain (original magnifi cation, ×200).

may allow distinction between primary and secondary 
thromboembolic arteriopathies. The latter may be of 
interest as this may help to better identify the etiology of 
disease in patients who present with pulmonary arterial 
hypertension as well as thromboembolic pathology.

Adventitial thickening seems to be of less importance 
in adults, as in most cases involvement of the adventitia 
is not readily apparent. Whereas the above-described 
constrictive changes are mostly seen in early or relatively 
mild cases of pulmonary arterial hypertension, the more 
advanced or severe cases have additional hallmarks that 
are taken together as complex lesions in the recently 
proposed pathologic classifi cation.4 Pietra et al.4 put forth 

that the plexiform lesions, dilation lesions, and arteritis 
represent important focal changes that can be considered 
markers of severity and/or rapid progression of pulmo-
nary arterial hypertension.

The plexiform lesion (Figure 58.3) consists of many 
vascular channels that are interconnected but are lined 
with endothelial cells. The tissue strands intertwining the 
vascular spaces are occupied by myofi broblasts with 
smooth muscle cells and extracellular matrix (Figure 
58.4). This lesion is mainly found in the pre- and intraaci-
nar pulmonary arteries, expanding into the arterial walls 
with extension into the perivascular connective tissue. 
Such plexiform lesions are hardly ever seen in pulmonary 
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arterial hypertension in connective tissue disease or in 
pulmonary arterial hypertension associated with persis-
tent fetal circulation. Arguments have been made that 
plexiform lesions are mainly based on proliferation of 
endothelial cells that are likely to be intrinsically abnor-
mal,5 even considered of a neoplastic nature by some 
authors, as these endothelial cells have been found to be 
monoclonal.6 The endothelial cells express vascular endo-
thelial growth factor (VEGF) and its receptors. The 
ple xiform lesions are considered to result from this neo-
angiogenesis. Although an association between the vas-

A B

culotropic human herpesvirus type 8 (HHV-8) and 
plexiform lesions of pulmonary arterial hypertension has 
been reported by some authors,7 this could not be con-
fi rmed by several other studies performed later,8 even 
with very sensitive molecular detection methods.9

Dilation lesions are in general found in association 
with plexiform lesions. Dilation lesions are very thin 
walled and are therefore considered vulnerable and pos-
sibly the origin of pulmonary hemorrhage.

Arteritis is considered to occur as a secondary phe-
nomenon in pulmonary arterial hypertension, associated 
with the lesions described earlier. The morphologic pre-
sentation is that of a necrotizing arteritis with fi brinoid 
changes and infi ltrates of chronic and acute infl ammatory 
cells in the vessel wall.

Furthermore, in the histopathologic classifi cation of 
changes associated with pulmonary arterial hypertension 
venous changes have been described,4 now termed pul-
monary occlusive venopathy, and pulmonary microvascu-
lopathy, which are proposed to replace the previous terms 
of pulmonary venoocclusive disease and pulmonary cap-
illary hemangiomatosis. These venous changes are not 
further described in this chapter.

Genetics

Bone Morphogenetic Protein 
Receptor Gene Mutations

Although there is a genetic basis for all forms of pulmo-
nary arterial hypertension, much knowledge has been 
gained from studies of familial primary pulmonary 

Figure 58.3. Complex lesion with thickened arteriole at the left 
and plexiform lesion at the right, with small dilation lesion at 
the edges. (Hematoxylin and eosin stain; original magnifi cation, 
×100.)

Figure 58.4. (A) Actin immunostaining of smooth muscle cells 
and myofi broblasts in plexiform lesion. (B) Collagen IV immu-
nostaining in plexiform lesion. (A) Immunoperoxidase (origi-

nal magnifi cation, ×100). (B) Immunoperoxidase (original 
magnifi cation, ×200).
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arterial hypertension (fPAH).10–14 This is an autosomal 
dominant inherited disease with great variation in expres-
sion within families, sometimes incomplete, and is pre-
dominantly found in females. The clinical course is similar 
to that of nonfamilial pulmonary arterial hypertension. 
Within fPAH, a strong association was found with muta-
tions in bone morphogenetic protein receptor type II 
(BMPR2) and in activin-like kinase type I (ALK1).10,11,15 
Both of these molecules are receptors belonging to the 
transforming growth factor (TGF)-β family. In contrast 
to the BMPR2 gene mutations, the ALK1 receptor muta-
tions were in particular found in some persons with 
the rare disease hereditary hemorrhagic telangiectasia 
(HHT). In HHT patients a mutation in the ALK1 recep-
tor was associated with susceptibility to pulmonary arte-
rial hypertension, in addition to the HHT lesions. As both 
BMPR2 and ALK1 belong to the TGF-β family, it is sup-
posed that these mutated molecules share signaling 
modalities.15

The BMPR2 gene is located on chromosome 2q33, and 
this gene has 13 exons. The mutations have been reported 
in many of these exons (except for 5 and 13), with poly-
morphisms in some exons.11 In general, each specifi c 
family is associated with a unique mutation that cosegre-
gates with the disease.16 All mutations are supposed to 
lead to an altered BMPR2 function.

Also in sporadic cases of pulmonary arterial hyperten-
sion BMPR2 mutations have been demonstrated in about 
10%.17 Initially this percentage was thought to be higher, 
but part of these were demonstrated to be associated 
to a fi rst detected case of inheritable pulmonary arterial 
hypertension and therefore in fact should be considered 
a family case.11 Until now the majority of sporadic cases 
of pulmonary arterial hypertension have not been associ-
ated with a major genetic abnormality. In addition it is 
clear that the mutation in BMPR2 itself is not suffi cient 
to cause the disease, as several human subjects in whom 
mutations are found do not develop the disease.10,11 It is 
clear that additional modifi ers or effectors are needed13 
and that in an individual patient the effects of all these 
components together determine the outcome and sever-
ity of pulmonary arterial hypertension in that subject.

Serotonin Transporter Gene Overexpression

A second important molecule with abnormal expression 
in pulmonary arterial hypertension that can be associated 
with pathophysiology is the serotonin transporter (5-
HTT) that is overexpressed in pulmonary arterial hyper-
tension due to a functional polymorphism of the 5-HTT 
gene promoter with homozygosity for the L/L geno-
type.12,14 This overexpression has been demonstrated in 
cultured pulmonary artery smooth muscle cells (PASMCs) 
from patients with pulmonary arterial hypertension to 
lead to abnormally strong proliferative responses to sero-

tonin or serum. This 5-HTT gene polymorphism has been 
shown to be related to the severity of pulmonary arterial 
hypertension in case of hypoxia in patients with chronic 
lung disease, indicating that 5-HTT overexpression in 
this particular L/L genotype is related to the pathophysi-
ology of the different forms of pulmonary arterial 
hypertension.18,19

Pathogenesis

Role of Bone Morphogenic Protein 
and Its Receptor

Similar to TGF-β, signal transduction of BMP-mediated 
pathways involves two types of transmembrane recep-
tors, BMP receptor types I and II. These receptors associ-
ate to form homo- or heteromeric proteins.20 The binding 
of different ligands to one of these receptors results in 
activation of a downstream signaling cascade involving 
among others the Smad protein pathway. This Smad 
pathway is involved in different activities. It is one of the 
main pathways involved in TGF-β–induced extracellular 
matrix regulation and in antiapoptotic protein regulation. 
When BMPR1 is activated, the R-Smad protein phos-
phorylation needed for transcription to Smad-responsive 
genes, of which some encode for proapoptotic or anti-
proliferative genes, is induced.20 Similar to that found in 
extracellular matrix regulation,21 also in this pathway 
antagonistic Smads, such as Smad6 and Smad7, have a 
negative feedback role. Mutations in the BMPR2 gene 
may lead to a hampered binding of BMP ligands to either 
of its receptors because of diminished BMPR2 protein 
expression or by production of proteins that are structur-
ally inadequate. This will lead to a diminished formation 
of proapoptotic Smad complexes.20,22 A more extensive 
review of the possible mechanisms of this intracellular 
pathway in relation to the role of apoptosis in pulmonary 
arterial hypertension, including cellular and biochemical 
pathophysiology, is given by Mandegar et al.20 and illus-
trated in Figure 58.5.

In iPAH a mutation in the BMPR gene would lead to 
reduced apoptosis, thereby counteracting the body’s 
natural solution to counterbalance superfl uous vascular 
smooth muscle cell hyperplasia. Furthermore, it has been 
demonstrated that BMP4, which constitutes another 
ligand for BMPR2, inhibits proliferation of arterial muscle 
cells from proximal pulmonary arteries but stimulates 
proliferation of PASMCs from peripheral arteries.22 
Further studies by this group show that patients with 
mutations in the BMPR2 gene show a defect in Smad1 
activation and also a loss of growth suppressive response 
to BMP4.22,23 Moreover, fi ndings in animal models indi-
cate that hypoxia induces production of endothelium-
derived BMP4 associated with increased proliferation 
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Figure 58.5. Schematic diagram depicting the proposed role 
of bone morphogenic protein (BMP)-mediated apoptosis in 
human pulmonary artery smooth muscle cells (PASMCs). 
There are two types of BMP receptors (BMP-RI and BMP-RII) 
that dimerize with one another and form a BMP ligand–recep-
tor complex. The activated BMP-RI phosphorylates and acti-
vates the receptor-activated Smads (R-Smad), which then form 
dimerized complexes with co-Smads and enter the nucleus. The 
R-Smad/co-Smad interact with DNA in the nucleus and regu-
late the transcription of various target genes whose primers 
contain the Smad binding sequence (5′-AGAC-3′). In the 
nucleus, Smad1 (an R-Smad) and Smad4 (a co-Smad) in asso-
ciation with different corepressors appear to be involved in 

downregulating the expression of Bcl-2, an antiapoptotic protein 
that blocks the release of cytochrome c (Cyt-c) from the mito-
chondrial intermembrane space to the cytosol. Bcl-2 also down-
regulates the mRNA expression and inhibits the function of 
sarcolemmal K+ channels in PASMCs. Downregulation of Bcl-2 
via the BMP/BMP-R/Smad1 pathway thus leads to an increase 
in K+ effl ux and a decrease in cytoplasmic [K+] ([K+]cyt), which 
subsequently accelerate apoptotic volume decrease (AVD) 
and promote apoptosis; and an increase in cytosolic Cyt-c 
([Cyt-c]cyt), which induces cell apoptosis by activating caspases. 
P, phosphorylation. (From Mandegar et al.,20 with permission 
of Elsevier.)

and migration of vascular smooth muscle cells.24 There-
fore, BMP4 has a suppressive effect on arterial smooth 
muscle cells from normal subjects but not iPAH patients, 
in whom, in cases of hypoxia, it may even have a stimulat-
ing effect. In addition, BMP2 and BMP7 are able 
to induce more apoptosis in normal than in iPAH 
PASMCs.25

The role of apoptosis may be somewhat more complex 
than initially supposed.25,26 A hypothesis was put forward25 
that in an early phase there may be increased cell death 
of arterial endothelial cells with loss of small capillaries, 
which may lead to survival of apoptosis-resistant endo-
thelial cells possibly leading to proliferation in intimal 
and plexogenic lesions. At that time, the initial loss of 
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endothelial cells would expose medial smooth muscle 
cells to circulating growth factors in a way that normally 
would not happen, except as a temporary phenomenon 
as in local vascular injury. It is suggested that in this 
process the so-called survivin pathway may play a main 
role in providing a positive feedback loop contributing 
to resistance to apoptosis.27 Thus, in the above 
hypothesis early pulmonary arterial hypertension would 
be char acterized by increased apoptosis in endothelial 
cells, whereas in a late phase reduced apoptosis and 
increased proliferation would be found in both intima 
and media.

With respect to therapeutic options, it has been sug-
gested that modulation of apoptosis may provide new 
options but that the choice for either antiapoptotic or 
proapoptotic approaches should depend on the stage of 
disease. Considering the stage variation in different areas 
of the lung with respect to vascular changes in an indi-
vidual patient, it remains to be determined whether such 
strategies will be feasible. New molecular imaging tech-
niques or in vivo assessment of apoptosis in humans may 
provide new possibilities to evaluate such new therapeu-
tic possibilities in this respect.

Role of Serotonin and Serotonin Transporters

Serotonin plays an important role in smooth muscle cell 
hyperplasia in pulmonary arterial hypertension by its 
interaction with specifi c receptors and internalization by 
a specifi c plasma membrane transporter. In pulmonary 
arterial hypertension an increased expression of 5-HTT 
has been found partly explained by polymorphism of the 
5-HTT gene promoter.14,28 This 5-HTT overexpression is 
proposed to represent a common pathogenetic mecha-
nism in various forms of pulmonary arterial hyper-
tension.29 Expression of the different receptors is 
predominantly observed in the media of the pulmonary 
arteries with some weak staining in the endothelium. 
Immunoreactivity for 5-HTT was much stronger in lungs 
from patients with pulmonary arterial hypertension, 
especially in arteries with extensive medial hypertrophy. 
This intensity was in addition found to be expressed more 
in primary/idiopathic pulmonary arterial hypertension 
than in the secondary forms. Furthermore, recent fi nd-
ings indicate that the BMPR2 agonists BMP4 and BMP6 
may be able to inhibit 5-HTT expression.30 It can easily 
be envisaged that loss of BMPR2 together with increased 
serotonin exposition provides a direct interaction, 
synergistically contributing to pulmonary arterial 
hypertension.

Next to many other factors such as hypoxia and infl am-
matory cytokines, several drugs are known to affect 5-
HTT expression. In particular the long-term use of certain 
appetite suppressants has been shown to be associated 

with an up to 30-fold risk of pulmonary arterial hyperten-
sion.31–33 These appetite suppressant drugs belong to 
a class of drugs that interact with the monoamine 
system of the brain with potent inhibition of the neuronal 
5-HT reuptake by inhibition of 5-HTT. This leads to a 
consistent increase in the availability of extracellular 5-
HT.20 Despite the association, not all subjects who use 
these appetite suppressants get pulmonary arterial 
hypertension, and in addition it is surprising that the use 
of these drugs is only associated with vascular remodeling 
in the lung but not in any other organ system. This 
strongly suggests that likely there is a genetic predisposi-
tion in some individuals that make these subjects vulner-
able to developing this pulmonary arterial hypertension 
only after use of an additional factor, in this case these 
drugs.

Role of the Endothelium

Damage of the endothelium may allow arterial smooth 
muscle cells to be exposed to several mediators and 
factors, and in addition endothelial cells themselves are 
potent producers of various vasoactive mediators, such as 
endothelin-1 (ET-1), nitric oxide (NO), serotonin, throm-
boxane, and prostacyclins, as well as several infl ammatory 
mediators. In pulmonary arterial hypertension, in late 
stages, excessive endothelial cell proliferation is observed 
in relation to neoangiogenesis resulting in formation of 
plexiform lesions. Although mediators produced by endo-
thelial cells may contribute to development of these 
lesions, once established, the locally prominent presence 
of endothelial cells is likely to contribute further to arte-
rial pathology.

Nitric oxide is an important molecule involved in vas-
cular tone. Local vascular presence of NO is mainly regu-
lated by different NO synthases (NOS) of which three 
distinctive isoforms can be discerned.34,35 Two constitu-
tional forms are recognized: the neuronal NOS (nNOS; 
also called NOS-I as expressed in neuronal cells) and 
endothelial NOS (eNOS; also called NOS-III and 
expressed in vascular endothelial cells). In addition, an 
inducible form of NOS (iNOS; also called NOS-II) is 
expressed in a variety of cells. In particular, iNOS is found 
in infl ammatory cells and cells that are located at inter-
faces of different areas of the bodies (i.e., epithelia and 
endothelia). In pulmonary arteries of patients with pul-
monary arterial hypertension in particular diminished 
eNOS is observed.36

One peptide produced by endothelial cells is ET-1. 
Endothelin-1 is a mitogen involved in vasoconstriction 
but also promotes infl ammation and proliferation in 
smooth muscle cells. Pulmonary arteries with smooth 
muscle cells have specifi c receptors for ET-1, the ETA 
receptors, which are responsible for the vasoconstrictor 
effect, and the ETB receptors on endothelial cells, which 
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are involved in vasodilatation, autocrine synthesis of 
ET-1, and clearing of circulating ET-1.37,38 The vasodila-
tive affects of ET-1 mediated through ETB-R in fact has 
been demonstrated to result from ETB-R–induced 
release of NO. With respect to angiogenic factors in pul-
monary arterial hypertension, TGF-β and VEGF play a 
main role for which in particular the VEGF-A variant 
has been suggested to be involved in pulmonary arterial 
hypertension.20 This has been demonstrated in animal 
models in which chronic hypoxia was shown to increase 
the expression of VEGF-A and its receptors VEGFR-1 
and VEGR-2.39 Circumstantial evidence of the role of 
VEGF is the fact that prostaglandins used in the treat-
ment of pulmonary arterial hypertension promote VEGF 
production and prevent progression of the disease.16

Another important contributor to vascular remodeling 
associated with iPAH is thromboxane A2 (TxA2), which 
functions as a vasoconstrictor and a mitogen for vascular 
smooth muscle and is in addition an agonist for platelet 
aggregation.20 Also for this molecule circumstantial 
support for a role in pathogenesis of iPAH is hypothe-
sized based on fi nding an increased total TxA2 synthesis 
in addition to elevated levels of urinary metabolites of 
TxA2 in patients with iPAH.

Extracellular Matrix Remodeling

In addition to cellular changes in pulmonary arterial 
hypertension, remodeling of the vascular ECM compo-
nent is also observed. The normal turnover of extracellu-
lar matrix is mainly regulated by matrix metalloproteinases 
(MMPs) and their natural counterpart, the tissue inhi-
bitors of metalloproteinases (TIMPs). In pulmonary 
arterial hypertension, increases in extracellular matrix 
components, such as collagen, fi bronectin, and elastin, is 
observed in intima, media, and adventitia. In an early 
phase, the initial endothelial damage is supposed to allow 
serum factors to accumulate and to activate smooth 
muscle serine elastase.40 Despite the overall observation 
of increased extracellular matrix, in this early phase this 
would lead to elastolysis, in this way to local destruction 
of elastic lamina in arteries and arterioles, and thus con-
tribute to vascular remodeling.41

In animal models28 studying toxic or hypoxic pul-
monary arterial hypertension, increased MMPs have 
been found, apparently insuffi cient to counterbalance the 
superfl uous matrix production. Even so, inhibition of 
MMPs leads to pulmonary arterial hypertension exacer-
bations and enhanced vascular remodeling.28 In iPAH in 
humans, this seems to be quite different, with decreased 
MMP-3 and increased MMP-2 and TIMP-1.42 Consider-
ing the fact that extracellular matrix changes in pulmo-
nary arterial hypertension contribute to changes in 
arterial wall caliber as well as loss of elasticity, it seems 
obvious to aim at use and further development of selec-

tive protease modulators as therapeutic tool in pulmo-
nary arterial hypertension. However, as MMPs and 
TIMPs not only play a role in ECM remodeling but also 
can have profound effects on cell proliferation (like the 
stimulating effect of MMP-2 on smooth muscle cell migra-
tion and proliferation), it is not readily clear what the 
exact meaning is of observed abnormal levels in different 
forms of pulmonary arterial hypertension. This, together 
with the confl icting fi ndings from animal and human 
studies, indicates the need of further human studies to 
provide the basis for therapeutic extracellular matrix and 
protease modulators.

The Thrombotic System

In pulmonary arterial hypertension, pulmonary artery 
thrombosis is often considered a phenomenon secondary 
to endothelial damage in advanced stages. However, 
intravascular coagulation has been shown to be a con-
tinuous process in pulmonary arterial hypertension and 
other forms of pulmonary hypertension, with altered pro-
coagulant activity and fi brinolytic function.15,43 Shear 
stress and endothelial injury are supposed to lead to a 
vulnerable thrombogenic intravascular surface. In the 
thrombotic process platelets are involved that release 
many mediators that also have vasoactive and prolifera-
tive capacities. For most of the (pro)thrombotic events it 
is unclear whether these are a cause or a consequence (or 
both), but taking the produced mediators into consider-
ation, these events will likely enhance arterial wall remod-
eling. This is further supported by the demonstration of 
a thrombin-responsive kinase, serum- and glucocorticoid-
inducible kinase 1 (Sgk-1), in the media of remodeled 
pulmonary arteries.44

Infl ammatory Mechanisms

In addition to the intrinsic molecular genetic features 
linked to the pathogenesis of pulmonary arterial hyper-
tension, infl ammatory mechanisms also appear to play a 
signifi cant role in some types of pulmonary arterial hyper-
tension, such as those associated with connective tissue 
diseases. Circumstantial evidence for this role of infl am-
mation is found by improvement of the hypertension 
with immune suppressive therapy. Some immunologic 
abnormalities were also found in primary pulmonary 
arterial hypertension with demonstration of circulating 
autoantibodies as well as decreased levels in the circula-
tion of the proinfl ammatory cytokines interleukin-1 
and interleukin-6. Furthermore, in histology infl amma-
tory infi ltrates have been found related to plexiform 
lesions in severe pulmonary arterial hypertension 
together with increased expression of RANTES and 
fractalkine.45,46 Several questions remain related to the 
described infl ammatory features. Changes in fl ow and 
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circulation in the lung may result in infl ammatory events 
in different lung areas, in particular in connective tissue 
diseases. It is not always clear whether there is a causal 
relationship between the infl ammation and the pulmo-
nary arterial hypertension or whether this may be a coin-
cidental presence related to the underlying systemic 
disease.47

Conclusion

Several aspects of the development of vascular changes 
in pulmonary arterial hypertension and the possible role 
these vascular changes play in manifestation and patho-
genesis of the disease are now clearer. The BMPR2 and 
similar receptors, together with changes in the serotonin-
mediated effects on pulmonary arteries, have been shown 
to be main components in the pathogenesis of this disease. 
Furthermore, it is likely that several completely different 
factors play additional roles leading to the heterogeneity 
and also variable severity of the disease in individual 
patients and families.

Many of the presently advocated therapeutic modali-
ties in pulmonary arterial hypertension refl ect the recent 
advances in knowledge of the underlying genetic 
background and pathogenetic mechanisms.48–50 Pros-
tanoids prevent platelet aggregation and provide potent 
vasodilation; phosphodiesterase-5 inhibitors enhance 
NO-mediated vascular effects; and endothelin receptor 
antagonists are supposed to reduce vascular tone and 
inhibit vascular smooth muscle cell proliferation. Some 
of the used therapies are mainly symptomatic or adjunc-
tive, such as anticoagulants, diuretics, supplemental 
oxygen, sometimes inotropics, and ultimately of course 
lung transplantation. Consistent with the heterogeneity 
in disease pathogenesis, the response to the different 
therapeutic modalities can vary considerably among in-
dividual patients. Promising new therapeutic horizons 
are formed by the serotonin-transporter inhibitors, ion 
channel blockers such as dichloroacetate, and statins such 
as simvastatin.49

Not yet clear is the relative contribution of the differ-
ent pathologic changes and the way the different changes 
in the pathways cooperate in determining the outcome in 
individual patients. Therefore, although in recent years 
several important steps were made in unraveling the 
central molecular disease mechanisms of pulmonary 
arterial hypertension, this knowledge has to be integrated 
to further unravel the molecular interactions between 
different pathways. This will enable development of 
new therapeutic modalities and just as important, will 
allow better phenotyping of individual pulmonary arte-
rial hypertension patients, providing opportunities for 
better tailoring of the present array of therapeutic 
options.
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59
Immunopathology of Pulmonary Vasculitides

Steven N. Emancipator, Philip T. Cagle, and Abida K. Haque

ing noninfectious, immunologically mediated vasculitides 
that involve the lungs primarily affect arterioles, capillar-
ies and venules, and perhaps small arteries and veins. 
Thus, by the Chapel Hill Consensus Classifi cation, they 
are “small vessel” diseases.1

The immunologically mediated pulmonary vasculitides 
may be divided into three categories that derive from 
their apparent pathogenesis. Most common are those 
typically associated with detectable levels of ANCAs: 
Wegener’s granulomatosis (WG), microscopic polyangi-
itis (MPA), Churg-Strauss Syndrome (CSS; also referred 
to as allergic granulomatosis and angiitis), and drug-
induced vasculitis. Some include the anti-glomerular 
basement membrane (anti-GBM) antibody associated 
Goodpasture’s syndrome in this category.2 There is a 
voluminous literature on each of these diseases, collec-
tively referred to as ANCA-associated vasculitis (AAV) 
notwithstanding the fact that not all patients with any of 
these conditions have positive serum titers of ANCA at 
all times during their course. From this literature, collec-
tions of clinical and/or pathologic descriptions that are 
especially comprehensive or insightful stand out. Those 
relevant to WG,3–14 MPA,15–22 and CSS12,23–29 are cited here 
and then summarized in the following discussions on the 
clinical and pathologic features without further citation.

The second category of anti-GBM disease is caused 
by antibodies specifi c for basement membranes. Again, 
these patients need not have sustained titers of specifi c 
antibody throughout the course of their disease. However, 
some evidence of autoimmune specifi city for a basement 
membrane antigen at some time is required for this diag-
nosis. This subgroup of patients is considerably smaller 
than the combined population with AAV but has also 
been the subject of intense scrutiny in the literature. 
Compilations of patients with anti-GBM disease are also 
cited here.30–34 The third category of pulmonary vasculitis 
represents lung involvement in a variety of “connective 
tissue” diseases. Because of the association of these 
processes with immune complexes, conditions such as 

Introduction

Vasculitis refers to a number of distinct disease entities 
characterized by cellular infl ammation within and adja-
cent to the blood vessel wall.1 Typically, there is destruc-
tion of the vessel but leukocytoclastic vasculitis exhibits 
only leukocytic infi ltrates within the vessel wall. Multiple 
classifi cation schemes have been proposed to categorize 
this group of diseases (Table 59.1). Lung involvement is 
most common in primary idiopathic, small vessel, or anti-
neutrophil cytoplasmic antibody (ANCA)–associated 
vasculitides of Wegener’s granulomatosis, microscopic 
polyangiitis, and Churg-Strauss syndrome.2 However, 
medium vessel vasculitis of classic polyarteritis nodosa, 
large and medium vessel vasculitis of Takayasu’s arteritis 
(causing associated pulmonary hypertension), primary 
immune complex–mediated vasculitis of Goodpasture’s 
syndrome, and lupus erythematosus can all affect the 
lungs. The pulmonary circulation is characterized by low 
perfusion pressure, and large- and medium-sized pulmo-
nary arteries are shorter in length and contain less elastin 
than in the systemic circulation; these factors apparently 
limit involvement of the larger pulmonary vessels by vas-
culitis. Takayasu’s arteritis, polyarteritis nodosa and its 
variants, Cogan’s syndrome, thromboangiitis obliterans 
(Buerger’s disease), and primary angiitis of the central 
nervous system do not affect the pulmonary parenchyma. 
Although pulmonary artery involvement occurs in giant 
cell arteritis (and in the associated polymyalgia rheu-
matica), extension beyond the main branches of the pul-
monary artery are rare, or questionable. Behçet’s disease 
and Kawasaki’s disease, themselves uncommon, only 
infrequently (≈5% of patients) include a component of 
pulmonary vasculitis. Pulmonary involvement in these 
processes closely resembles that in other sites and is not 
discussed in this chapter. Pulmonary vasculitis may be 
seen in infections, with or without direct invasion of 
vessels by bacteria, fungi, viruses, and rickettsiae, and 
these are not discussed in this chapter either. The remain-
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Henoch-Schönlein purpura (HSP),35–38 systemic lupus 
erythematosus,39–41 rheumatoid arthritis,42–46 Sjögren’s 
syndrome,47,48 mixed connective tissue disease,49–53 poly-
myositis/dermatomyositis,54–56 primary biliary cirrho-
sis,57,58 and cryoglobulinemia59 are presented herein as a 
group immune complex mediated vasculitides (ICMV). 
Curiously, other rheumatic diseases such as progressive 
systemic sclerosis (scleroderma), relapsing polychondri-
tis, ankylosing spondylitis, and Marfan’s disease do not 
elicit vasculitis. These latter diseases are not considered 
here, even though they may involve pulmonary paren-
chyma by other processes.

These three broad categories, AAV, anti-GBM disease, 
and ICMV, have signifi cant commonalities. One such 
commonality is the clinical association of lung involve-
ment with collateral renal involvement. In fact, these 
entities represent the vast majority of diseases character-
ized as pulmonary–renal syndrome. Of course, many 
of these diseases also have clinical, pathologic, and/or 
molecular features that distinguish them from the others 
and from other forms of systemic vasculitis in which pul-
monary involvement is exceptional or unrecognized. 
Throughout this chapter, the common elements will be 
presented, followed by discussion of the distinctive fea-
tures for the specifi c diseases, as applicable.

The diseases that elicit pulmonary vasculitis with 
regularity underlie the pulmonary–renal syndrome fi rst 
reported by Goodpasture. Certainly, other organ systems 
are involved and may predominate in WG and CSS. The 
unifying elements of all the diseases discussed in this 
chapter, in terms of molecular pathogenesis and focal 
points for therapy, are pulmonary and renal involvement. 
For example, disease in both the lung and kidney is 
present in 85%–95% of patients with WG, the most 
common among these conditions. Many of the clinical 
and pathologic aspects of disease outside the lung and 

Table 59.1. Classifi cation of pulmonary vasculitides based on 
size of the vessel involved.

Large vessel vasculitis
 Takayasu’s arteritis
 Giant cell arteritis
Medium vessel vasculitis
 Polyarteritis nodosa
 Kawasaki’s disease
 Isolated central nervous system vasculitis
 Temporal arteritis
Small vessel vasculitis
 Wegener’s granulomatosis
 Churg-Strauss syndrome
 Henoch-Schönlein purpura
 Hypersensitivity vasculitis
 Cryoglobulinemia
 Goodpasture’s syndrome due to anti GBM antibody
 Microscopic polyangiitis
  Other diseases (rheumatoid arthritis, systemic lupus erythematosus, 

 polymyositis, dermatomyositis, Sjögren’s syndrome)

glomerulus represent important discriminators among 
these otherwise heavily overlapping conditions.

Pathologic Features

The common histologic expression of the pulmonary 
parenchymal involvement in all the diseases under consid-
eration is capillaritis: neutrophils, and a varying minor 
component of monocytes, marginate and infi ltrate into 
subendothelial and interstitial sites within the alveolar 
walls. There is often extension to adjacent portions of the 
alveolar space, but restriction of the intraalveolar infi l-
trate to elliptical or crescent-shaped zones immediately 
adjacent to interstitial foci of dense neutrophilic infi ltrate 
represents an important feature distinguishing these foci 
from bacterial pneumonia (Figure 59.1). To a variable 
extent, fi brinoid necrosis, an admixture of monocytes, 
plasma cells, or lymphocytes, and/or capillary thrombosis 
may be present. Usually, but not inevitably, focal or diffuse 
intraalveolar hemorrhage is evident as erythrocytes accu-
mulate in or fi ll alveoli. Later, erythrocytes are seen as 
phagocytic particles within macrophages. Ultimately, 
variable numbers of hemosiderin-laden macrophages, in 
numbers far exceeding those observed in chronic passive 
congestion or chronic infectious pneumonia, are evident.

In MPA, anti-GBM disease, and the ICMV, capillari-
tis, with irregular involvement of arterioles and venules, 
and perhaps limited extension to small arteries and veins, 
represents the sum total histologic expression. Relatively 
pure capillaritis (including alveolar hemorrhage) is most 
frequent in anti-GBM disease and ICMV. In MPA, 
infl ammation in arterioles, venules, and small arteries 
and veins often complicates the pure capillaritis, and 

Figure 59.1. Microscopic polyangiitis showing neutrophil infi l-
trate of alveolar capillary walls. No destruction of the vessel wall 
is seen. (Hematoxylin and eosin; ×200.)
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hyperplasia of type II pneumocytes is detected. However, 
involvement of medium-sized arteries or veins in anti-
GBM, disease or ICMV is quite unusual. Light micros-
copy cannot reliably discriminate among MPA, anti-GBM 
disease, and ICMV. Immunohistochemical techniques, 
preferably immunofl uorescence performed on cryostat 
sections, show linear or granular accumulations of immu-
noglobulins complement components in the alveolar wall 
in anti-GBM disease and ICMV, respectively. Until com-
picated by necrotic injury, lung tissue in lesions from 
AAV lack immune deposits. HSP is particularly distinc-
tive among the ICMVs, because IgA and C3 are the 
exclusive or predominant components of the granular 
immune deposits. However, not all cases offer clear-cut 
fi ndings. On the other hand, several histologic features in 
addition to capillaritis and small vessel vasculitis distin-
guish WG and CSS from MPA, anti-GBM disease and 
ICMV, and from each other.

The overall process of WG exhibits three cardinal 
components: vasculitis, granulomatous necrosis, and an 
infl ammatory background. These elements combine in 
varying proportions in the multiple sites of active disease. 
Small biopsy specimens, and even specimens obtained 
during open biopsies of lung, might lack one or even two 
of these elements. In fact, all of the features are seldom 
present in a single histologic sample. The seminal vascu-
litic component in WG is capillaritis, as mentioned earlier. 
However, medium-sized arteries and veins are also typi-
cally affected in WG; such lesions evolve as neutrophil 
endothelialitis (with exudates confi ned to the intima) and 
progress to transmural infl ammation with microabscess 
formation. Wegener’s granulomatosis may present as 
diffuse pulmonary hemorrhage, and in a series by Travis 

et al.34 WG was the most frequent specifi c diagnosis in a 
series of 34 cases of diffuse pulmonary hemorrhage for 
which lung biopsy was performed.

Granulomatous necrosis arises in alveolar walls as 
macrophages palisade around the clusters of neutrophils, 
typically in association with liquefactive necrosis (Figure 
59.2). Similar, but somewhat larger lesions develop in 
small- to medium-sized arteries and veins, wherein widely 
distributed transmural neutrophil-rich infi ltrates give rise 
to eccentrically placed microabscesses that develop into 
necrotizing intramural granulomata. These latter focal 
lesions in the larger vessels represent the closest approxi-
mation within the highly vascularized lung to the evo-
lution of extra-pulmonary granulomata around foci of 
necrosis and microabscesses. Unlike the granulomata in 
many other processes, the formation of granulomata 
remote from zones of necrosis is unusual in WG, and the 
necrosis cannot be ascribed to ischemia of tissue perfused 
by involved vessels. Rather, in WG, necrosis and granu-
loma formation occur pari passu. The appearance of non-
necrotizing granulomata apart from foci of necrosis is 
distinctly unusual in WG. Both within and beyond the 
lung, foci of granulomatous necrosis often coalesce to 
form confl uent regions of irregular densely basophilic 
necrosis, as so-called geographic necrosis. Occasionally, 
microthrombi and/or foci of fi brinoid necrosis are also 
present, but such foci are not prominent. Careful exami-
nation shows necrosis beyond and independent of vas-
culitis, underscoring the principle that granulomatous 
necrosis is a process separate from vasculitis rather than 
a complication of vasculitis.

The infl ammatory background in WG is highly vari-
able, but potentially widespread. Acute foci of alveolar 

A B

Figure 59.2. Wegener’s granulomatosis. (A) Granulomatous 
and acute infl ammatory infi ltration and destruction of a small 
blood vessel. (Hematoxylin and eosin; ×150.) (B) Destruction 

of elastic lamina of the vessel. (Verhoeff-Van Gieson elastic 
stain; ×300.)
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hemorrhage, hyaline membranes, edema, fi brinopurulent 
exudates, bronchiolitis obliterans and/or organizing 
pneumonitis, and foci of lymphohistiocytic or lympho-
plasmacytic infi ltrate, fi brosis, and hemosiderin macro-
phages can be encountered in virtually any combination 
and distribution. Particularly in zones of granulomatous 
necrosis, but also within the infl ammatory background, 
multinucleate giant cells are often conspicuous and 
numerous. Although eosinophils are present in the 
infi ltrates in WG, they do not represent a major 
component.

The lesions of CSS include eosinophil-dominant infl am-
mation, extravascular necrotizing granulomata, and vas-
culitis. In the early phase of pulmonary involvement, CSS 
resembles eosinophilic pneumonia and is characterized 
by interstitial accumulation of eosinophils, with varying 
numbers of lymphocytes, plasma cells, and macrophages. 
In addition to tissue infi ltration by eosinophils, a so-called 
eosinophilic capillaritis can be encountered. As disease 
progresses, alveoli become fi lled with eosinophils and his-
tiocytes, and eosinophilic microabscesses may be detected 
in alveolar walls and air spaces (Figure 59.3). Histiocytes 
palisade around eosinophilic debris to form extravascular 
necrotizing granulomata that differ sharply from the 
basophilic granulomatous necrosis, often within the vessel 
wall, that is so characteristic of WG.

Some patients with CSS have well-developed nonnec-
rotizing granulomata, generally remote from but occa-
sionally within blood vessels. The vasculitis in CSS is 
generally low grade compared with that in WG and even 
in MPA. Vasculitis in CSS, which often involves medium-
sized arteries and veins as well as smaller vessels, ranges 
from an eosinophilic leukocytoclastic vasculitis to cir-

cumferential fi brinoid necrosis. Vascular granulomata are 
unusual and, if present, are small; they may be necrotizing 
or nonnecrotizing. In the later phases, changes associated 
with healing, such as granulation tissue and/or fi brosis, are 
encountered. Finally, in the majority of CSS patients, who 
have suffered chronically from asthma, goblet cell hyper-
plasia and smooth muscle hypertrophy is demonstrable 
in the airways.

Molecular Pathology

Only a small fraction of the aggregate evidence implicat-
ing particular gene products in the genesis and/or evolu-
tion of the diseases considered herein are derived from 
evaluation of the sequence or levels of nucleic acid. 
Therefore, the levels of molecules such as proteins and 
oligosaccharides in the circulation and diseased tissues 
are considered herein in conjunction with the levels of 
mRNA and genetic polymorphisms. Similarly, the func-
tional effects of such molecules, as disclosed by the effects 
of pharmacologic antagonists, recombinant molecules, or 
their analogs, are evaluated alongside those from cell 
culture and/or animal models that incorporate targeted 
deletions of the relevant biomolecules.

Another potential departure in this chapter is inclusion 
of data derived from extrapulmonary disease. Involve-
ment of multiple organs or systems is an intrinsic element 
in the vasculitides. As such, data derived from many 
organs and from patients with minor or no pulmonary 
disease are included in this chapter, because the cen-
tral properties of injury are applicable broadly. Indeed, 
these diseases are frequently distinguished from one 
another by extrapulmonary clinical signs or sympt-
oms. Particularly, renal and cutaneous involvement is 
common in these diseases, and their mechanisms are 
more widely studied than, yet highly pertinent to, lung 
disease.

In this section, an overarching conceptualization of the 
molecular pathogenesis common to these diseases will be 
followed by a summary of current information support-
ing the roles of particular molecules or classes of mole-
cules. This approach should promote an appreciation 
of the complexity of interaction among a panoply of 
cells and molecules, of the similarities in the pro-
cesses, of modifying features that shape each disease as 
a unique entity, and fi nally of the state of the art at 
present.

Overwhelmingly, pulmonary vasculitis is not only 
immune mediated but autoimmune in nature. Anti-GBM 
disease affects only a small minority of such patients but 
nonetheless is well accepted as disease instigated by a 
response to a self-protein, specifi cally, the noncollagen 
domain I of the α3 chain of type IV collagen, the isoform 
of collagen characteristic of and essentially confi ned to 

Figure 59.3. Eosinophilic and histiocytic infi ltrate in Churg-
Strauss syndrome. (Hematoxylin and eosin; ×600.)
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basement membranes. The AAVs, which collectively 
account for the vast majority of pulmonary vasculitides, 
are increasingly recognized as autoimmune diseases as 
well.

Antineutrophil Cytoplasmic 
Antibody–Associated Vasculitides

In a literature too voluminous to cite here, growing evi-
dence indicates that the characteristic ANCA autoanti-
bodies specifi c for neutrophil proteins are not simply 
markers but actively contribute to and perhaps wholly 
underlie disease onset.60 The ANCAs are autoantibodies 
directed against the components of primary granules 
of neutrophils and the peroxidase-positive lysosomes of 
monocytes. The primary antigenic targets are proteinase 
3 (PR3 or PRTN3), a 29-kD neutral serine protease, and 
myeloperoxidase (MPO), a 140-kD enzyme involved in 
oxidative cell injury.2,61–63

The inducers of ANCA are not known; however, it is 
postulated that ANCA is part of a preexisting auto-
immune repertoire that is activated by environmental 
factors such as exposure to silica and infectious agents.2 
Arbovirus and Staphylococcus aureus infections and sub-
acute bacterial endocarditis are reportedly associated 
with ANCA. Molecular similarity between ANCA anti-
gens and infectious pathogens can trigger ANCA 
induction in susceptible subjects; however, evidence for 
similarities to infectious agents is limited. Recent studies 
suggest that the initial trigger for the autoimmune 
response to PR3 is a protein with an amino acid sequence 
complementary to PR3, with induction of an idiotypic 
antibody (anti-cPR3) that induces a second immune 
response.64 The resulting antiidiotypic antibodies react 
with PR3. Table 59.2 outlines the current understanding 
of pathogenesis of ANCA-associated vasculitis. There is 
experimental evidence that both PR3-ANCA, and MPO-
ANCA contribute to vasculitis. Antineutrophil cytoplas-
mic antibody immunoglobulin G (IgG) can activate 
neutrophils and monocytes, the cells containing ANCA 
antigens, resulting in release of reactive oxygen species 
and enzymes. Furthermore, coincubation of ANCA-
activated neutrophils and endothelial cells induces 
neutrophil adherence and endothelial cell necrosis. The 
ANCA-mediated activation of neutrophils and mono-
cytes can also induce proinfl ammatory cytokines 
and chemokines such as interleukin (IL)-1, IL-6, IL-8, 
and tumor necrosis factor (TNF). These mediators can 
contribute to the propagation of vascular infl ammation. 
The mechanisms that underlie the ANCA-mediated acti-
vation of neutrophils and monocytes are still under inves-
tigation; however, it has been shown that neutrophil 
activation requires priming with proinfl ammatory factors, 
especially TNF. Tumor necrosis factor priming induces 
the translocation of the ANCA antigens PR3 and MPO 

to the cell surface, making them accessible for interaction 
with ANCA. It is thought that the simultaneous engage-
ment of the F (ab′)2 portion of ANCA with ANCA anti-
gens on the cell surface and interaction of the Fc part of 
antibody with Fcγ receptors is the trigger that initiates 
the signaling cascade for neutrophil activation.

T Cells in Antineutrophil Cytoplasmic 
Antibody–Mediated Vasculitis

IgG1 and IgG4 predominate in the ANCA mediated 
autoantibody response, implying isotype switching depen-
dent on repeated antigenic stimulation and factors 
secreted by antigen-specifi c T lymphocytes. Several 
markers of T-cell activation are increased in ANCA-
associated vasculitides, such as soluble IL-2 receptor, 
soluble CD4, and soluble CD8. Additionally, activated 
CD4+ and CD8+ T cells are increased in patients with 
active WG compared with healthy adults. The majority 
of cells in ANCA-associated vasculitis are CD4+, T cells 
that recognize major histocompatibility class II mole-
cules, and secrete cytokines upon activation. Further-
more, the cytokine profi le points to a predominance of 
T-cell helper 1 (Th1) cells, with signifi cant interferon 
(IFN)-γ production, although it is not clear whether this 
is a specifi c response to ANCA antigens or a nonspecifi c 
response to injury.

Table 59.2. Pathogenesis of antineutrophil cytoplasmic anti-
body (ANCA)–associated vasculitis.

ANCA Proinfl ammatory stimuli

Neutrophil priming

Activation of neutrophils

Oxygen radical production Release of lysosomal enzymes
+ MPO & PR3

Endothelial cell and extracellular matrix protein binding
+ANCA

In situ immune complex formation
+C5a (via activation of alternate pathway)

Necrotizing vasculitis

Note: C5a, complement 5a; MPO, myeloperoxidase; PR3, pro-
teinase 3.
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Leukocyte–Endothelial Cell Interaction

Two aspects surrounding the activation of and interaction 
among leukocytes and endothelial cells distinguish the 
evolution of vasculitic lesions from the infl ammatory 
process in general. First, whereas leukocyte diapedesis is 
nearly totally confi ned to postcapillary venules in general 
infl ammation, leukocytes adhere to and penetrate the 
endothelial lining of arteries, arterioles, capillaries, and 
veins in the vasculitides. Moreover, leukocytes remain 
within or immediately adjacent to the vessel wall in vas-
culitis, whereas the infi ltrate in other infl ammatory pro-
cesses (e.g., pneumonia) is much more widely dispersed. 
These variations from more common situations have 
ramifi cations for pathogenesis and pathophysiology. Par-
ticularly, the activation of endothelium for leukocyte 
recruitment at sites that rarely participate in diapedesis 
implies a distinct mode of stimulation. In the vasculitides, 
the cytokines, chemokines, and adhesion molecules that 
typically orchestrate the exodus of leukocytes from the 
bloodstream into the tissues must be suffi ciently proxi-
mate and powerful to involve endothelial cells that do 
not generally instigate leukocyte diapedesis. Moreover, at 
least some of these stimuli likely arise within the vessel 
wall itself if the infl ammatory infi ltrate is to remain 
around the vessel.

Alveolar capillary endothelium in the normal human 
lung does not express any of the major adhesion mole-
cules considered integral to leukocyte diapedesis65 and 
yet are the nexus for pulmonary vasculitis. Approximately 
half of the endothelial cells in the larger intrapulmonary 
vessels bear immunohistochemically demonstrable E-
selectin and vascular cell adhesion molecule-1 (VCAM-
1), but very few express intercellular cell adhesion 
molecule-1 (ICAM-1). In the vasculitides, up-regulation 
of adhesion molecules on the endothelium is the linchpin; 
circulating neutrophils, although activated, do not 
increase surface expression of adhesion molecules.66 This 
situation is distinct from that in sepsis and other condi-
tions, wherein fully activated circulating neutrophils reg-
ularly bear increased levels of adhesion molecules on 
their surface.66

Cytokines in Vasculitides

Among the cytokines TNF-α, IL-1 (in α or β isoforms), 
and IL-6 emerge as particularly pivotal modulators of 
infl ammation, active on both endothelial cells and leuko-
cytes. Generally, cytokines act locally, but signifi cant 
increases in circulating TNF-α (relative to healthy volun-
teers) are reported in WG, CSS, MPA and ICMV.67–72 
Higher levels are recorded during disease exacerbation 
compared with remission. Often, patients also have 
abnormally low levels of endogenous receptor antago-
nists; such so-called decoy receptors could reduce the 

biologic effects of the cytokine itself.69,73 An increase in 
bioavailable TNF-α present in serum from patients with 
ICMV74 was not observed by another group,75 although 
this latter group did observe higher levels of bioavailable 
TNF-α in the serum of patients with active lupus vascu-
litis. Fluids from affected organs (e.g., bronchial lavage 
from CSS patients or urine from ICMV patients) are also 
reportedly enriched in TNF-α content.70,76 Increased 
serum or plasma levels of IL-6 are recognized in WG, 
CSS and other AAV as well as ICMV,67–69,71,72,74,77–82 but 
were not observed in one study of ICMV patients.76 Eval-
uation of circulating IL-1 levels in AAV and ICMV have 
proved less satisfying, with highly variable results.79,83–85 
However, more severe disease in both AAV and ICMV 
was correlated with a “secretory phenotype” of relatively 
high amounts of IL-1b in relation to the IL-1 receptor 
antagonist.79,84,85

Incubation of human (umbilical vein) endothelial 
cells with TNF-α promotes binding of antiendothelial 
cell antibodies in vitro.86 Intraarterial infusion of TNF-α 
(but not IL-6 or endotoxin) into human volunteers 
evoked massive increases in plasma tissue plasminogen 
activator and IL-6 levels and impaired endothelial-
dependent vasodilation.87 Therefore, TNF-α exerts 
both salutary and deleterious effects on the 
microcirculation.

By immunohistochemistry, local production of TNF-
α in granulomatous lesions from patients with WG 
appears to arise principally from CD4+CD28− T cells, 
which also are the primary source of IFN-γ in tissue.88 
Circulating CD4+CD28− T cells are increased in WG 
patients and produce copious amounts of these cyto-
kines spontaneously.88 Both TNF-α and IFN-γ are very 
potent activators of monocytes and macrophages. In 
WG, progression from capillaritis to granulomatous 
vasculitis likely requires the effects of these cytokines. 
In turn, lung biopsy specimens from patients with WG 
revealed that the majority of lymphocytes in lesions are 
memory phenotype T cells (CD45RO+), with few or no 
B cells or natural killer cells. Concordant with this 
observation, the chemokine regulated upon activation, 
normal T-cell expressed and secreted (RANTES) was 
expressed at very high levels in lung biopsy specimens 
from WG patients compared with normal controls by 
reverse transcription–polymerase chain reaction (RT-
PCR), and in situ hybridization and immunohistochem-
istry disclosed activated macrophages as the source of 
RANTES.89 Thus, a positive feedback whereby 
memory/effector T cells recruit and activate a macro-
phage population, and in turn are recruited themselves 
by macrophage production of RANTES (and probably 
other chemokines), likely elicits the granulomatous vas-
culitis in WG. Presumably, these circuits operate less 
robustly in MPA, in which granulomatous vasculitis is 
unusual.
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Genetic Polymorphism

Recently, a genetic polymorphism in the promoter region 
of TNF-α showed signifi cant association with WG, with 
an odds ratio of 5.01 compared with healthy controls.90 
Earlier studies failed to detect polymorphisms in the 
genes encoding TNF-α91–93 or its receptors,91 but the spe-
cifi c allelic variation at position −238 in the affi rmative 
report was not evaluated in these negative studies. In 
ICMV, no association with the TNF-α variation at −308 
was observed.94 To date, no polymorphisms in IL-6 or 
IL-1 have been associated with AAV.91,92 Therapy of 
AAV with a monoclonal antibody that blocks TNF-α 
(infl iximab) appears effective, with the widest experience 
with patients with WG.73,81,95–98 On the other hand, etan-
ercept did not exhibit effi cacy in several studies that 
included a large randomized prospective trial.96,99,100 In 
some cases (often arising in the course of treatment of 
rheumatoid arthritis), evolution of leukocytoclastic vas-
culitis has been associated with either of these drugs.101–103 
Overall, TNF-α antagonists show appreciable promise, 
but their use is by no means well established or 
straightforward.96,104

Interleukin-10

A Swedish group reported an association of polymor-
phism in a tandem repeat in the IL-10 gene with risk for 
WG.105 This particular allele, IL-10.G, had previously 
been associated with a proclivity for abundant produc-
tion of autoantibodies and hence with humorally medi-
ated autoimmune disease. Another group reported a 
signifi cant difference in genotype frequency in the IL-10 
promoter region (at position −1082) in WG and later in 
a larger series that included both WG and MPA 
patients.106,107 A different group did not observe the shift 
to the AA homozygous genotype at this locus in a smaller 
cohort of WG patients but did note that the G/A hetero-
zygotes were more frequent among patients who did not 
progress to end-stage renal disease.90 In another study, 
although circulating levels of IL-10 were abnormally high 
in patients with AAV, the serum IL-10 level in each 
patient was far higher during remission than during 
disease fl ares.80 Yet another study reported that the levels 
of IL-10 mRNA and IL-10 protein were signifi cantly 
higher in frozen nasal biopsy tissue and peripheral blood 
mononuclear cells from WG patients with disease con-
fi ned to the upper respiratory tract compared to those 
with generalized disease (or healthy controls).108 Among 
patients with AAV, those with CSS, characterized by 
generally less severe disease, had higher levels of circulat-
ing IL-10 than patients with WG or MPA109; this investi-
gative group did not observe higher serum IL-10 levels 
in patients with localized as opposed to generalized WG. 
Conversely, mice bearing a targeted deletion of IL-10 
exhibited signifi cant increases in endothelial injury and 

oxidative stress in a model of vascular infl ammation when 
compared with wild-type mice.110 Collectively, these 
observations support the principle that the higher expres-
sion of IL-10 (and lower levels of secretion of proinfl am-
matory cytokines associated with the AA homozygotic 
state) favors either reduced risk for disease or a less 
severe involvement. Indeed, IL-10 is known to interfere 
with nuclear factor (NF)-κB transcriptional activation 
and might interfere with activator protein-1 transactiva-
tion as well. Transactivation by NF-κB and activator 
protein-1, of course, synergize to dramatically intensify 
infl am mation. Indeed, incubation of peripheral blood 
mononuclear cells from WG patients with exogenous IL-
10 markedly inhibited the abnormally high production of 
the proinfl ammatory pair of cytokines IL-12 and IFN-γ 
otherwise observed.111 Perhaps IL-10, or an analog, would 
prove salutary in the therapy of AAV and other 
vasculitides.

Transforming Growth Factor-β
Transforming growth factor (TGF)-β has many effects, 
some good and some bad. In addition to potential sup-
pression of immune responses, under some circumstances 
TGF-β can exhibit signifi cant antiinfl ammatory effects. 
Recently, the major intracellular signal transducers of 
TGF-β, Smads, have been implicated.112 Specifi cally, 
Smad3 acts favorably by decreasing activator protein-1 
activation and chemokine expression (see below)113 
Although an early report indicated a trend toward a 
decrease in the CG genotype in codon 25 of the gene 
encoding TGF-β among WG patients,107 no signifi cant 
differences in the polymorphisms within codons 10 or 25 
were detected in patients with WG or MPA compared 
with controls in a larger cohort by the same investigators 
or in another study.90,106 In ICMV, the TT genotype in the 
promoter (at position −509) was more common and asso-
ciated with increased disease severity.94

Other Cytokines

Interferon-α
Chronic hepatitis is often effectively treated with admin-
istration of IFN-α, which reduces viral load and often 
leads to diminished cryoglobulinemia. Therefore, it is not 
surprising that IFN-α ameliorates vasculitic complica-
tions of chronic hepatitis.114–120 The mechanism(s) whereby 
IFN-α acts is not clear, and vasculitis in the context of 
CSS and in association with hairy cell leukemia has also 
improved upon treatment with IFN-α.121–123 However, 
therapeutic use of IFN-α can instigate, or is apparently 
related to, onset of leukocytoclastic vasculitis.124–135 Leu-
koencephalopathy, presumably secondary to vasculitis, is 
also reportedly associated with IFN-α therapy.136 More-
over, IFN-α is not always effective in chronic hepatitis C, 
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as exemplifi ed by a case of fatal pulmonary vasculitis 
refractory to IFN-α treatment.137 The administration of 
granulocyte colony-stimulating factor, generally to 
expand marrow or stem cells in severely ill patients, has 
also been associated with onset of vasculitis, sometimes 
severe.138–143

Chemokines

The chemokines are low-molecular-weight proteins that 
fall into the CC, CXC, and CXXXC families. Many of 
the chemokines are chemotactic or chemokinetic for leu-
kocytes. Interleukin-8 is a CXC chemokine that is a 
potent neutrophil chemotaxin. Serum levels of IL-8 are 
elevated in AAV, and particularly in WG, as well as in 
ICMV.80,144,145 Moreover, sera from patients with active 
ICMV evoke IL-8 synthesis from human endothelium if 
applied to the cells in culture.145 Allelic polymorphism of 
the A genotype of IL-8 occurs signifi cantly more fre-
quently in ICMV patients with renal disease as opposed 
to those without, even though there was no difference 
between ICMV patients as a whole and healthy 
controls.146

Monocyte chemoattractant protein 1, a CC chemokine, 
is best characterized as a chemotactic agent for mono-
cytes, but it is also active upon primed neutrophils and, 
perhaps, macrophages. Circulating levels of MCP-1 are 
elevated in patients with WG and in the urine of AAV 
patients with active glomerulonephritis.144,147,148 More-
over, MCP-1 is histologically demonstrable in lesional 
glomeruli in patients with AAV but not in normal glom-
eruli.148 Although serum levels of MCP-1 were not 
increased signifi cantly among patients with retinal vascu-
litis compared with healthy controls, the levels of MCP-1 
did correlate with disease activity in most individuals.149 
Transfection of a natural MCP-1 antagonist into (MRL/
lpr) mice that spontaneously develop a lupus-like multi-
system vasculitic disease reduced the severity of glomeru-
lonephritis and vasculitis.150 Several cytokines elicit 
MCP-1 from endothelial cells, whereas NO, itself a 
product of activated leukocytes (and especially mono-
cytes) inhibits MCP-1 production, in part by reducing 
activation of NF-kB.147 Conversely, superoxide quenches 
NO (to form peroxynitrite) and promotes NF-kB activa-
tion. Therefore, the balance between pro- and anti-
infl ammatory effects of leukocyte activation can vary 
widely. As already noted, activation of Smad 3 in response 
to TGF-β decreases MCP expression, thereby diminish-
ing infl ammation.112

The CC chemokine RANTES recruits T cells, B cells, 
and monocytes toward its concentration peak. Among 
patients with WG, and perhaps other AAV, increased 
levels of RANTES are present in the blood,144 and histo-
logically detectable RANTES mRNA and protein have 
been demonstrated.89 Other chemokines, such as fracta-
kine, macrophage migration inhi bitory factor151 macro-

phage infl ammatory protein-1α and perhaps macrophage 
infl ammatory protein-1β levels are increased in patients 
with WG, ICMV and retinal vasculitis compared with 
normal controls.149,151–153

Adhesion Molecules

Leukocytes and endothelial cells constitutively express 
complementary pairs of adhesion molecules; additional 
quantities of these constitutive molecules and additional 
adhesion partners can be induced upon stimulation. Rel-
atively weak leukocyte–endothelial interaction is sup-
ported by the expression of endothelial (E) selectin and 
leukocyte (L) selectin. These proteins have affi nity for 
glycoconjugates (sialyl-Lewis X and mucin-like glycopro-
teins such as GlyCam-1 and CD34) expressed on the 
reciprocal cell type. The numerous but individually weak 
attachments produce a rolling motion, whereby a leuko-
cyte is propelled by the bloodstream along the endothe-
lial surface in a motion likened to a tank track. Eventually, 
retention of leukocytes in a particular spot can be sup-
ported by additional ligand pairs; notably, the β2-integ-
rins (CD18 family members) on leukocytes bind ICAM-1 
expressed by endothelial cells. The β1-integrins (CD29 
family) on leukocytes can similarly bind endothelial pro-
teins, exemplifi ed by VCAM-1. Upon simple binding to 
ligand, the integrins transduce intracellular signals that 
recruit additional adhesion molecules to the region and 
modify the properties of the cell. The recruitment of 
additional adhesion molecules initiates expression of 
CD31 (platelet endothelial cell adhesion molecule-1); 
ultimately the leukocytes insinuate themselves among 
the endothelial cells and transmigrate.

Increased circulating levels of ICAM-1,154–158 often in 
association with VCAM-1,66,79,159 E-selectin,160–162 or 
both67,163–165 are documented in the AAV. Others reported 
elevated levels of E-selectin in serum, but did not evaluate 
the other adhesion molecules.77,166 However, the concentra-
tions of adhesion molecules in serum or plasma are not 
always correlated closely to disease activity.67,161,164,165,167 and 
caution must be applied to their interpretation, just as is the 
case in other small vessel vasculitides in which heightened 
soluble adhesion molecules are reported.78,168–172 Perhaps 
more cogently, histologic demonstration of increased 
expression of these various adhesion molecules is reported 
in AAV173,174 and ICMV,173 albeit in renal rather than lung 
tissue, rheumatic, and hypersensitivity diseases.175–177

Apoptosis in Wegener’s Granulomatosis

Wegener’s granulomatosis may be infl uenced by poly-
morphisms in the apoptosis-related gene receptor 
(TNFRSF)-interacting serine-threonine kinase 1 or Ripk1. 
Ripk1 interacts with TNF receptor-associated protein 
with death domain (TRADD) in the process of apoptosis 
(see Chapter 4). The recruiting of RIPK1 to TNFR1 
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results in apoptosis and activation of nuclear factor κ 
light chain gene enhancer in B cells.171,172
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Asbestosis and Silicosis

Philip T. Cagle and Timothy Craig Allen

Asbestosis

Asbestos is a fi brous silicate derived from the earth that 
has been used in more than 2,000 industrial products 
because of its resistance to heat and chemicals.1,2 The 
asbestos fi bers are categorized as serpentine type (chrys-
otile) and amphibole type (amosite, crocidolite, and 
others) based on differing chemical compositions, shapes, 
and physiochemical properties. Asbestos fi bers of appro-
priate size that have shed into the air as dust particles can 
be inhaled into the lungs.

Asbestos fi bers are clear, but a percentage of inhaled 
fi bers will be coated with iron and protein, creating an 
asbestos body that can be seen on routine cytology and 
histology sections. Asbestos bodies are one type of iron-
coated or ferruginous bodies that are found in the lung. 
Iron stains highlight the iron coatings of asbestos bodies 
as bright blue against a pale pink background, making 
them more readily identifi able. A count of asbestos bodies 
by light microscopy or asbestos fi bers by electron micros-
copy can be performed after digestion of a known weight 
of lung tissue to give a concentration in the person’s lung 
tissue.1,2

Because asbestos is present in the ambient air, every-
one has asbestos fi bers and asbestos bodies in their lungs. 
Although asbestos is now mostly banned in the devel-
oped countries, a wide variety of occupations have had a 
potential for exposure to asbestos at levels above back-
ground, including miners, millers, insulators, boiler-
makers, and those involved in the manufacture of asbestos 
products or removal of asbestos materials. High levels of 
asbestos exposure may produce asbestosis, a distinctive 
type of pulmonary fi brosis, in susceptible individuals after 
a latency of many years. Asbestosis begins as fi brosis in 
the fi rst tiers of alveolar septa in respiratory bronchioles 
and in some cases may progress, producing more exten-

Introduction

Many of the lung diseases discussed in this book are 
the result of exposures to environmental substances, 
including infections, malignancies, immune reactions, 
and chronic interstitial diseases. Individual sections and 
chapters discuss lung cancer and mesothelioma (Sections 
3 and 4), infections (Section 5), asthma (Chapter 51), and 
nonneoplastic smoking-related diseases (Chapter 49). 
This chapter focuses on those exposures that occur in the 
occupational environment and produce nonneoplastic 
lung disease. Although occupational exposures may 
produce asthma, small airways disease, acute lung injury, 
and hypersensitivity pneumonitis, this chapter discusses 
the pneumoconioses.

The pneumoconioses are caused by inhalation of 
mineral dusts that are used for specifi c purposes, such as 
in building materials, or are contaminants of materials 
used in an occupational setting. These dusts are derived 
from the earth, and background exposures to them may 
occur from the general ambient air, usually in lesser 
amounts than in occupational settings but in compara-
tively large amounts in some locales.1 Among the more 
frequently encountered pneumoconioses are asbestosis1,2 
and silicosis,1,3 and these have been investigated the most 
in terms of molecular mechanisms.

An observation among the pneumoconioses is that the 
generation of reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) leading to subsequent 
chronic infl ammation and fi brosis are a common denomi-
nator in the development and progression of these dis-
eases. The production of ROS and RNS has two sources 
in the pneumoconioses: direct chemical reactions on the 
surface of the dust itself and generation of ROS and RNS 
by macrophages or other cells that have ingested the 
dust.
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sive fi brosis that is most prominent in the periphery and 
lower zones of both lungs. In some cases, the amount of 
interstitial fi brosis may increase until there is end-stage 
fi brosis or honeycomb lung.1,2 In addition to causing 
asbestosis, high levels of asbestos exposure may poten-
tially increase the risk of lung cancer above that of tobacco 
smoking in some individuals with asbestosis, and, even in 
the absence of asbestosis, asbestos exposure is a 
major risk factor for diffuse malignant mesothelioma (see 
Chapters 23 and 34).

Investigations of the mechanisms by which asbestosis 
is initiated and progresses include studies of human 
tissues but have also relied on studies of animal models 
(see Chapter 14) in which the animals are exposed to 
asbestos through inhalation or instillation and on in vitro 
studies of cell lines, cell cultures, and tracheal explants 
(see Chapter 15). In the latter studies, cells such as macro-
phages, bronchial epithelial cells, or fi broblasts are often 
cultured in association with asbestos fi bers. Inhalation of 
asbestos fi bers causes epithelial cell proliferation in 
rodent lungs that is believed to be a probable factor in 
lung injury and repair in asbestosis. Alveolar epithelial 
cell apoptosis is believed to be an early event in the 
pathogenesis of asbestosis.4–6 In animal models, the asbes-
tos fi bers initially deposit and accumulate at the alveolar 
duct junctions, and fi brotic lesions fi rst appear in these 
foci.7–10

The mediators that initiate and cause progression of 
asbestosis are either generated directly from asbestos fi bers 
or produced by cells exposed to asbestos fi bers.4–6,11–20 
Oxidants as the cause of DNA damage, and their associa-
tion with signaling pathways and mediators such as cyto-
kines and growth factors, are discussed in detail in 
Chapter 44. Asbestos fi bers often contain iron, and cro-
cidolite (Na2[Fe3+]2[Fe2+]3Si8O22[OH]2) is especially rich in 
iron. Oxidants can be generated directly from the sur-
faces of asbestos fi bers, especially crocidolite, by redox 
reactions, beginning with reduction of oxygen to super-
oxide by surface or leachable iron. This leads to the pro-
duction of hydrogen peroxide and eventually the hydroxyl 
radical in a Fenton-like reaction in the presence of 
iron.4–6,11–20

In addition to the direct generation of oxidants on fi ber 
surfaces, asbestos fi bers may stimulate a variety of target 
cells, many of which may phagocytize the fi bers, including 
pulmonary macrophages (both alveolar and interstitial), 
alveolar and airway epithelial cells, and fi broblasts. Phago-
cytosis of asbestos fi bers by macrophages produces ROS 
and RNS. Macrophages and bronchiolar epithelial cells 
in asbestos-exposed rats produce peroxynitrite from RNS 
and reactive oxygen and nitrotyrosine residues as a result 
of peroxynitrite formation. Both the extracellular and 
intracellular generation of ROS and RNS cause DNA 
damage, modifi cation of enzymes in signaling pathways, 
and release of cytokines. Among the cytokines that inves-

tigators have associated with the development of asbes-
tosis are tumor necrosis factor (TNF), interleukin (IL)-8, 
IL-6, IL-1, macrophage inflammatory protein 2, and cyto-
kine-induced neutrophil chemoattractant.21–26

In vitro studies have shown that asbestos fi bers cause 
macrophages to increase TNF production.27,28 Transgenic 
mice that overexpress TNF in alveolar epithelial cells 
spontaneously develop pulmonary fibrosis that resembles 
asbestosis.29 Tumor necrosis factor receptor knockout 
mice fail to develop fibrosis even after increases in TNF 
following exposure to asbestos.

Growth factors and growth factor receptors are also 
believed to potentially play a role in the development of 
asbestosis. Upregulation of tumor growth factor-α (TGF-
α) and upregulation of tumor growth factor-β (TGF-β) 
have been observed in developing fi brotic lesions of 
asbestos-exposed rats.30,31 Jagirdar et al.32 reported that 
TGF-β isoforms are upregulated in the fi brotic lungs of 
asbestos-exposed workers. Increased expression of the 
extracellular domain of the epidermal growth factor 
receptor was observed in the serum of patients with 
asbestosis by Partanen et al.33 In 1998, Lasky et al.34 
reported that asbestos exposure upregulated PDGF-α 
receptor expression in rats.

A number of signaling pathways are activated by 
asbestos exposure and are likely to play a role in asbes-
tosis. Asbestos fi bers and TGF-α activate the extra-
cel lular signal-related kinases (ERKs), proteins of the 
mitogen-activated protein kinase (MAPK) pathways, 
through epidermal growth factor receptor. Timblin et al.35 
have shown that asbestos activates the ERK MAPK 
pathway and increases mRNA levels of c-fos through 
phosphorylation of epidermal growth factor receptor, 
resulting in early apoptosis and subsequent compensa-
tory proliferation. Robledo et al.36 reported increased 
phosphorylation of ERK in epithelial cells at sites of 
developing fi brotic lesions, and Cummins et al.37 demon-
strated increased expression and phosphorylation of 
ERKs in epithelial cells in mouse models of asbestos-
induced fi brosis.

Multiple studies indicate that nuclear factor κ-B (NF-
κB) activity is induced by asbestos through cytokines and 
oxidants. In addition, a variety of investigations have 
shown increased activity of activator protein-1 (AP-1), 
c-Jun and c-Fos in response to asbestos exposure.38–40

Increased p53 expression occurs in alveolar epithelial 
cells and macrophages at the alveolar duct junction in 
rats exposed to asbestos.41 In an investigation using both 
in vitro and animal models, Panduri et al.42 reported that 
asbestos-induced mitochondrial dysfunction and apopto-
sis are mediated by p53-dependent transcription, in part 
as a result of iron-derived ROS from the mitochondria 
and due to Bax and p53 mitochondrial translocation.

Virag43 speculated that activation of poly(ADP-ribose) 
polymerase-1in response to oxidative stress might have a 
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role in asbestosis. Iakhiaev and Idell44 reported that cro-
cidolite induced tissue factor expression in cultured 
airway epithelial cells, probably involving the phospha-
tidylinositol 3-kinase/protein kinase C zeta signaling 
pathway, potentially contributing to lung remodeling.

Silicosis

Silicosis is a type of pulmonary fi brosis that occurs in 
susceptible individuals after exposure to large amounts 
of crystalline silica. Crystalline silica consists of silicon 
and oxygen (SiO2) with trace amounts of aluminum, iron, 
and magnesium. Types of crystalline silica that can cause 
disease are coesite, cristobalite, melanophlogite, moganite, 
quartz, stishovite, and tridymite. Exposure to high levels 
of silica can potentially occur in coal and other miners, 
sandblasters, glass manufacturers, and stone and quarry 
workers.1,3

Similar to asbestosis, classic nodular silicosis is a chronic 
fi brotic disease that becomes manifest many years, usually 
decades, after initial exposure. Rare forms of silicosis 
have a more rapid course: accelerated silicosis may 
develop in less than 10 years, and acute silicosis results 
from a massive, overwhelming exposure and is clinically 
and pathologically very different from classic silicosis.1,3

Silicosis is characterized by accumulation of distinctive 
silicotic nodules composed of dust-laden macrophages in 
their early stages and dense whorls of hyalinized collagen 
with a rim of dust-laden macrophages in later stages. The 
nodules are in a lymphangitic distribution. Silica particles 
appear as tiny 2 μm weakly birefringent crystals on polar-
ized light. Patients with silicosis have an associated sus-
ceptibility to infection with Mycobacterium tuberculosis, 
atypical mycobacteria, and fungus. Antinuclear antibod-
ies, immune complexes, and scleroderma are seen with 
increased frequency in patients with silicosis.1,3

Similar to the development of asbestosis, ROS and 
RNS are generated in silicosis both from reactions on the 
surface of the silica particles and from products produced 
by macrophages that have phagocytized silica particles. 
Development of silicosis is believed to be related to the 
redox potential of the silica surface, which is increased 
with fractured silica that is produced during sandblasting. 
The surface is reactive with hydrogen, oxygen, carbon, 
and nitrogen. Alveolar macrophages ingest silica, which 
causes their death. This leads to release of the intra-
cel lular silica that is subsequently ingested by other 
ma crophages in a cycle of ingestion and macrophage 
death.45–48

Freshly fractured silica is more toxic to alveolar mac-
rophages than older silica particles. Crystalline silica pro-
duces a respiratory burst in macrophages with production 
of O−, H2O2, and nitric oxide. The damaged macrophages 
release oxidants, proteolytic enzymes, and cytokines, 

including TNF-α and IL-1, which recruit infl ammatory 
cells to alveolar surfaces and walls. Expression of IL-10 
is also believed to contribute to silica-induced lung fi bro-
sis by inducing T helper type 2 cytokines and cytokines 
IL-4 and IL-13. Additional oxidants and proteases are 
released by the infl ammatory cells recruited to the paren-
chymal tissues.49–53 Reactive oxygen species production 
due to silica activates MEK, ERK, NF-κB, and AP-1. 
Ding et al.54 demonstrated that freshly fractured silica 
induces AP-1 activation, which may be mediated through 
p38 MAPK and ERK pathways.

Crystalline silica induces macrophage apoptosis. Silica 
induces Fas ligand (FasL) expression in macrophages in 
vitro and in vivo, stimulating FasL-dependent apoptosis 
of macrophages. FasL-defi cient gld mice are resistant to 
the development of silicosis in association with a lack of 
macrophage apoptosis. Anti-FasL antibody blocks the 
development of silicosis in vivo.55–57 On the other hand, 
anti-Fas autoantibodies have been identifi ed in patients 
with silicosis, as well as in patients with autoimmune dis-
eases associated with silicosis such as systemic sclerosis 
and systemic lupus erythematosis, and these autoanti-
bodies stimulate Fas-related apoptosis.57 Similar observa-
tions were reported for caspase-8.58 Delgado et al.59 
analyzed 23 lung biopsy specimens from silicotic patients 
and fi ve controls using immunohistochemistry and mor-
phometry to evaluate the amount of FasL and Bcl-2. 
They concluded that the stage or extent of the silicosis 
was signifi cantly related to FasL, mast cell ,and extracel-
lular matrix remodeling, with an inverse relationship to 
FasL expression. Therefore, induction of apoptosis and 
death receptors is an important mechanism in the devel-
opment of silicosis.

It also appears that p53 plays an important role in the 
signaling pathways of silica-induced apoptosis. Wang 
et al.60 observed that silica stimulates p53 transactivation 
with induction of p53 protein expression and phosphory-
lation of p53 protein.

Conclusion

Investigations have disclosed key roles for oxidative 
injury, cytokine pathways, and apoptosis in asbestosis and 
silicosis. These and future studies may yield a basis for 
molecular-targeted therapies for these diseases.

References

 1. Churg AM, Green FHY. Occupational lung disease. In 
Churg AM, Myers JL, Tazelaar HD, Wright JL, eds. Pathol-
ogy of the Lung, 3rd ed. New York: Thieme Medical Pub-
lishers; 2005:769–862.

 2. Laga AC, Allen T, Cagle PT. Asbestosis. In Cagle PT, ed. 
The Color Atlas and Text of Pulmonary Pathology. New 
York: Lippincott Williams & Wilkins; 2005:393–396.



60. Asbestosis and Silicosis 661

 3. Laga AC, Allen T, Cagle PT. Silicosis. In Cagle PT, ed. The 
Color Atlas and Text of Pulmonary Pathology. New York: 
Lippincott Williams & Wilkins; 2005:397–399.

 4. Kamp DW, Weitzman SA. The molecular basis of asbestos 
induced lung injury. Thorax 1999;54(7):638–652.

 5. Manning CB, Vallyathan V, Mossman BT. Diseases caused 
by asbestos: mechanisms of injury and disease develop-
ment. Int Immunopharmacol 2002;2(2–3):191–200.

 6. Upadhyay D, Kamp DW. Asbestos-induced pulmonary 
toxicity: role of DNA damage and apoptosis. Exp Biol Med 
(Maywood) 2003;228(6):650–659.

 7. Adamson IYR, Bowden DH. Response of mouse lung to 
crocidolite asbestos. I. Mineral fibrosis reaction to short 
fibres. J Pathol 1987;152:99–107.

 8. Adamson IYR, Bowden DH. Response of mouse lung to 
crocidolite asbestos. II. Pulmonary fibrosis after long fibres. 
J Pathol 1987;152:109–117.

 9. Dixon D, Bowser AD, Badgett A, et al. Incorporation of 
bromodeoxyuridine (BrdU) in the bronchiolar-alveolar 
regions of the lungs following two inhalation exposures to 
chrysotile asbestos in strain A/J mice. J Environ Pathol 
Toxicol Oncol 1995;14:205–213.

10. BeruBe KA, Quinlan TR, Moulton G, et al. Comparative 
proliferative and histopathologic changes in rat lungs after 
inhalation of chrysotile or crocidolite asbestos. Toxicol 
Appl Pharmacol 1996;137:67–74.

11. Weitzman SA, Graceffa P. Asbestos catalyzes hydroxyl and 
superoxide radical generation from hydrogen peroxide. 
Arch Biochem Biophys 1984;228:373–376.

12. Holley JA, Janssen YMW, Mossman BT, et al. Increased 
manganese superoxide dismutase protein in type II epithe-
lial cells of rat lungs after inhalation of crocidolite asbestos 
or cristobalite silica. Am J Pathol 1992;141:475–485.

13. Janssen YMW, Marsh JP, Absher MP, et al. Expression of 
antioxidant enzymes in rat lungs after inhalation of asbestos 
or silica. J Biol Chem 1992;267:10625–10630.

14. Lund LG, Aust AE. Iron mobilization from crocidolite 
asbestos greatly enhances crocidolite-dependent formation 
of DNA single-strand breaks in phi X174 RFI DNA. Car-
cinogenesis 1992;13:637–642.

15. Kamp DW, Israbian VA, Yeldandi AV, et al. Phytic acid, 
an iron chelator, attenuates pulmonary inflammation and 
fibrosis in rats after intratracheal instillation of asbestos. 
Toxicol Pathol 1995;23:689–695.

16. Chao CC, Park SH, Aust AE. Participation of nitric oxide 
and iron in the oxidation of DNA in asbestos-treated human 
lung epithelial cells. Arch Biochem Biophys 1996;326:
152–157.

17. Gilmour PS, Brown DM, Beswick PH, et al. Free radical 
activity of industrial fibers: role of iron in oxidative stress 
and activation of transcription factors. Environ Health Per-
spect 1997;105(Suppl 5):1313–1317.

18. Park SH, Aust AE. Regulation of nitric oxide synthase 
induction by iron and glutathione in asbestos-treated human 
lung epithelial cells. Arch Biochem Biophys 1998;360:
47–52.

19. Quinlan TR, Hacker MP, Taatjes D, et al. Mechanisms of 
asbestos-induced nitric oxide production by rat alveolar 
macrophages in inhalation and in vitro models. Free Radic 
Biol Med 1998;24:778–788.

20. Tanaka S, Choe N, Hemenway DR, et al. Asbestos inhala-
tion induces reactive nitrogen species and nitrotyrosine 
formation in the lungs and pleura of the rat. J Clin Invest 
1998;102:445–454.

21. Driscoll KE, Hassenbein DG, Carter JM, et al. TNF-alpha 
and increased chemokine expression in rat lung after par-
ticle exposure. Toxicol Lett 1995;82/83:483–489.

22. Driscoll KE, Maurer JK, Higgins J, et al. Alveolar macro-
phage cytokine and growth factor production in a rat model 
of crocidolite-induced pulmonary inflammation and fibrosis. 
J Toxicol Environ Health 1995;46:155–169.

23. Broser M, Zhang Y, Aston C, et al. Elevated interleukin-8 
in the alveolitis of individuals with asbestos exposure. Int 
Arch Occup Environ Health 1996;68:109–114.

24. Lemaire I, Ouellet S. Distinctive profile of alveolar macro-
phage-derived cytokine release induced by fibrogenic and 
nonfibrogenic mineral dusts. J Toxicol Environ Health 
1996;47:465–478.

25. Dai J, Gilks B, Price K, et al. Mineral dusts directly induce 
epithelial and interstitial fibrogenic mediators and matrix 
components in the airway wall. Am J Respir Crit Care Med 
1998;158:1907–1913.

26. Driscoll KE, Carter JM, Howard BW, et al. Crocidolite 
activates NF-kB and MIP-2 gene expression in rat alveolar 
epithelial cells. Role of mitochondrial-derived oxidants. 
Environ Health Perspect 1998;106(Suppl 5):1171–1174.

27. Simeonova PP, Luster MI. Iron and reactive oxygen species 
in the asbestos-induced tumor necrosis factor-alpha 
response from alveolar macrophages. Am J Respir Cell Mol 
Biol 1995;12:676–683.

28. Driscoll KE, Carter JM, Hassenbein DG, et al. Cytokines 
and particle-induced inflammatory cell recruitment. Environ 
Health Perspect 1997;105(Suppl 5):1159–1164.

29. Miyazaki Y, Araki K, Vesin C, et al. Expression of a tumor 
necrosis factor-alpha transgene in murine lung causes lym-
phocytic and fibrosing alveolitis. J Clin Invest 1995;96:
250–259.

30. Perdue TD, Brody AR. Distribution of transforming growth 
factor-beta1, fibronectin, and smooth muscle actin in asbes-
tos-induced pulmonary fibrosis in rats. J Histochem Cyto-
chem 1994;42:1061–1070.

31. Liu J-Y, Morris GF, Lei W-H, et al. Up-regulated expres-
sion of transforming growth factor-alpha in the bronchio-
lar-alveolar duct regions of asbestos-exposed rats. Am J 
Pathol 1996;149:205–217.

32. Jagirdar J, Lee TC, Reibman J, et al. Immunological local-
ization of transforming growth factor beta isoforms in 
asbestos-related disease. Environ Health Perspect 
1997;105(Suppl 5):1197–1203.

33. Partanen R, Hemminki K, Koskinen H, et al. The detection 
of increased amounts of the extracellular domain of the 
epidermal growth factor receptor in serum during 
carcinogenesis in asbestosis patients. J Med 1994;36:1324–
1328.

34. Lasky JA, Coin PG, Lindroos PM, et al. Chrysotile asbestos 
stimulates platelet-derived growth factor-AA production 
by fat lung fibroblasts in vitro: evidence for an autocrine 
loop. Am J Respir Crit Care 1995;Med 12:162–170.

35. Timblin C, Robledo R, Rincon M, et al. Transgenic mouse 
models to determine the role of epidermal growth factor 



662 P.T. Cagle and T.C. Allen

receptor in epithelial cell proliferation, apoptosis, and 
asbestosis. Chest 2001;120(1 Suppl):22S–24S.

36. Robledo RF, Buder-Hoffmann SA, Cummins AB, et al. 
Increased phosphorylated extracellular signal-regulated 
kinase immunoreactivity associated with proliferative and 
morphologic lung alterations after chrysotile asbestos inha-
lation in mice. Am J Pathol 2000;156(4):1307–1316.

37. Cummins AB, Palmer C, Mossman BT, et al. Persistent 
localization of activated extracellular signal-regulated 
kinases (ERK1/2) is epithelial cell-specifi c in an inhal-
ation model of asbestosis. Am J Pathol 2003;162(3):713–
720.

38. Janssen YMW, Barchowsky A, Treadwell M, et al. Asbes-
tos induces nuclear factor-kappa B (NF-kB) DNA-binding 
activity and NF-kB–dependent gene expression in tracheal 
epithelial cells. Proc Natl Acad Sci USA 1995;92:8458–
8462.

39. Cheng N, Shi X, Ye J, et al. Role of transcription factor 
NF-kappaB in asbestos-induced TNFalpha response from 
macrophages. Exp Mol Pathol 1999;66(3):201–210.

40. Janssen YMW, Heintz NH, Mossman BT. Induction of c-
fos and c-jun protooncogene expression by asbestos is ame-
liorated by N-acetyl-L-cysteine in mesothelial cells. Cancer 
Res 1995;55:2065–2089.

41. Mishra A, Liu J-Y, Brody AR, et al. Inhaled asbestos fi bers 
induce p53 expression in the rat lung. Am J Respir Cell Mol 
Biol 1997;16:479–485.

42. Panduri V, Surapureddi S, Soberanes S, et al. P53 mediates 
amosite asbestos-induced alveolar epithelial cell mitochon-
dria-regulated apoptosis. Am J Respir Cell Mol Biol 
2006;34(4):443–452.

43. Virag L. Poly(ADP-ribosyl)ation in asthma and other lung 
diseases. Pharmacol Res 2005;52(1):83–92

44. Iakhiaev A, Idell S. Asbestos induces tissue factor in Beas-
2B cells via PI3 kinase-PKC-mediated signaling. J Toxicol 
Environ Health A 2004;67(19):1537–1547.

45. Shi X, Mao Y, Daniel LN. Generation of reactive oxy-
gen species by quartz particles and its implication for 
cellular damage. Appl Occup Environ Hyg 1995;10:1138–
1144.

46. Mossman BT, Churg A. Mechanisms in the pathogenesis of 
asbestosis and silicosis. Am J Respir Crit Care Med 
1998;157:1666–1680.

47. Fubini B, Hubbard A. Reactive oxygen species (ROS) and 
reactive nitrogen species (RNS) generation by silica in 

infl ammation and fi brosis. Free Radic Biol Med 2003;34:
1507–1516.

48. Rimal B, Greenberg AK, Rom WN. Basic pathogenetic 
mechanisms in silicosis: current understanding. Curr Opin 
Pulm Med 2005;11(2):169–173.

49. Piguet PF, Collart MA, Grau GE, et al. Requirement of 
tumour necrosis factor for development of silica-induced 
pulmonary fi brosis. Nature 1990;344:245–247.

50. Gossart S, Cambon C, Orfi la C, et al. Reactive oxygen 
intermediates as regulators of TNF production in rat lung 
infl ammation induced by silica. J Immunol 1996;156:1540–
1548.

51. Davis GS, Pfeiffer LM, Hemenway D. Persistent overex-
pression of interleukin-1beta and tumor necrosis factor-
alpha in murine silicosis. J Environ Pathol Toxicol Oncol 
1998;17:99–114.

52. Barbarin V, Arras M, Huax F. Characterization of the 
effect of Interleukin 10 on silica induced lung fi brosis in 
mice. Am J Respir Crit Care Med 2004;31:78–85.

53. Barbarin V, Xing Z, Delos M, et al. Pulmonary overexpres-
sion of IL-10 augments lung fi brosis and Th2 responses 
induced by silica particles. Am J Physiol Lung Cell Mol 
Physiol 2005;288(5):L841–L848.

54. Ding M, Chen F, Shi X, et al. Diseases caused by silica: 
mechanisms of injury and disease development. Int Immu-
nopharmacol 2002;2(2-3):173–182.

55. Dosreis GA, Borges VM, Zin WA. The central role of Fas-
ligand cell signaling in infl ammatory lung diseases. J Cell 
Mol Med 2004;8(3):285–293.

56. Takata-Tomokuni A, Ueki A, Shiwa M, et al. Detection, 
epitope-mapping and function of anti-Fas autoantibody in 
patients with silicosis. Immunology 2005;116(1):21–29.

57. Otsuki T, Miura Y, Nishimura Y, et al. Alterations of Fas 
and Fas-related molecules in patients with silicosis. Exp 
Biol Med (Maywood) 2006;231(5):522–533.

58. Ueki A, Isozaki Y, Kusaka M. Anti-caspase-8 autoantibody 
response in silicosis patients is associated with HLA-DRB1, 
DQB1 and DPB1 alleles. J Occup Health 2005;47(1):
61–67.

59. Delgado L, Parra ER, Capelozzi VL. Apoptosis and extra-
cellular matrix remodeling in human silicosis. Histopatho-
logy 2006;49:283–289.

60. Wang L, Bowman L, Lu Y, et al. Essential role of p53 in 
silica-induced apoptosis. Am J Physiol Lung Cell Mol 
Physiol 2005;288(3):L488–L496.



663

Index

Allogenic lung transplantation, 473
Alveolar macrophages, 31–32, 372

TLRs, 372, 373
Alveolar soft part sarcoma, 339
Alveoli, 252

lung organogenesis and, 586
UIP and injury to, 608–610, 609

Amebiasis, pulmonary protozoan 
pathogens and, 447

Amphotericin B, 429
fungal lung infection, 438

Ampicillin, 410
Amplifi cation technologies, 71–73

infectious agent testing with, 81
signal, 72–73
target amplifi cation, 71–72

Anatomic pathology
infectious agent testing with, 80–81
molecular tests in, 78–81

lung cancer targeted therapies and, 
80

neoplasia characteristics and testing 
for, 79–80

ANCA. See Antineutrophil cytoplasmic 
antibody

Angiogenesis
carcinoids and, 303
CXCR3 and inhibition of, 202–203
CXCR and, 200–201, 201–202

virally encoded, 202
DARC and, 208
ELR+ CXC chemokine-induced, 

201–202
endothelin-1 and, 203
factors infl uencing, 200
fi broproliferation in lung and, 

204–205
fi brosis and, 495
inhibition

CXCR3 and, 202–203
nonreceptor-mediated, 208–209

ischemia and, 204

A
AAH. See Atypical adenomatous 

hyperplasia
AATD. See α1-Antitrypsin defi ciency
AAV. See Adeno-associated virus
Acetylation, 5
Acquired immunodefi ciency syndrome 

(AIDS), 240
lymphoma, pulmonary in, 312

Activator protein-1 activation, 473
asbestos and, 236–237

Acute interstitial pneumonia (AIP), 607
Acute respiratory distress syndrome 

(ARDS)
apoptosis and, 47–48
cell culture, 152
epithelial cell repair and, 484–485
infl ammation and, 152
provisional matrix establishment in, 485
stem cells in, 500
surfactant production and, 590
tissue culture, 156

Adapter proteins, caspases regulated by, 
45–46

Adeno-associated virus (AAV), 514
vectors, 514–515

Adenocarcinoma, 169, 251–266
cancer stem cells and, 253–254
COX-2 and, 259
DNA methylation and, 259
EGFR, 255–258
gene expression in, 259
genetic aberrations, 255, 257
genomic aberrations in, 254–255, 256
HGF and, 259, 265
invasion, 266
K-ras mutations and, 79–80
K-ras oncogene and, 258
LOH in, 110, 254
lung, 54

gene expression profi ling for, 343
ras gene family in, 56

metastasis, 266
noninvasive, 254
precursor lesions, 251–266
proteomics of, 260–261
regulatory pathways in, 261–265

EGFR system as, 261–262
HDAC and, 262–263
IGF system and, 263–264
NF-κB, 264–265, 265
PDGF system and, 262
VEGF and, 264

RNA expression in, 258–260
specifi c gene loci in, 255–258
squamous cell carcinoma and, 

254–255
VEGF and, 259

Adenosine, asthma and, 561
Adenosine triphosphate (ATP) binding 

cassette family of proteins, 595, 
596

Adenoviruses, 389, 514
β2-Adrenergic receptor (β2AR), 

561–562
AhR. See Aryl hydrocarbon receptor
AIDS. See Acquired immunodefi ciency 

syndrome
AIP. See Acute interstitial pneumonia
Air pollution, 233

lung cancer and, 54
lung disease and, 53

Airway smooth muscle, 155
Airway surface fl uid, 370
Akt pathway, nicotine activation of, 251
ALK expression

lung tumors, pediatric and, 362
myofi broblastic tumor, infl ammatory, 

362
Allelic loss, 108

genomic, 109
tobacco smoke and, 110

Allelic variations, lung cancer risk and, 
179



664 Index

Angiogenesis (cont.)
LCNEC and, 304
lung cancer and, 205
molecular mechanisms of, 206–208
NF-κB and, 206–208
non-ELR+ CXC chemokine and, 

205–206
nonreceptor-mediated inhibition of, 

208–209
NSCLC and, 228
pulmonary fi brosis and, 204
pulmonary hypertension and, 203–204
pulmonary, in neoplastic/

nonneoplastic disorders, 200–209
regulation of, CXC chemokines and, 

204
SCLC and, 297
transcription factors and, 206–207
tumor, 208

integrins and, 24
tumorigenesis and, 205–206
VEGF and, 264

Anidulafungin, fungal lung infection, 
438

Animal models
asthma, 145
bronchitis, chronic, 144–145
CF, 145
COPD, 144–145
emphysema, 144–145
epithelial cell pulmonary 

repopulation, 502
fi brosis, 145–146
HME, 403
knockout mouse, 146
limitations, 147
lung cancer, 146
lung disease, 144–147

interstitial, 145–146
nonneoplastic, 144–146

mesothelioma, 147
MM oncogenesis, asbestos-induced, 

347–348
schistosomiasis, 451–452
tobacco smoke, 251–252
transgenic mouse, 144
tuberculosis, 422

Antiangiogenesis therapy
EGFR targeted therapies and, 

228–229
NSCLC, 228–229

Antigens, 461–463
sarcoidosis and, 621–622
sarcoidosis and uptake processing of, 

620–621
Antimethylation, targeted therapy, 229
Antineutrophil cytoplasmic antibody 

(ANCA)
vasculitides associated with, 648
vasculitis mediated by, T cells in, 648

Antioxidants, 470–474
enzymatic, 471–472
fi brosis and, 493
in lung, 471–472
NF-κB regulation by, 472–473
nonenzymatic, 471

Antisense, 4
α1-Antitrypsin defi ciency (AATD)

emphysema caused by, 516
gene therapy, 510, 516–517
heritable, 541–546

cellular abnormalities in, 542
disease modifi ers and, 542
disorders associated with, 541
glycoprotein structural maturation 

and, 543
structural abnormalities in, 542
therapeutic approaches, potential 

for, 545, 546
Apaf-1. See Apoptotic protease 

activating factor-1
Apoptosis, 40–49. See also Inhibitors of 

apoptosis proteins
acute lung injury and, 47–48
ARDS and, 47–48
asthma and, 48
autophagy and, 42
caspases, 42–43, 43, 44
CD44 and, 47–48
cell death by, 40–42, 41
COPD and, 48
dysregulation, 40
epithelial cell, 482
epithelial hypothesis, 48
extrinsic death pathways, 43–44
factors triggering, 44–45
Fas pathway of, carcinoids and, 303
fi brosis and, 493–494
intrinsic death pathways, 44–45
LCNEC and, 304
lung cancer and, 48
lung disease pathogenesis and, 

47–48
mechanisms of, 42–47
necrosis and, 40–41
NSCLC and, 48
p53 and, 219–220
pathways, 42

caspases and, 45
stimuli activating, 44–45

pulmonary fi brosis and, 48
SCLC and, 48
stages, 42
TNF and, 43

Apoptotic protease activating factor-1 
(Apaf-1), 46

β2AR. See β2-Adrenergic receptor
ARDS. See Acute respiratory distress 

syndrome
Aryl hydrocarbon receptor (AhR), 180

Asbestos, 233, 234–237
actinolite, 234
activator protein-1 activation and, 

236–237
amosite, 234
amphibole, 234–235
anthophyllite, 234
carcinogenesis induced by, 235
cell signaling induced by, 235–236, 

236
chrysotile, 234
crocidolite, 234
DNA damage induced by, 348
fos/jun proteins and, 236–237
LOH and, 109
lung cancer and, 169
lung cancer associated with, 235
MAPK signaling and, 236–237
mesothelioma and, 147
MM associated with, 235, 347

oncogenesis of, 347–348
polymorphisms and, 350–351

NF-κB signaling and, 237
phosphatidylinositol-3 kinase 

signaling, 237
properties, 234–235
serpentine, 234
smoking and, 235, 238
tremolite, 234
types, 234

Asbestosis, 658–660
smoking and, 235

Asparagine-linked oligosaccharides, 
glycoprotein structural 
maturation and, 543

Aspergillus, 431–434, 433
Asthma, 549–565

adenosine and, 561
airway smooth muscle cell culture 

and, 155
animal models for, 145
apoptosis and, 48
β2AR and, 561–562
chemokines and, 556
chitinases, 564–565
clinical variations, 549
complement anaphylatoxins and, 560
costimulatory molecules in, 558–559, 

559
CTLA4 and, 559
CysLTs and, 560
cytokines and, 551–555
DNA, regulatory and, 551–555
EGF and, 554
endogenous/exogenous proteinases in, 

562–563
endothelin-1 and, 555
eosinophilic infl ammation, 467
FGF and, 555
GATA3 and, 558



Index 665

Gob-5 and, 564
growth factors and, 551–555
histamine, 564
histologic features, 549, 550
HLA and, 564
ILs and, 551–555, 552
immunoglobulin and, 562
integrins and, 556–557, 557
LOH, 113
MMP, 563
molecular pathogenesis of, 550–565
muscarinic acetylcholine receptors 

and, 562
neutrophil elastase, 563
NF-κB and, 558
NOS and, 564
PAF and, 562
pathogenesis, 549, 550
PDGF and, 555
physiologic checkpoints regulating 

disease expression of, 549–551, 
551

prostaglandins and, 560–561, 561
signal transduction, 557–558
STSRs and, 559–562
sydecan-1 and, 563–564
symptoms, 549
T-box expression, 558
T-cells and, 559
TGF-β and, 553
TLRs and, 555–556
TNF and, 555
transcription factors and, 557–558, 

558
trypsin, 563
tryptase, 563
VEGF and, 554

Atypical adenomatous hyperplasia 
(AAH), 253

LOH in, 254
Atypical goblet cell hyperplasia, 253
Autocrine growth factors, squamous cell 

carcinoma and, 275
Autophagy, 40, 41–42

apoptosis and, 42
cancer and, 41–42

Autoschizis, 40, 41, 42
Avastin. See Bevacizumab
Avian infl uenza virus, 382
Azithromycin, 414

B
BAC. See Bacterial artifi cial 

chromosome
Bacteria, 407–416

bioterrorism potential agents, 
415–416

pneumonia caused by, 407, 408
Bacterial artifi cial chromosome (BAC), 

97–99, 98

Basaloid carcinoma, 279
immunohistochemical markers for, 

281, 283
molecular pathway, 282, 283
prognostic markers, 282, 283

Base excision repair (BER) pathway, 
14

Basement membrane
loss of normal, 478
reestablishment of normal, 479–480

Bax, 46
BCCD. See Bronchiolar columnar cell 

dysplasia
B-cells, 321–322. See also Diffuse large 

B-cell lymphoma
Bcl-2 proteins

caspases regulated by, 46
NSCLC and, 194

bDNA. See Branched chain DNA
Benzo(a)pyrene, 177
BER pathway. See Base excision repair 

pathway
Bevacizumab (Avastin), 228

toxicity, 228–229
Bexarotene (Targretin), 229
Bid, 46
Bioinformatics, 65

development, 130
Biosynthetic quality control, 

glycoprotein, 542–545
Bioterrorism bacterial agents, 

415–416
Bleomycin

animal models for treatment with, 
145–146

oxidants and, 470
pulmonary fi brosis induced by, 204
SpC and, 496

BMP. See Bone morphogenetic protein
BMPR. See Bone morphogenetic 

protein receptor
Bone morphogenetic protein (BMP), 

638–640, 639
Bone morphogenetic protein receptor 

(BMPR), 637–640
Bordetella Pertussis, 414
Branched chain DNA (bDNA), 72–73
Bronchi, 252
Bronchiolar columnar cell dysplasia 

(BCCD), 253
Bronchiolar reepithelialization, 

molecular pathways involved in, 
611–612

Bronchioles, 252
Bronchitis, chronic, 144–145
Bronchoalveolar carcinoma, 254

mucinous, 255
Bunyaviridae, 390
Burkitt’s lymphoma, 242

viral origin of, 240

C
E-Cadherin, 25–26

cancer and, 25, 27
lung cancer and, 26–27
NSCLC and, 27–28

H-Cadherin, 27
Cadherin-Catenin complex

LCNEC and, 304–305
SCLC and, 297

Cadherins, 22, 25
COX-2 and, 26
downregulation, 26
EGFR and, 26–27
lung cancer and, 25
research related to, 27–29

Cancer. See also Lung cancer; Non-
small cell lung cancers; Small cell 
lung cancers

autophagy and, 41–42
E-cadherin and, 25, 27
CD24 and, 30
CD44 and, 33
cells, normal cell transformation into, 

214
COX-2 and, 23
DNA damage and, 242
EBV and, 245
focal adhesion kinase and, 24
gene expression profi ling, 341–344
HIV and, 245
HPV and, 245
IAP and, 47
ICAMs and, 31
immunohistochemistry, 341
incidence of deaths related to, 169
integrins and, 22
invasion, cell adhesion molecules and, 22
metastatic

cell adhesion molecules and, 22
differential diagnosis of, molecular 

markers for, 342–344
primary v., 341–344

microarray technology for, 342–343
miRNA and, 173
origin, 214
PCR, real-time, 343–344
primary

differential diagnosis of, molecular 
markers for, 342–344

metastatic v., 341–344
site of, 343

P-selectin and, 29
stem cells, 213–214

adenocarcinoma and, 253–254
clinical implications of, 215
origin of, 215
regulation of, 214–215

SV40 and, 244–245
tissue culture models for, 159
treatment, 223



666 Index

Carboplatin, EGFR targeted therapies 
and, 227

Carcinogenesis
asbestos-induced, 235
genetic alterations and, 270
initiation, 233
lung, 233, 234
miRNA and, 259–260
progression, 233–234
tobacco smoke and, 528
viral oncogenesis and, 242

Carcinogens, 233. See also specifi c 
carcinogens

action of, 529
environmental, mechanisms of action, 

233–235
tobacco smoke, 252, 527

Carcinoids, 301
angiogenic factors and, 303
apoptosis, Fas pathway and, 303
atypical, 301
growth factors, 303
histopathologic defi nitions, 301–302
malignant proliferation, molecular 

alterations refl ecting, 302–303
migration factors, 303
molecular pathology, 302
p53 pathway alterations and, 302–303
Rb pathway and, 302–303
somatic genes, 302
telomerase inactivation and, 303
typical, 301

Carcinoma. See specifi c carcinomas
Carmustine, oxidants and, 470
Caspase-8 activation, 45–46
Caspases

apoptosis and, 42–43, 43, 44
apoptotic pathways and, 45
categories, 43
classes, 42–43
ischemic brain injury and, 45
protein targets of, 47
regulators, 45–47

Caspofungin, fungal lung infection, 438
Castleman’s disease, 243
Catalase, 471–472
α-Catenin, E-cadherin and, 25
β-Catenin, E-cadherin and, 28
CBAVD. See Congenital bilateral 

absence of vas deferens
CD24

cancer and, 30
NSCLC and, 30

CD40, asthma and, 559
CD44, 32–33

apoptosis and, 47–48
cancer and, 33
extracellular matrix proteins and, 33
lung cancer and, 32, 33
NSCLC and, 32–33

E-selectin and, 32
tumor expression of, 32

CDKN2A gene, 14
cDNA, array CGH, 97
Ceftriaxone, 411
Cell adhesion molecules (cell adhesion 

receptors), 22–33. See also 
specifi c cell adhesion molecules

E-cadherin, 25–26
H-cadherin, 26
cadherins, 22, 25
cancer invasion/metastasis and, 22
cell functions and, 31
integrins, 22–29
selectins, 29–30

Cell culture, 151
airway smooth muscle, 155
ARDS, 152
capillary, 153–154
cell adhesion and, 153
cell biology in, 152–154
cell line development and, 153
culture environment and, 152–153

functional, 153–154
dedifferentiation, 153
disease processes and, 152
HBE cell, 154
insert walls, 153
lung cancer, 159
lung disease, 152
medium used for, 152–153
primary, 151
pulmonary endothelial cell, 

154–155
stem, 157–158
variant, 151
in vitro, 154
in vivo, 154

Cell cycle, 13–14
Cell lines

cell culture and development of, 153
lung tissue, 154–156
tissue culture and, 151

Cells. See also Stem cells
adhesion molecules and functions of, 

31
asbestos-induced signaling pf, 235–

236, 236
cancer cell transformation of, 214
cultured, biology of, 152–154
death, 40–49

apoptotic, 40, 41
autophagy and, 40, 41–42
autoschizis, 40, 41, 42
forms, 40–42
necrosis and, 40–41
paraptosis and, 40, 41, 42

gene therapy and entry of, 511–512
proliferation, 13

viral oncogenesis and, 242

signaling pathways involved in 
processes of, 11

Cell surface receptors, 11
Cellular adhesion, NSCLC and, 24
Cellular injury

HME, 403
RMSF and, 398–399, 399, 400

CEP. See Chromosome enumeration 
probes

Cestodes, 452
Cetuximab, EGFR targeted therapies 

and, 227–228
CF. See Cystic fi brosis
CFTR. See CF transmembrane 

conductance regulator
CF transmembrane conductance 

regulator (CFTR), 371
CF and, 577
function, 578–579
polymorphisms, 578
structure, 578–579

CFTR gene. See Cystic fi brosis 
transmembrane conductance 
regulator gene

CGD. See Chronic granulomatous 
disease

CGH. See Comparative genomic 
hybridization

Chemokines, 556. See also Duffy 
antigen receptor for chemokines

Chemotherapy
cancer, 223
NSCLC, 226
resistance, 24, 214
SCLC, 156

resistance and, 24
stem cells resistant to, 214
tumor suppressor gene replacement 

combined with, 221
Children

EFTS, 363–364
lung tumors in

cytogenetic studies of, 361–363
molecular studies of, 361–363

lung tumors in, molecular pathology 
of, 358–364

myofi broblastic tumor, infl ammatory 
in, 361

PPB, 358–361
PTLD in, 316
viruses, 388

Chitinases, asthma, 564–565
Chloroform, nucleic acid extraction 

with, 70
Chondroma, 337–338
Chondrosarcoma, 337–338
Chromogenic in situ hybridization 

(CISH), 78, 117, 123–124
FISH v., 123–124
viruses identifi ed with, 124



Index 667

Chromosomal paints, 120. See also 
Multicolor whole-chromosome 
painting

Chromosomal studies, large cell 
carcinoma, 287–288

Chromosome 3p deletion, SCLC and, 
296

Chromosome enumeration probes 
(CEP), 119

Chromosomes
abnormalities

CGH and identifying, 124–125
lung disease genetic alterations and, 

53–54
squamous cell carcinoma, 271–272, 

272
alterations in, lung cancer and, 54–55
deletions, lung cancer and, 55, 

172–173
imbalances, SCLC, 294
microarrays, 75
rearrangements, lung cancer and, 55
X, LOH on, 112

Chronic granulomatous disease (CGD), 
372

Chronic obstructive pulmonary disease 
(COPD)

anatomic basis for, 530–531, 531
animal models for, 144–145
apoptosis and, 48
cells, 531–533
dendritic cells and, 532
eosinophils and, 532
epithelial cells and, 531
infl ammation and, 531
LOH, 113
macrophages and, 532
mediators, 531–533
neutrophils and, 532
oxidative stress and, 473, 533–534
proteases and, 534
proteomics and predicting, 140
stem cells in, 500
TLRs and, 461
T lymphocytes and, 532–533, 533
tobacco smoke and, 473, 530–534

Cigarette smoke. See Tobacco smoke
Cilengitide, integrins and, 24
CISH. See Chromogenic in situ 

hybridization
Cisplatin

NSCLC, 226
resistance, 226
tissue cultures for resistance to, 

159–160
toxicity, 226

Clara cell reproduction, 505–506
Clarithromycin

Bordetella pertussis, 414
Haemophilus infl uenzae, 410

Clear cell carcinoma, 279
Coccidioides immitis, 432–436, 434f
Comparative genomic hybridization 

(CGH), 78
aberration identifi cation in, 104–105, 

105
array, 124–125, 125

clone insert-based, 97–100, 98, 99
nonredundant sequence, 99–100
oligonucleotide, 100
in pathology, 97–105
PCR and, 100
repeat-free sequence, 99–100

BAC, 97–99, 98
background subtraction, 104
chromosomal abnormalities identifi ed 

with, 124–125
cosmids, 97, 98
data analysis, 103–105
DNA preparation/hybridization and, 

101–103
image processing, 104
karyotypin v., 124–125
large cell carcinoma, 287–288
LCNEC, 287–288
matrix, 97
mesothelioma, 348–349
MIME criteria for, 105
normalization, 104
PAC, 97–99
platforms, 97–100
principles, 97, 98
resolution, 97
in situ hybridization and, 124–125
tumors assessed with, 124

Complement, 370–371
Complement anaphylatoxins, asthma 

and, 560
Congenital bilateral absence of vas 

deferens (CBAVD), 577
Congenital cystic adenomatoid 

malformation, PPB and, 359–361
COP. See Cryptogenic organizing 

pneumonia
COPD. See Chronic obstructive 

pulmonary disease
Coronaviruses, 389–390
Cosmids, CGH, 97, 98
Costimulatory molecules

asthma and, 558–559, 559
sarcoidosis and, 621–622

Cough refl ex, 370
COX-2. See Cyclooxygenase-2
Cryptogenic organizing pneumonia 

(COP), 607
Cryptosporidiosis, pulmonary protozoan 

pathogens and, 448–449
Cryptosporidium, 448
CTLA4. See Cytotoxic T-lymphocyte 

antigen 4

Curcumin, CF, 581
CXC chemokine receptors (CXCR)

angiogenesis and, 201–202
angiogenesis mediated by, 201–202
virally encoded, angiogenesis and, 202

CXC chemokines
angiogenesis and, 200–201, 201

inhibition of, 202–203
regulation of, 204

lung cancer and, 205
NSCLC and, 205

CXCR. See CXC chemokine receptors
CXCR3, angiogenesis inhibition and, 

202–203
CXCR4 chemokine receptors, 23
Cyclin-dependent kinase inhibitor 

function, MM and, 351
Cyclooxygenase-2 (COX-2), 23–24

adenocarcinoma and, 259
E-cadherin and, 26
cadherins and, 26
cancer and, 23
α3β1-integrin and, 23–24
NSCLC and, 32

Cyclophosphamide, tissue cultures for 
resistance to, 159–160

CYP2A6, lung cancer and, 180
CYP genes

alleles, lung cancer and, 180
lung cancer and, 177

CysLTs. See Cysteinyl leukotrienes
Cystatins, 445
Cysteinyl leukotrienes (CysLTs), 560
Cystic fi brosis (CF), 577–581

animal models for, 145
atypical, 581
clinical manifestations, 580
diagnosis, 580
epimutations, 58
function assays for, 580–581

sweat test, 580
transepithelial nasal potential 

difference, 580–581
gene mutations in, 57–58
gene therapy, 510, 513–516

endpoint assays for, 516
progenitor cells and, 514
stems cells and, 514
transmembrane conductance 

regulator protein and, 513, 514
vectors and, 514–516

genetics, 577–578
lung disease in, pathophysiologic 

features of, 579
pathogenesis, 57
PTLD and, 316
treatment, 513, 581

Cystic fi brosis transmembrane 
conductance regulator (CFTR) 
gene, 57–58



668 Index

Cytogenetics, 3
EFTS, 363–364, 364
lung tumor, pediatric, 361–363
mesothelioma, 348–350
PPB, 359, 360

Cytogenetic studies, large cell 
carcinoma, 287

Cytokines
asthma, 551–555
EBV and interference with, 323, 324
fungal lung infection, 430
mesothelioma and expression of, 354
vasculitides and, 649
vasculitis and, 650–651

Cytomegalovirus, 391
CISH identifi cation of, 124

Cytotoxic T-lymphocyte antigen 4 
(CTLA4), 559

D
DARC. See Duffy antigen receptor for 

chemokines
Delayed type hypersensitivity response 

(DTH), 420
Deletion mapping, mesothelioma, 

348–350
Denaturation

FISH, 122
in situ hybridization and, 118–119

Dendritic cells, 378, 461–463, 462
COPD and, 532
fungal lung infection, 430
morphologies, 378

Deoxynucleosides, PCR, 87–88
Deoxyribonucleic acid (DNA), 3. See 

also Branched chain DNA
adducts, 14

lung cancer and, 178
polymorphisms and, 178–179
tobacco smoke and, 178
xenobiotic-metabolizing enzymes 

and, 178–179
amplifi cation

microdissection and, 101–102
PCR, 83–86, 85, 101–102, 102

asthma and regulatory, 551–555
CGH and, 101–103, 102–103, 103
damage

asbestos-induced, 348
cancer and, 242
cell cycle checkpoints and, 13
endogenous factor, 14
extracellular factor, 14
lung cancer, 193
p53 and, 56, 171–172

damage repair, 14–15
DSB, 14–15
polymorphisms in, 176

double-strand, Tm, 119
duplication, 4

extraction, molecular pathology, 81
gene replacement in NSCLC 

combined with damaging agents 
of, 221

hybridization, CGH and, 101–103, 
103

melting, 118–119
methylation

adenocarcinoma and, 259
squamous cell carcinoma and, 

259
microdissection and, 101–102
nicotine and, 25
nucleotides, 3
repair

tobacco smoke and, 253
XPD and, 181

repair gene polymorphisms, lung 
cancer susceptibility and, 181

repair genes, 182
reverse transcription, 92–94
in situ hybridization and composition/

structure of, 117, 118
synthesis, 4

Desquamative interstitial pneumonia 
(DIP), 607

Diffuse idiopathic pulmonary 
neuroendocrine cell hyperplasia/
tumorlets, 305

Diffuse large B-cell lymphoma, 
309–311

case, 310–311, 311, 312
Diffuse panbronchiolitis, 467
Dimerization, 5
Dimers, 5. See also Heterodimers; 

Homodimers
DIP. See Desquamative interstitial 

pneumonia
DNA. See Deoxyribonucleic acid
DNA microarrays, 66
DNA repair capacity (DRC), 181
Docetaxel, EGFR targeted therapies 

and, 227
Doxycycline, Legionella pneumophila, 

412
DRC. See DNA repair capacity
DTH. See Delayed type hypersensitivity 

response
Duffy antigen receptor for chemokines 

(DARC)
angiogenesis and, 208
ELR+ CXC chemokine and, 208
NSCLC and, 208

E
E2F1 overexpression, SCLC and, 296
EBV. See Epstein-Barr virus
E-Cadherin, 25, 28
ECD. See Erdheim-Chester disease
Echinococcosis, 452

EFTS. See Ewing family of tumors
EGF. See Epidermal growth factor; 

Epithelial growth factor
EGFR. See Epidermal growth factor 

receptor
Ehrlichia-mononuclear phagocyte 

interaction, 403
Electrospray ionization (ESI), 134
ELR+ CXC chemokine

angiogenesis induced by, 201–202
DARC and, 208
NSCLC and, 206

Emphysema
AATD and, 516
animal models for, 144–145
forms, 57
gene mutations in, 57
pathogenesis, 57

EMT. See Epithelial-mesenchymal 
transition

Endothelial cells
pulmonary repopulation by, 504
vasculitis and leukocyte interaction 

with, 649
Endothelin-1

angiogenesis and, 203
asthma and, 555
pulmonary hypertension and, 203

Endothelium, PAH pathogenesis and, 
640–641

Enteroviruses, 390–391
Environmental exposures

carcinogens, mechanisms of action 
for, 233–235

lung cancer and, 54, 176
lung disease and, 53
in neoplasms, lung/pleural, 

233–238
Enzymes, 529–530

antioxidant, 471
Eosinophils, COPD and, 532
Epidermal growth factor (EGF), 11

asthma and, 554
epithelial repair and, 482

Epidermal growth factor receptor 
(EGFR), 11

adenocarcinoma, 255–258
regulatory pathways and, 261–262

E-cadherin and, 26
cadherins and, 26–27
lung cancer and, 275
lung cancer and activation of, 170
mutations

gefi tinib and, 274
NSCLC and, 262

NSCLC and, 195–196, 262
overexpression of, 262
squamous cell carcinoma and, 

255–258, 274–275, 275
targeted therapies, 227–228



Index 669

Epigenetics, lung disease and alterations 
in, 54

Epimutation
CF, 58
lung cancer, 56–57
lung disease and, 53–58

Epithelial barrier, restitution of, 
478–480

Epithelial cells
alveolar, repair of, 484–485
apoptosis, compensatory of, 482
barrier, restitution/reconstitution of, 

485
COPD and, 531
dedifferentiation, 478–479
density, reconstitution of, 480–481
differentiation

signaling pathways mediating, 481
transcription factors mediating, 482

E-cadherin and, 25
fi brogenesis and injury to, 490, 491
injury, 476–482, 477, 478
IPF, 494
lung, 371

steady-state kinetics of, 476
lung stem, 480–481
metaplasia of, 482
migration, 479
proliferation, 480
provisional matrix for, formation of, 

478
pulmonary repopulation by, 501–504
reconstitution, growth factor functions 

in, 481
redifferentiation, 481–482
regeneration, 476–485
repair, 476–485, 477, 478

ARDS and alveolar, 484–485
EGF and, 482
FGF and, 482–483
growth factors and, 482–483
hepatocyte growth factor and, 483
injury and, 485
morphologic events, molecular 

correlated of, 483, 484
prototypic injuries and, 483–485, 

484
TGF and, 482
viral infections, respiratory and, 

483–484
stem cell-like properties of, 505
transdifferentiation, 481

Epithelial cilia, 370
Epithelial growth factor (EGF), 585
Epithelial-mesenchymal transition 

(EMT), 608
Epithelial tumors, oncogenes associated 

with, 79
Epithelioid cells, sarcoidosis, 618
Epithelioid hemangioendothelioma, 338

Epithelium. See also Respiratory 
epithelium

fi broblastic foci, 491
lung, 371
tobacco smoke and repair of, 529

Epstein-Barr virus (EBV), 242, 391
B-cell infection with, 321–322
cancer and, 245
cytokine interference of, 323–324
cytotoxic activity, 323–324
immune system evasion and, 323
immunocompromised host, 330
infection persistence and, PTLD 

and, 320–322, 321
latency, patterns of, 324–325, 325
latency program, 322
latent infection with, restricted gene 

expression in, 323
LELC and, 279
LMP and, 319–320
lymphomatoid granulomatosis and, 

312
myofi broblastic tumor, infl ammatory 

and, 363
negative disease, 330–331
patterns in, PTLD and, 328
PTLD and, 316, 328
virology of, PTLD and, 317, 318
in vitro infection, PTLD and, 319–320
in vivo infection, PTLD and, 320

Erb family activation, lung cancer and, 
170

Erdheim-Chester disease (ECD), 
628–629

Erlotinib, 274
EGFR targeted therapies and, 228
NSCLC, 26, 196, 229

Erythromycin, Bordetella pertussis, 414
ESI. See Electrospray ionization
Ethnicity

CF and, 577
lung cancer and, 179
xenobiotic-metabolizing enzymes 

and, 180–181
Euchromatin, 4
European Prospective Investigation 

into Cancer and Nutrition 
investigation, 178

Ewing family of tumors (EFTS), 363
cytogenetic studies of, 363–364, 364
molecular studies of, 363–364, 364
pediatric, 363–364

Exons, 5
Extracellular matrix proteins

CD44 and, 33
PAH pathogenesis and, 641

F
Farnesyltransferase inhibitor SCH66336, 

targeted therapy, 229

Fas, LCNEC and, 304
FGF. See Fibroblast growth factor
Fibroblast foci

epithelial cells in, molecular 
characterization of, 612–613

UIP, molecular characterization of, 
610

Fibroblast growth factor (FGF)
asthma and, 555
epithelial repair and, 482–483
lung organogenesis signaling pathway 

of, 585
Fibroblastic foci, 490–492, 492
Fibroblast phenotype, 490–492
Fibroblasts

IPF compared with, 492
sources, 492–493

Fibrocytes
circulating, 492–493
lung fi brosis and, 492–493
pulmonary repopulation by, 504–505

Fibrogenesis, 490–497
Fibroproliferation in lung, angiogenesis 

and, 204–205
Fibrosis. See also Cystic fi brosis; 

Idiopathic pulmonary fi brosis
angiogenesis and, 495
animal models for, 145–146
antioxidants and, 493
apoptosis and, 493–494
HPS and, 497
lung

experimental models of, 490, 491
fi brocytes and, 492–493

mechanisms of, 493–495
oxidative stress and, 493
TGF-β and, 494–495, 495
viral infection and, 495

Field cancerization, 270
Filariasis, 449
FISH. See Fluorescence in situ 

hybridization
FLICE inhibitory protein (FLIP), 46
FLIP. See FLICE inhibitory protein
Fluorescence energy transfer (FRET), 

72, 73
Fluorescence in situ hybridization 

(FISH), 75–76, 117, 120–123
CISH v., 123–124
denaturation, 122
fl uorescence microscopy and, 123
hybridization, 122
prehybridization, 122
probes for, removing nonspecifi cally 

bound, 122–123
procedure, 120, 121
specimens, 122
tumor detection with, 126, 127

Fluorescence microscopy, FISH and, 
123



670 Index

Fluorescence resonance energy transfer 
(FRET), 89–91, 90

Fluorophore, 123
Fluoroquinolones, Mycoplasma 

pneumoniae, 413
Focal adhesion kinase, 24
Fos proteins, asbestos and, 236–237
Fourier transform ion cyclotron 

resonance (FTICR) mass 
spectrometry, 135–136

Free radicals, 473
FRET. See Fluorescence resonance 

energy transfer
FTICR mass spectrometry. See Fourier 

transform ion cyclotron 
resonance mass spectrometry

G
Gametes, 3–4
GATA3, asthma and, 558
Gaucher’s disease, 629
Gefi tinib

EGFR mutations and, 274
NSCLC, 26, 27, 196, 228
in situ hybridization and, 127
squamous cell carcinoma, 276

Geldanamycin, 298
Gemcitabine

EGFR targeted therapies and, 
227–228

NSCLC, 226
Gender

lung cancer mortality, 251
lung cancer susceptibility and, 177

Gene expression profi ling
adenocarcinoma, lung, 343
cancer, 341–344

Gene loci, adenocarcinoma specifi c, 
255–258

Gene profi ling, mesothelioma, 348–350
Gene replacement

NSCLC, combined with conventional 
DNA-damaging agents, 221

p53
clinical trials of, 220–221
preclinical studies of, 220
radiation therapy combined with, 

clinical trials of, 221–222
tumor suppressor, chemotherapy and, 

221
Genes, 3–6. See also specifi c genes

CFTR, 57–58
disease modifi er, sarcoidosis and, 

623–624
DNA repair, 182
expression, 5, 223

adenocarcinoma, 259
EBV latent infection and restricted, 

323

large cell carcinoma and, 288–289
sarcoidosis and, 622–623
techniques for studying, 65–66
transcription factors and, 5

lung disease mutation and alterations 
in, 53–54

lung organogenesis, 587, 588
mutations

CF and, 57–58
emphysema, 57
lung cancer and, 56

products, 3–6
posttranslational modifi cations of, 5

silencing, miRNA, 173
tobacco smoke and interactions of, 

219
transcription factors, 3–6

Gene therapy
AATD, 510, 516–517
administration, 510
agent delivery in, 511
cell entry in, 511–512
CF, 510, 513–516

endpoint assays for, 516
transmembrane conductance 

regulator protein and, 513–514
vectors and, 514–516

genetic defect correction with, 504
gene transfer barriers in, 510–511

overcoming, 512
gene transfer effi ciency in, 512–513
host immune response and, 512–513
infl ammation, 517
in lung, 510–513
lung cancer, 219–223
lung disease, benign, 517
nonneoplastic lung disease, 510–517
nuclear entry in, 511–512
p53, 219–220
preclinical studies, 221
systemic, 222

Genetic aberrations, adenocarcinoma, 
255, 257

Genetic alterations
carcinogenesis and, 270
SCLC molecular, 294–297

Genetic profi le, PTLD, 327–328
Genetic susceptibility, lung cancer and, 

176–182
Genetic testing, surfactant metabolism, 

599
Genome

allelic loss, 109
viral, 384

Genomic aberrations, adenocarcinoma, 
254–255, 256

Genomics, 3, 65
defi ned, 130
functional, 65

Genotype, 4
Global Initiative on Obstructive Lung 

Disease, 530
Glomus tumors, 338
Glutathione peroxidases (GPs), 471
Glutathione-S-transferase (GST), 177–

178, 180
Glycoprotein

AATD and structural maturation of, 
543

biosynthetic quality control, 542–545
degradation, 545
structural maturation of, 543–545, 544
substrate recruitment/proteolysis, 545
substrate selection and, 545

GM-CSF. See Granulocyte-macrophage 
colony-stimulating factor

Gob-5, asthma and, 564
GPs. See Glutathione peroxidases
Granulocyte-macrophage colony-

stimulating factor (GM-CSF), 
554

Granulomas, 463–464
formation, 464

Granulomatous infl ammation, 463–464
Growth factor receptors, 11

LCNEC, 304
Growth factors. See also specifi c growth 

factors
asthma, 551–555
carcinoids and, 303
cell cycle and, 13
epithelial cell reconstitution and 

functions of, 481
epithelial cell repair and, 482–483
mesothelioma and expression of, 354

GST. See Glutathione-S-transferase
GTP. See Guanosine triphosphate
Guanosine triphosphate (GTP), 11

H
Haemophilus infl uenzae, 410
hASH1. See Human acheate-Scute 

Homolog 1 expression
HBE. See Human bronchial epithelial 

cells
HBV. See Hepatitis B virus
HCV. See Hepatitis C virus
HDAC. See Histone deacetylases
Head and neck squamous cell 

carcinoma (HNSCC), 270
Hedgehog-Patched-Smoothened 

signaling pathway, 13
Helminthic pathogens, pulmonary, 

449–452
Hemangioma. See Sclerosing 

hemangioma
Hematopoietic cell transplant, 503
Heparin, NSCLC, 30



Index 671

Hepatitis B virus (HBV), 243–244
Hepatitis C virus (HCV), 243–244
Hepatocellular carcinoma, 243–244
Hepatocyte growth factor (HGF)

adenocarcinoma and, 259, 265
epithelial repair and, 483
SCLC and, 265

Herceptin. See Trastuzumab
Hermansky-Pudlak syndrome (HPS), 

497, 630–631
Herpes simplex virus, 391
Herpetoviridae, 391–392
Heterochromatin, 4
Heterodimers, 5
HGF. See Hepatocyte growth factor
HHV. See Human herpesvirus
Histamine, asthma, 564
Histiocytosis X (HX), pulmonary, 534–

535, 535, 627–628
RB-ILD and, 536

Histoculture, 150
Histone acetyltransferases, 5–6
Histone deacetylases (HDAC), 6

adenocarcinoma and, regulatory 
pathways of, 262–263

E-cadherin and, 27
Histones, 3
Histoplasma, 432, 436
HIV. See Human immunodefi ciency 

virus
HLA. See Human leukocyte antigen
HME. See Human monocytic 

ehrlichiosis
HNSCC. See Head and neck squamous 

cell carcinoma
Hodgkin’s lymphoma, 307
Homodimers, 5
Hookworms, 450
Host defense

adaptive immunity and, 374–378
neutrophils and, 372

Host innate response
HME, 403–404
infection, adaptive, 400–401

HPS. See Hermansky-Pudlak syndrome
HPV. See Human papillomavirus
HTLV. See Human T-cell lymphoma/

leukemia virus
Human acheate-Scute Homolog 1 

(hASH1) expression, 294
Human bronchial epithelial (HBE) 

cells, 154
Human Genome Project, 70
Human herpesvirus (HHV), 243, 392
Human immunodefi ciency virus (HIV), 

240
cancer and, 245

Human leukocyte antigen (HLA)
asthma and, 564

lung disease linked to, 465–467
pneumonitis, hypersensitivity and, 

466–467
pulmonary infection and expression 

of, 466
sarcoidosis and, 621–622

Human monocytic ehrlichiosis (HME), 
401–404

cellular injury, 403
clinical disease, 401–403
diagnosis, 404
Ehrlichia-mononuclear phagocyte 

interaction, 403
lung involvement, 401, 402
pathophysiology, 401–403
tissue injury, 403

Human papillomavirus (HPV), 243
cancer and, 245

Human T-cell lymphoma/leukemia 
virus (HTLV), 244

Humoral immunity, 378
HX. See Histiocytosis X, pulmonary
Hybrid Capture, 72
Hybridization, 119. See also 

Comparative genomic 
hybridization; Fluorescence in 
situ hybridization; In situ 
hybridization

DNA, 101–103, 103
FISH, 122

I
IAP. See Inhibitors of apoptosis 

proteins
ICAMs. See Intercellular cell adhesion 

molecules
ICMV. See Immune complex mediated 

vasculitides
Idiopathic pulmonary fi brosis (IPF), 

465, 490. See also UIP/IPF
epithelial cells in, 494
fi broblasts compared with, 492
UIP and, 607

IEF. See Isoelectric focusing
IgCAMs. See Immunoglobulin cell 

adhesion molecules
IGF. See Insulin-like growth factor 

system
ILs. See Interleukins
Imatinib mesylate, SCLC, 229–230
Immune complex mediated vasculitides 

(ICMV), 645
Immune response

gene therapy and host, 512–513
HME, 403–404
infection, adaptive, 400–401
parasitic infection and adaptive, 

443–444
sarcoidosis, 620

tuberculosis, 423
Immune system

EBV and evasion of, 323
PTLD and evasion of, 323–324

Immunity
acquired, 461–463
adaptive, 374–378

fungal lung infection and, 430–431
cell-mediated, 430
humoral, 378

fungal lung infection and, 431
innate, 370, 459–460

cellular component, 429–430
complement component, 430
fungal lung infection, 429–430
PAMPS and, 429
parasitic infection, 443
TLRs and, 429, 460–461

Immunodefi ciency, PTLD and, 315
Immunoglobulin, asthma and, 562
Immunoglobulin cell adhesion 

molecules (IgCAMs), 22, 30–32
Immunohistochemical markers

basaloid carcinoma, 281, 283
large cell carcinoma, 281–282, 283

rhabdoid phenotype, 282, 283
LCNEC, 281, 283
LELC, 282, 283

Immunohistochemistry
cancer, 341
PPB, 359

Immunopathology, tuberculosis, 
419–425

Immunosuppression, PTLD and, 315
Indistinguishable differentials, 617–618
Inducible nitric oxide synthase (iNOS), 

424
Infections. See also Viral infections

adaptive immune responses to, 
400–401

fungal lung, 429–439
adaptive immunity and, 430–431
diagnosis of, 436–438
humoral immunity and, 431
innate immunity, 429–430
molecular diagnostic techniques 

for, 437–438
pathogenesis of, 431–436
pathology of, 431–436
PCR, 437–438
serologic diagnosis, 437
therapy, molecular basis for, 438

host innate responses to, 400–401
LOH and, 109–110
lung

fungal, 429–439
rickettsial, 397–404
susceptibility to, 369–379

parasitic, 442–452



672 Index

Infections (cont.)
adaptive immune response to, 

443–444
innate immunity to, 443

proteomics and, 140
pulmonary

HLA expression and, 466
molecular pathology of, 367–452

tissue culture, 160–161
tumors and, 240
viral, 240, 385

Infectious agents
anatomic pathology testing for, 80–81
lung tumors and, 362–363
molecular testing for, 80–81
myofi broblastic tumor, infl ammatory, 

362–363
viral, 240

Infectious disease
in situ hybridization, 127
tissue culture, 156

Infl ammation, 459–467
acute, 459–460
ARDS, 152
characterization, 459
chronic, 459–460
COPD and, 531
defective, 460
eosinophilic, 467
excessive, 460
granulomatous, 463–464
harmful effects, 460
interstitial, 464–465
mediators, 459, 460
PAH pathogenesis and, 641
variants, 463–465
viruses and, 240

Infl ammatory response, 459–460
Infl uenza virus, 382
Infrared multiphoton dissociation 

(IRMPD), 136
Inhalant exposure, lung disease and, 

53
Inherited disease, in situ hybridization, 

127
Inhibitors of apoptosis proteins (IAP), 

46–47
iNOS. See Inducible nitric oxide 

synthase
In situ hybridization. See also 

Chromogenic in situ 
hybridization; Fluorescence in 
situ hybridization

applications, 117
base pairing and, 117–118, 118
CEP, 119
CGH and, 124–125
chromosomal paints, 120
clinical applications, 126–127
denaturation and, 118–119

DNA composition/structure and, 117, 
118

infectious disease, 127
inherited disease, 127
oncology, 126–127
PCR v., 117
principles, general of, 117–119
probes for, 119–120
prognostication with, 127
pulmonary medicine and, 117–128
renaturation and, 118–119
techniques utilizing, 124–125
treatment guided by, 127
tumor

detecting and, 126
typing and, 126–127

Insulin-like growth factor (IGF) system, 
263–264

α3β1-Integrin
COX-2 and, 23–24
NSCLC and, 23
SCLC and, 23

Integrins, 22–29
asthma and, 556–557, 557
COX-2 and, 23–24
CXCR4 chemokine receptors and, 

23
focal adhesion kinase and, 24
lung development and, 22–23
research related to, 24–25

Intercellular cell adhesion molecules 
(ICAMs), 30

cancer and, 31
NSCLC and, 31–32

Interleukins (ILs)
asthma and, 551–555, 552
vasculitis and, 650

Interstitial lung disease
genetic studies of, 497
inherited forms of, 496–497

Introns, 5
Invader, 72–73
IPF. See Idiopathic pulmonary fi brosis
IRMPD. See Infrared multiphoton 

dissociation
Ischemia, angiogenesis and, 204
Ischemic brain injury, caspases and, 45
Isoelectric focusing (IEF)

PAGE and, 132
pH of, 132
strip placement for, 132

Itraconazole, fungal lung infection, 438

J
Jaagsiekte sheep retrovirus (JSRV), 

245
JAK. See Janus kinase
Janus kinase (JAK), 12
JSRV. See Jaagsiekte sheep retrovirus
Jun proteins, asbestos and, 236–237

K
Kaposi’s sarcoma (KS), 202, 243
Karyotypic analysis studies, 

mesothelioma, 348
Karyotyping

CGH v., 124–125
spectral, lung cancer and, 55

Ketolides, Mycoplasma pneumoniae, 
413

Knockout mouse models, lung disease, 
146

K-ras
adenocarcinoma and mutations of, 

79–80
adenocarcinoma and oncogene, 

258
large cell carcinoma and, 286
lung cancer and activation of, 170

KS. See Kaposi’s sarcoma

L
LAD-1. See Leukocyte adherence 

defi ciency-1
Large cell carcinoma

categories, 279
CGH, 287–288
chromosomal studies and, 287–288
cytogenetic studies and, 287
gene expression profi ling studies for, 

288–289
immunohistochemical markers for, 

281–282, 283
K-ras and, 286
LOH, 288
lung, 54
molecular pathology, 279–290
molecular pathway, 282, 283
molecular studies, 281–282
NSCLC and, 286
p53 and, 286
prognostic markers, 282, 283
proteomics, 289–290
rhabdoid phenotype, 279, 280

immunohistochemical markers for, 
282, 283

single gene studies in, 286–287
subcategories, 279

Large cell carcinoma neuroendocrine 
morphology (LCCNM), 280

Large cell neuroendocrine carcinoma 
(LCNEC), 279

angiogenic factors, 304
apoptotic factors and, 304
cadherin/catenin complex and, 

304–305
CGH, 287–288
growth factors/receptors, 304
immunohistochemical markers for, 

281, 283
LOH, 288



Index 673

malignant proliferation, molecular 
alterations refl ecting, 303–305

molecular pathology, 304
molecular pathway, 282, 283
p53 pathway and, 304
prognostic markers, 282, 283, 284, 285
Rb pathway and, 304
single gene studies in, 287
somatic genetics, 303

Laser capture microdissection (LCM), 
78–79, 79

Laser microdissection, 101–102
Latent membrane protein (LMP), 

319–320
LCCNM. See Large cell carcinoma 

neuroendocrine morphology
LCM. See Laser capture microdissection
LCNEC. See Large cell neuroendocrine 

carcinoma
Legionella pneumophila, 411–413

antimicrobial resistance, 412
clinical features, 412
diagnostic testing, 412–413
pathogenesis, 412

LELC. See Lymphoepithelioma-like 
carcinoma

Leukemia stem cells, 213
Leukocyte adherence defi ciency-1 

(LAD-1), 372
Leukocytes

function, 373
vasculitis and endothelial cell 

interaction with, 649
Ligands, 11
LIP. See Lymphocytic interstitial 

pneumonia
Lipomatous neoplasms, 336–337
Liposarcoma. See Myxoid liposarcoma
Liquid bead microarrays, 76
LMP. See Latent membrane protein
Löfgren’s disease, 616
LOH. See Loss of heterozygosity
Loss of heterozygosity (LOH)

AAH, 254
adenocarcinoma and, 110, 254
analysis, 108–109
asbestos and, 109
asthma, 113
COPD, 113
defi ned, 108
detecting, 108–109
at 8p, 111–112
factors infl uencing, 109–110
at 15q, 112
at 5p, 111
at 4p, 111
large cell carcinoma, 288
LCNEC, 288
lung cancer and, 55

patterns of, 110–112

lung disease, 108–113
benign, 113

at 9p, 112
at 19p, 112
NSCLC, 55, 110
at 1p, 111
pathogens and, 109–110
pulmonary fi brosis, idiopathic, 113
sarcoidosis, 113
SCLC, 110
sclerosing hemangioma, 335
at 17p, 112
squamous cell carcinoma and, 110, 

271–272
at 10q, 112
at 13q, 112
at 3p, 111
tobacco smoke and, 109
on X chromosome, 112

Lung
anatomy, 369–374
antioxidants in, 471–472
apoptosis and, 40–49
carcinogenesis, 233, 234
cell death and, 40–49
cell lines for tissue of, 154–156
defense, 374, 459

adaptive immunity and, 374–378
environmental agents in neoplasms 

of, 233–238
epithelial cells, 371

steady-state kinetics, 476
epithelium, 371
function, 369–374

rickettsial infections and, 397–398
gene therapy in, 510–513
histiocytic disease of, 627–631
HME and involvement of, 401, 402
injury, tissue culture for acute, 156
lymphoma in, 307
microcirculation, 369, 370
organogenesis, 584–587

airway and, 586
alveoli and, 586
branching, 586
genes and developmental 

abnormalities in, 587, 588
mesenchyme and, 586–587
signaling pathways in, 585–586
vascular factors in, 587

oxidants in, 470–471
progenitor cells of, 480–481
regeneration, 252–253
rickettsial infections and structure of, 

397–398
stem cells, epithelial, 480–481
surfactant metabolism and pathology 

of, 595–597, 596
transplants, 473

PTLD and, 315, 316–317

Lung allograft injury, 473–474
Lung cancer, 54–57. See also Non-small 

cell lung cancers; Small cell lung 
cancers; specifi c lung cancers

AhR and, 180
angiogenesis in, 205
animal models of, 146
apoptosis and, 48
asbestos and, 169
asbestos-associated, 235
benzo(a)pyrene and, 177
cadehrins and, 25
E-cadherin and, 26–27
CD44 and, 32, 33
cell culture, 159
chemokines in, 205
chromosomal alterations in, 54–55
chromosomal deletions in, 55, 

172–173
chromosomal rearrangements in, 55
c-Myc protooncogene amplifi cation 

and, 55
CYP2A6 and, 180
CYP genes and, 177, 180
cytochrome P450 and polymorphisms 

in, 179
death from, 251
development, 169
DNA adducts and, 178
DNA damage in, 193
EGFR and, 275

activation of, 170
environmental exposures and, 176
epimutations in, 56–57
familial risk for, 176
gender differences in susceptibility to, 

177
gene mutations in, 56
gene therapy approaches to, 219–223
genetic susceptibility, 176–182
GST and, 177–178, 180
integrins and, 22
introduction to, 169
K-ras activation and, 170
LOH and, 55

patterns of, 110–112
macrophages, alveolar and, 31–32
mEH and, 180
miRNA and, 173
molecular anatomic testing for 

targeted therapies in, 80
molecular oncogenesis of, 169–173
Myc activation and, 170–171
neuroendocrine, prognostic markers 

for, 196–197
occupational exposure and, 176
oncogene activation and, 169–171
oncogene alterations in, 171
p16INK4A and, 56
p16INK4 and, 172



674 Index

Lung cancer (cont.)
p53 and, 56, 171–172, 219
pathogenesis, 54
progression, 169
proteomics and, 139
psychological study of, three-

dimensional models for, 158
ras gene family and, 56
Rb alterations in, 295
Rb and, 172
risk factors, 169, 176–179

allelic variations and, 179
susceptibility to, 176

secondhand smoke and, 176
selectins and, 29
sialomucin overexpression and, 29–30
spectral karyotyping of, 55
stem cells, 213–216
susceptibility

DNA repair gene polymorphisms 
and, 181

GST and, 180
polymorphisms and, 179

three-dimensional models for, 
158–160

tissue culture, 155–156
tobacco smoke and, 109, 169, 176
TSG alterations in, 171–173
tumor metastasis, 169
VEGF alterations and, 171
xenobiotic-metabolizing enzyme 

genes and, 176–178, 179–182
Lung carcinomas, classifi cation, 279
Lung disease. See also specifi c lung 

diseases
animal models of, 144–147
apoptosis and pathogenesis of, 47–48
benign

gene therapy for, 517
LOH in, 113

cell culture, 152
CF and, pathophysiologic features of, 

579
epigenetic alterations in, 54
epimutation and, 53–58
free radicals and, 473
genetic alterations, 53–54
histiocytic, 627–631
HLA-linked, 465–467
infectious, proteomics and, 140
inhaled toxicants and, 152
interstitial, 464–465

animal models for, 145–146
knockout mouse models for, 146
LOH in, 108–113
mutation, 53–58
neoplastic, 54–57

proteomics and, 140–141
noninfectious infl ammatory, 

proteomics and, 139–140

nonneoplastic
animal models for, 144–146
gene therapy in, 510–517
molecular pathology, specifi c 

entities, 525–660
obstructive, 57–58
oxidative stress-associated, 473–474
pathogenesis, 53
PCR, 83
proteomics and diagnosis of, 130–132
signaling pathways, 11
smoking-related, 527–537
three-dimensional models for, 

158–160
tissue culture, 154–156

models for, 150
TLRs and, 461
tobacco smoke-induced, 534–536
transgenic mouse models, 144

Lung infections
fungal, 429–439

diagnosis of, 436–438
humoral immunity of, 431
immunity and, 429–431
molecular basis of pathogenesis for, 

432–435, 435
molecular diagnostic techniques 

for, 437–438
pathogenesis of, 431–436
pathology of, 431–436
PCR, 437–438
serologic diagnosis, 437
therapy, molecular basis for, 438

rickettsial, 397–404
susceptibility to, 369–379

Lung tumors
ALK expression and, 362, 363
infectious agents and, 362–363
pediatric

cytogenetic studies of, 361–363
molecular pathology of, 358–364
molecular studies of, 361–363

Lymphangioleiomyomatosis, 335
Lymphocyte-macrophage network, 

sarcoidosis and, 622–623
Lymphocytes, tissue distribution of, 

376–377, 377. See also T 
lymphocytes

Lymphocytic interstitial pneumonia 
(LIP), 607

Lymphoepithelioma-like carcinoma 
(LELC), 279

EBV and, 279
immunohistochemical markers for, 

282, 283
single gene studies in, 287

Lymphomas. See also specifi c 
lymphomas

in lungs, 307
posttransplantation, 311–312

pulmonary, 307–313
in AIDS, 312

Lymphomatoid granulomatosis, 
312–313, 313

Lysosomal storage disorders, 629–631

M
Macrolides

Legionella pneumophila, 412
Mycoplasma pneumoniae, 413

Macrophages, 461–463. See also 
Granulocyte-macrophage colony-
stimulating factor; Lymphocyte-
macrophage network

alveolar, 31–32, 372, 373
COPD and, 532
M-TB and, 423, 424

MAdCAM. See Mucosal addressin cell 
adhesion molecules

Maintenance protein complex (MCM), 
4

Major histocompatibility complex 
(MHC) system, 465

MALDI. See Matrix-assisted laser 
desorption/ionization

Malignant mesothelioma (MM)
asbestos-associated, 235, 347–348

polymorphisms and, 350–351
cyclin-dependent kinase inhibitor 

function and, 351
diffuse, 347–354
NF2 gene, 352
oncogenesis, 347–348
p53 and, 351–352
radiation and, 348
TSG inactivation and, 351–352
viruses and, 348

Malignant small round cell tumor of 
thoracopulmonary region, 363

MALT. See Mucosa-associated 
lymphoid tissue lymphoma

MAPK. See Mitogen-activated protein 
kinase

MASCOT, protein identifi cation and, 
137

Mass fi ngerprinting identifi cation, 
136

Mass spectrometry, 76
“dream team” system of, 135–136
FTICR, 135–136
imaging, 134
ionization, 135
MALDI, 134
protein identifi cation, 138
protein quantifi cation, 138
proteomics and, 134–136
SELDI, 135

Matrix-assisted laser desorption/
ionization (MALDI), 134

TOF, 134, 141



Index 675

Matrix metalloproteinase (MMP), 28
asthma, 563
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hydrolase
Melting temperature (Tm)

DNA, double-strand, 119
PCR, 72, 74, 86–87
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animal models of, 147
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asbestos-associated, 235
CGH, 348–349
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cytokine expression and, 354
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growth factor expression and, 354
karyotypic analysis studies, 348
localized, 336
SV40 and, 352–353
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Messenger RNA (mRNA), 4
Metabolomics, 66
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differentiated from, 344
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epithelial cell, 482
respiratory viral infections and 

mucous cell, 484
squamous, E-cadherin and, 25–26

Metapneumovirus, 389
Methicillin, Staphylococcus aureus, 415
Methylation detection methods, 75
MHC system. See Major 

histocompatibility complex 
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Micafungin, fungal lung infection, 438
Microarrays, 75–76

cancer, 342–343
chromosomal, 75
liquid bead, 76
oligonucleotide, 76, 343
UIP studies with DNA, 608

Microcarrier cultures, lung cancer, 158
Microdissection, 78–79. See also Laser 

capture microdissection
DNA amplifi cation and, 101–102

MicroRNA (miRNA)
carcinogenesis and, 259–260
gene silencing by, 173
lung cancer and, 173
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pathogens and, 447–448
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Microarray Experiment (MIME) 
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miRNA. See MicroRNA
Mismatch repair genes (MMR), 14
Mitogen-activated protein kinase 

(MAPK)
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signaling pathways and, 11, 236–237

Mitosis, 13
MM. See Malignant mesothelioma
MMP. See Matrix metalloproteinase
MMR. See Mismatch repair genes
Molecular diagnostics, 70, 71

fungal lung infection, 437–438
Molecular markers

Cancer differential diagnosis with, 
342–344

lung lesion differentiation with, 344
Molecular oncogenesis, lung cancer, 

169–173
Molecular pathogenesis

asthma, 550–565
helminthic pathogens, pulmonary, 

449–452
parasitic, 442–445
protozoan pathogens, pulmonary, 

446–449
Molecular pathology, 3

amplifi cation technologies, 71–73
basic concepts, 1–58
carcinoid, 302
degree programs, 77
DNA extraction, 81
experimental systems, 65–162
FISH, 75–76
fungal lung infection, 429–439
general approach to, 70–77
implementing, 77
infections, pulmonary, 367–452
laboratory design considerations for, 

77
laboratory staffi ng for, 77
large cell carcinoma, 279–290
LCNEC, 304
liquid bead microarrays, 76
lung tumors, pediatric, 358–364
mass spectrometry, 76
methylation detection methods, 75
microarrays, 75–76
neuroendocrine carcinoma, 302
nonneoplastic lung disease, specifi c 

entities, 525–660

nucleic acid extraction, 70
pleural neoplasm, 167–245

specifi c histiologic types in, 
249–364

pulmonary disease, noneoplastic, 
457–517

pulmonary neoplasm, 167–245
specifi c histiologic types in, 249–364

respiratory diseases, viral, 382–392
restriction fragment analysis, 74
rickettsial lung infections, 397–404
sampling errors, 81
sequencing, 74–75
small cell carcinoma, 293–298
southern blotting, 74
squamous cell carcinoma, 270–276
systems biology approaches to, 76–77
techniques in, 65–162
test, 70, 71
vasculitides, pulmonary, 647–650

Molecular studies
EFTS, 363–364, 364
lung tumor, pediatric, 361–363
PPB, 359, 360

Molecular tests
in anatomic pathology, 78–81
anatomic pathology, lung cancer 

targeted therapies and, 80
infectious agent, 80–81
pneumonia, pathogens causing, 

408–409
Molecular therapy
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targeted, response to, 226–230

Monoclonal antibodies, EGFR targeted 
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Monocytes, 463
Moraxella catarrhalis, 410–411
mRNA. See Messenger RNA
M-TB. See Mycobacterium tuberculosis
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Mucosa-associated lymphoid tissue 

lymphoma (MALT), 307–309
case, 308–309, 309
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Mucosal addressin cell adhesion 
molecules (MAdCAM), 30
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NSCLC and, 196
SCLC and, 295–296
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asthma and, 562

Mutations
gene

CF and, 57–58
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lung cancer and, 56

lung disease and, 53–58
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Mycobacterium tuberculosis (M-TB), 
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protection against, 422–423
ROS, 424–425

Mycoplasma pneumoniae, 413–414
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ALK expression in, 362
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with, 506
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Natural killer cells, 378
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molecules
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Necrosis, 40–41, 41

DTH, 420
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environmental agents in, 233–238
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molecular pathology, 334–339
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Neural cell adhesion molecules 

(NCAM), 30
Neuroendocrine carcinomas, 301–305. 
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NF-κB. See Nuclear factor-κB
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and, 54, 176
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microarrays, 76
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activation, 169–171
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assays, 79
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ORC. See Origin recognition complex
Organ culture, 151
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PAF. See Platelet-activating factor 
(PAF)

PAGE. See Polyacrylamide gel 
electrophoresis

PAH. See Pulmonary arterial 
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PAMPS. See Pathogen-associated 
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443–444

geographic distribution and, 452
molecular pathogenesis, 442–445
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Phagocytic system, 529
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pathogenesis of, 407
pathology of, 407–408
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diagnosis, 408–409
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Moraxella catarrhalis, 410–411
Mycoplasma pneumoniae, 413–414
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for, 408–409
Staphylococcus aureus, 414–415
Streptococcus pneumoniae, 409–410
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Pollutants, 233
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Polymerase chain reaction (PCR), 
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temperature for, 86–87
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components, 87–88
contamination, 72
cycle threshold, 91
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DNA amplifi cation, 83–86, 85, 101–
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dual-probe, 90, 91
probes for, 91–92

reverse transcription, 92
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fragment-length polymorphism; 
Single nucleotide polymorphisms
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bleomycin-induced, 204
idiopathic, LOH, 113

Pulmonary hypertension
angiogenesis and, 203–204
endothelin-1 and, 203
neonatal, 154–155

Pulmonary Langerhans cell histiocytosis 
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cancer, 223
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RB-ILD. See Respiratory bronchiolitis-

combined interstitial lung disease
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polymorphism (RFLP), 74
Retinoblastoma (Rb)

alterations in, lung cancer and, 295
cell cycle and, 13–14
lung cancer and, 55, 172, 295
NSCLC and, 195
pathway
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Spectral karyotyping, lung cancer, 55
Spectrometry, 135. See also Mass 
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