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Foreword

Regenerative medicine is a multidisciplinary field aimed at enhancing the
body’s own reparative capacity in order to provide safe and effective
therapies for a host of incurable diseases. This innovative way of treating
diseases uses either exogenous sources of cells, mostly stem cells, or stim-
ulates the further production and release of endogenous stem cells,
commonly known as “reparative” cells.

The use of stem cells to help with lung regeneration and repair is a
novel therapy which could help phase out the need for conventional sur-
gical or pharmacological approaches currently employed to treat diseases
of the lung or other organs. The present book explores all avenues of this
new form of medical care, moving swiftly, but in depth, from the basic
science of lung development, to the analyses of different stem cells types
available for regeneration and on to the application of this knowledge base
in initial clinical trials.

I would like to congratulate Professor Dame Julia Polak and the
impressive team of contributors for giving all of us an up-to-date insight
into what is currently known on stem cell therapies for lung disorders.
This work is enlightening and to the point. My warmest compliments to
the team for highlighting the great promise for the future of regenerative
medicine.

Professor Sir Roy Anderson
Imperial College London
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Preface

Discovered centuries ago, regeneration is a fascinating biological
phenomenon. Organ regeneration occurs throughout life in complex
organisms and has puzzled investigators for centuries. In some phyloge-
netically lower organisms, such as hydra and the scrutinised planaria,
organ regeneration is a relatively common process.

In humans, the liver has a powerful regenerative ability after partial
surgical resection; the remaining liver cells respond by growing and
dividing to expand the liver to its original size. Lung diseases are common
and costly. They present a serious burden to society: hospitalisation is
frequent and expensive therapies are mostly palliative. Quality of life is
poor and loss of productive working day expensive.

The ground breaking discovery of the presence of stem cells in mam-
mals, including man, led to the realisation of their immense potential as
therapeutic agents for a large number of diseases including those of the
respiratory tract. The Nobel Prize for Medicine of 2008 was awarded to
Professor Sir Martin Evans, one of the discoverers.

Stem cells are the engines of the body, generating an identical daughter
cell and another one of a specific lineage (precursor cells). This means the
body can maintain, in normal circumstances, a balanced homeostasis.

Respiratory diseases account for more than 845,000 hospital admissions
each year, behind only injury and poisoning as a cause of emergency
admissions. Of the 580,000 deaths each year in the UK, one in five is due
to respiratory diseases with 35,000 deaths being attributed to lung cancer
followed by pneumonia and chronic obstructive pulmonary disease
(COPD). Many chronic lung diseases, such as COPD, remain without
cure and are only treatable with lung transplantation. However, the
demand for organ transplants is high, and the shortage of donor organs
severely limits this clinical approach.

xxiii



xxiv Preface

An increasing number of studies suggest that cell therapy
approaches may be powerful tools both for repair of injured or diseased
lungs as well as for understanding mechanisms involved in both lung
development and lung repair. This rapidly progressing field encom-
passes a number of disciplines and conceptual approaches including
study of endogenous stem and progenitor cells resident in the lung and
investigations utilising exogenously administered cells for repair of
injured lung.

In this volume a stellar group of researchers converge, from different
angles, to help towards clarifying the basic mechanisms of lung repair.
These range from basic concepts of regeneration and lung development, the
analyses of a variety of cell types that may be involved in lung repair, to
ways of creating complex lung structures, including artificial and bioartifi-
cial lungs. The book offers an insight into repair mechanisms of the diseased
lung, the role of specific lung niches and provides information on initial
clinical trials as well as the use of stem cells as vehicles for gene therapy.
Ingenious technological aspects of assessing stem cell engraftment of stem
cell bioprocessing are also included in this volume.

Professor Dame Julia Polak
Imperial College London



Chapter 1

A General Review of the Current
Knowledge of Stem Cell Therapy
for Lung Disorders

Daniel J. Weiss

An increasing number of studies suggest that cell therapy approaches
may be powerful tools for repair of injured or diseased lungs as well as
for understanding mechanisms involved in both lung development and
lung repair. This rapidly progressing field encompasses a number of
disciplines and conceptual approaches including the study of endoge-
nous stem and progenitor cells resident in the lung, and investigations
utilizing exogenously administered cells for the repair of injured
lung. Moreover, the field has undergone several conceptual shifts over
recent years. For example, the initial focus on engraftment of exoge-
nously administered cells as airway or alveolar epithelium has been
shifted to the current emphases on immunomodulation of inflammatory
and immune pathways in the lung by stem cells, and on bioengineering
approaches to grow functional lung tissue ex vivo for subsequent use in
in vivo implantation for destructive lung diseases, such as emphysema.
Furthermore, it has become apparent that the variety of candidate stem
and progenitor cell types can have different actions in the lung. Each
of these areas is the focus of a comprehensive chapter in this book.
The goal of this introductory chapter is to provide an overview of the
field to date.

Keywords: Lung; stem cell; cell therapy; mesenchymal stem cell;
endothelial progenitor cell; fibrocyte.
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Outline

1. Introduction and Terminology

2. Endogenous Lung Stem and Progenitor Cells

3. Endogenous Lung Progenitor Cells as Lung Cancer Stem Cells

4. Structural Engraftment of Circulating or Exogenously Administered
Stem or Progenitor Cells

5. Immunomodulation of Lung Inflammatory and Immune
Pathways

6. Lung Tissue Bioengineering

Clinical Trials in Lung Cell Therapy

8. Conclusions
References

.

1. Introduction and Terminology

Prior to embarking on a review of the field, it is essential to establish the
terminology to be utilized. This is all the more important as there is no
uniform agreement on a number of definitions utilized in the published
literature, and the lack of consistency in terminology between different
publications has confounded comparisons between findings of different
investigations. The issue of terminology affects both general basic defini-
tions of “stem” and “progenitor” cells as well as more lung-focused
definitions such as “bronchiolar stem cell” and “bronchioalveolar stem
cell”. Furthermore, precise definitions and characterisations of specific
bone marrow-derived cell populations, notably mesenchymal stem cells
and endothelial progenitor cells, are not agreed upon.'

This issue has been addressed in several forums, most recently at
the conference, “Stem Cells and Cell Therapies in Lung Biology and
Diseases”, held in 2007 at the University of Vermont. A glossary of rele-
vant working definitions applicable to the lung was developed at that
conference and is depicted in Table 1.' This glossary does not necessarily
reflect an overall consensus for the definition of each term and will
undergo continuing revision as overall understanding of the cell types and
mechanisms involved in lung repair continue to be elucidated.
Nonetheless, it is a useful framework.
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Table 1: Glossary and definitions of terminology.

Potency
Totipotent

Pluripotent
Multipotent
Unipotent

Reprogramming

Transdifferentiation

Plasticity

Embryonic Stem Cell

Adult Stem Cell

Adult Tissue-Specific
Stem Cell

Sum of developmental options available to cell.

Ability to (re)generate an organism in total. In mammals only
the zygote and the first cleavage blastomeres are totipotent.

Ability to form all lineages of body. Example: embryonic
stem cells.

Ability of adult stem cells to form multiple cell types of one
lineage. Example: haematopoietic stem cells.

Cells form one cell type. Example: spermatogonial stem cells
(can only generate sperm).

Change in epigenetics that can lead to an increase in potency,
dedifferentiation. Can be induced by nuclear transfer,
cell fusion, genetic manipulation.

The capacity of a differentiated somatic cell to acquire the
phenotype of a differentiated cell of the same or different
lineage. An example is epithelial-mesenchymal transition
(EMT), a process whereby fully differentiated epithelial
cells undergo transition to a mesenchymal phenotype
giving rise to fibroblasts and myofibroblasts.

Hypothesis that somatic stem cells have broadened potency
and can generate cells of other lineages, a concept that is
controversial in mammals.

Cells isolated from the inner mass of early developing
blastocysts. ES cells have the capacity for self-renewal and
are pluripotent, having the ability to differentiate into cells
of all embryologic lineages and all adult cell types.
However, ES cells cannot form extraembryonic tissue
such as trophectoderm.

Cells isolated from adult tissues including bone marrow,
adipose tissue, nervous tissue, skin, umbilical cord blood,
and placenta that have the capacity for self-renewal.
In general, adult stem cells are multipotent, having the
capacity to differentiate into mature cell types of the parent
tissue. Some populations of adult stem cells, such as
MSCs, exhibit a range of lineage differentiation that is not
limited to a single tissue type. Whether adult stem cells
exhibit plasticity and can differentiate into a wider variety
of differentiated cells and tissues remains controversial.

Same as adult stem cells but with defined tissue specificity.
A relatively undifferentiated cell within a given tissue
that has the capacity for self-renewal through stable
maintenance within a stem cell niche. Adult tissue-specific
(endogenous) stem cells have a differentiation potential

(Continued)
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Table 1: (Continued)

Induced Pluripotent
Stem Cell

Progenitor Cell

Transit-Amplifying
Cell

Obligate Progenitor
Cell

Facultative Progenitor
Cell

Classical Stem Cell
Hierarchy

equivalent to the cellular diversity of the tissue in which
they reside. The haematopoietic stem cell is a prototypical
adult tissue stem cell.

Reprogrammed adult somatic cells that have undergone
dedifferentiation, such as dermal fibroblasts, reprogrammed
by retroviral transduction to express four transcription
factors: Oct 3/4, Sox2, c-Myc, and Klf4. iPS cells are
similar to ES cells in morphology, proliferation, gene
expression, and ability to form teratomas. In vivo
implantation of iPS cells results in formation of tissues
from all three embryonic germ layers. iPS cells have been
generated from both mouse and human cells.

A collective term used to describe any proliferative cell that
has the capacity to differentiate into different cell lineages
within a given tissue. Unlike stem cells, progenitor cells
have limited or no self-renewal capacity. The term
progenitor cell is commonly used to indicate a cell can
expand rapidly, but undergoes senescence after multiple
cell doublings. Terminology that takes into account the
functional distinctions among progenitor cells is
suggested below.

The progeny of endogenous tissue stem cells that retain
relatively undifferentiated character, although more
differentiated than the parent stem cell, and have a finite
capacity for proliferation. The sole function of
transit-amplifying cells is generation of a sufficient number
of specialised progeny for tissue maintenance.

A cell that loses its ability to proliferate once it commits to a
differentiation pathway. Intestinal transit-amplifying cells
are obligate progenitor cells.

A cell that exhibits differentiated features when in the
quiescent state yet has the capacity to proliferate for
normal tissue maintenance and in response to injury.
Bronchiolar Clara cells are an example of this cell type.

A stem cell hierarchy in which the adult tissue stem cell
actively participates in normal tissue maintenance and
gives rise to a transit-amplifying cell. Within this type of
hierarchy, renewal potential resides in cells at the top of the
hierarchy, i.e. the stem and transit-amplifying cell, and
cells at each successive stage of proliferation become
progressively more differentiated.

(Continued)
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Table 1: (Continued)

Non-Classical Stem
Cell Hierarchy

Rapidly Renewing
Tissue

Slowly Renewing
Tissue

Haematopoietic
Stem Cell

Endothelial Progenitor

Cell

Mesenchymal Stromal

(Stem) Cell

A stem cell hierarchy in which the adult tissue stem cell does
not typically participate in normal tissue maintenance
but can be activated to participate in repair following
progenitor cell depletion.

Tissue in which homeostasis is dependent on maintenance of
an active mitotic compartment. Rapid turnover of
differentiated cell types requires continuous proliferation
of stem and/or transit-amplifying cells. A prototypical
rapidly renewing tissue is the intestinal epithelium.

Tissues in which the steady state mitotic index is low.
Specialised cell types are broadly distributed, long-lived,
and a subset of these cells, the facultative progenitor cell,
retains the ability to enter the cell cycle. The relative
stability of the differentiated cell pool is paralleled by
infrequent proliferation of stem and/or transit amplifying
cells. The lung is an example of a slowly renewing tissue.

Cell that has the capacity for self-renewal and ability to
differentiate into mature leukocytes, erythrocytes, and
platelets. Whether HSCs exhibit plasticity and can
differentiate into mature cells of other lineages remains
controversial.

Circulating cells that have the potential to proliferate and
differentiate into mature endothelial cells. Studies of EPCs
have been complicated by the use of the same terminology
to define at least two different cell populations that have
different cell surface markers, different cell sources, and
different abilities to differentiate into mature endothelial
cells in vitro and in vivo. There is a critical need to develop
a consensus definition of EPCs with particular emphasis on
the functional capabilities of these cells.

Cells of stromal origin that can self-renew and have the
ability to differentiate into a variety of cell lineages.
Initially described in a population of bone marrow stromal
cells, they were first described as fibroblastic colony
forming units, subsequently as marrow stromal cells, then
as mesenchymal stem cells, and most recently as
multipotent mesenchymal stromal cells or MSCs. MSCs
have now been isolated from a wide variety of tissues
including umbilical cord blood, Wharton’s jelly, placenta,
adipose tissue, and lung. The Mesenchymal and Tissue
Stem Cell Committee of the International Society for

(Continued)
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Table 1: (Continued)

Cellular Therapy (ISCT) has recently updated the minimum
criteria for defining (human) MSCs. MSCs have
been described to differentiate into a variety of mature
cells types and may also have immunomodulatory
properties.

Fibrocyte A cell in the subset of circulating leukocytes that produce
collagen and home to sites of inflammation. The identity
and phenotypic characterisation of circulating fibrocytes is
more firmly established than that for EPCs. These cells
express the cell surface markers CD34, CD45, CDI13,
MHC II and also express type 1 collagen and fibronectin.

Bronchiolar Stem Cell A term applied to a rare population of toxin (i.e.
naphthalene)-resistant CCSP-expressing cells that localise
to neuroepithelial bodies and the bronchoalveolar duct
junction of the rodent lung. These cells proliferate
infrequently in the steady-state but increase their
proliferative rate following depletion of transit-amplifying
(Clara) cells. Lineage tracing studies indicate that these
cells have the differentiation potential to replenish
specialised cell types of the bronchiolar epithelium.
Human correlates have not yet been identified.

Bronchioalveolar A term applied to a small population of cells located at the

Stem Cell bronchoalveolar duct junction in mice, identified in vivo
by dual labelling with CCSP and SPC and by resistance to
destruction with toxins (i.e. naphthalene). In culture, some
of the dual labelled cells also express Scal and CD34,
self-renew, and give rise to progeny that express either
CCSP, pro-SPC, or aquaporin 5 leading to speculation that
a single cell type has the capacity to differentiate into both
bronchiolar (Clara cells) and alveolar (types 1 and 2
pneumocytes) lineages. At present, the relationship of the
cells studied in vitro to those observed by dual labelling
in vivo is unclear. Human correlates have not yet been
identified.

Adapted with permission from Weiss et al. (2008)."

The following sections will provide overviews of particular focus
including endogenous lung stem and progenitor cells, lung cancer stem
cells, engraftment of exogenous stem cells, immunomodulation of
lung inflammatory and immune pathways by stem cells, bioengineering
approaches to generating new lung ex vivo utilizing stem cells, and
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clinical trials in lung cell therapy. Readers are also referred to a number of
excellent review articles on stem cells and cell therapies for lung diseases
that have appeared over the past several years.>*

2. Endogenous Lung Stem and Progenitor Cells

Endogenous tissue stem cells are undifferentiated cells that have been
identified in nearly all tissues and are thought to contribute to tissue main-
tenance and repair. These are rare, highly specialized cells that are often
localized to specialized niches within each tissue and usually cycle infre-
quently. These cells exhibit self-renewal capacity — they can produce
more unspecialized cells — and can also give rise to daughter cells known
as progenitor cells or transit amplifying cells. Progenitor cells have a
finite life span and higher rates of proliferation compared to stem cells.
Both stem and progenitor cells may give rise to the more specialized, or
differentiated, cells of the organ. Best understood to date is in intestine
and skin, but there is a rapidly growing appreciation of several putative
stem and progenitor cell populations in mouse lungs.>'*!'"!*3 However,
only limited information is available on analogous cell populations in
human lungs. Further, significant terminology problems exist as to how
endogenous stem cells and other progenitor cell types are defined. This
is a problem that is not restricted to the lung, for example similar termi-
nology issues occur in the intestine, particularly as progenitor cell types in
different organs differ in their properties and regulation. The glossary
depicted in Table 1 does not necessarily reflect an overall consensus for
the definition of each term; nonetheless, it is a useful framework.

The focus in the lung has been predominantly on epithelial progenitor
cells, but increasing evidence suggests potential vascular and mesenchymal
progenitor cell populations as well. Moreover, as the lung is a complex
organ, several airway epithelial stem and progenitor cell hierarchies have
been identified along the tracheobronchial tree in mouse models.>!%17-18.3¢
In general, the evidence for existence of different cellular components of
an airway epithelial stem cell hierarchy comes from studies in mouse
models in which selective ablation of epithelial cells is achieved through
exposure to toxic chemicals or through cell type-specific expression
of toxic genes in transgenic mice*'*'7'%3 (Fig. 1). In trachea and large
airways in mice, a subpopulation of basal epithelial cells that express
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cytokeratins 5 and 14 have been implicated.’**® Aquaporin-3 has also
been suggested as a marker of human foetal airway progenitor cells.”
In lower airways in mice, Clara cells exhibit characteristics of transit-
amplifying cells following injury to ciliated airway epithelial cells.
However, unlike transit-amplifying cells in tissues with higher rates of
epithelial turnover, such as intestine, Clara cells exhibit a low proliferative
frequency in the steady-state, are broadly distributed throughout the bron-
chiolar epithelium, and contribute to the specialized tissue function.
In more distal airways, toxin (i.e. naphthalene)-resistant variant Clara
cells have been identified as having stem cell functions and have been
termed as bronchiolar stem cells.*** Naphthalene-resistant cells are
also located within discrete microenvironments within bronchioles that
include the neuroepithelial body (NEB) and bronchoalveolar duct
junction (BADJ).*!*

At the bronchioalveolar duct junction in mouse lungs, a population
of naphthalene-resistant cells that stain in vivo both for CCSP and for
pro-SPC have been described.'”'®# Although rare, these cells were
found to proliferate in response to naphthalene injury. Further, when pro-
SPC/CCSP dual positive cells were isolated using methods developed
for enrichment of type 2 alveolar epithelial cells, some of the dual
labelled cells exhibited a unique cell surface phenotype, ScalP®/
CD34CD45™¢CD31"™¢, These isolated cells were found to self-renew in
culture and give rise to progeny expressing CCSP, pro-SPC, or aquaporin 5.
As such, these cells have been termed bronchioalveolar stem cells
(BASCs). However, whether the properties of these cells in vitro also
apply in vivo is unknown. Moreover, the precise identity of the putative
BASCs has come under question and it is possible that toxin-resistant
Clara cells, BASCs, and other cells may represent different interpretations
of the same cell population(s). This highlights the need both for rigorous
methods of lineage tracing as well as further underscoring the importance
of the in vivo microenvironment on cell behaviour. Most recently, another
population of putative progenitor cells expressing CCSP, stem cell antigen
(SCA-1), stage specific embryonic antigen 1 (SSEA-1), and the embry-
onic stem cell marker Oct-4 have been identified in neonatal mice.***
These cells were able to form epithelial colonies and differentiate into
both type 1 and type 2 alveolar epithelial cells. Interestingly, these cells
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were susceptible to infection with the SARS (severe acute respiratory
syndrome) virus, raising the possibility that endogenous lung progenitor
cells may be specific disease targets. The possibility remains that other
endogenous stem or progenitor populations exist in mouse lungs and there
is much room for additional information on comparable populations in
human lungs.

Recent investigations have begun clarifying cell signalling and
other mechanisms regulating putative lung progenitor populations. For
example, tumorigenic insults, including deletion of MAPK, p18 deletion,
and p27 oncogenic mutation, have been shown to induce an expansion of
CCSP/pro-SPC dual-labelled BADJ cells number and also to enhance
tumorigenesis in mouse lungs.***® Most recently, it has been demonstrated
that conditional potentiation of beta-catenin signalling in the embryonic
mouse lung results in amplification of airway stem cells through
attenuated differentiation rather than augmented proliferation.* Gata6,
operating through canonical Wnt signalling pathways, has also been
recently demonstrated to regulate the temporal appearance and number of
bronchioalveolar stem cells (BASCs) in mouse lungs.*® Absence of Gata6
resulted in pronounced increase of canonical Wnt signalling in lung
epithelium, leading to the precocious appearance of BASCs and concur-
rent loss in epithelial differentiation. However, the precise role of these
and other pathways in regulation of endogenous progenitor cells remains
to be determined.

Endogenous progenitor cells may also be attractive candidates for
targeting with gene transfer vectors that provide sustained expression.
Using adult transgenic Rosa26-Flox/LacZ reporter mice, Liu and
colleagues have recently demonstrated that airway-based administration
of Cre-expressing recombinant adeno-associated virus vectors
(rAAV1Cre and rAAV5Cre) appeared to result in preferential transduction
of naphthalene-resistant variant Clara cells.”' These findings support the
possibility of selectively or preferentially transducing stem/progenitor cell
populations in lung. While further investigations need to be done, this
provides a new potential therapeutic approach for diseases affecting
airway and alveolar epithelium.

Less information is available about the differences in endogenous
stem and progenitor cells in different human lung disorders. Airway
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epithelium in cystic fibrosis patients contains primitive cuboidal cells that
express primitive cell markers, including thyroid transcription factor and
cytokeratin 7.2 Neuroepithelial cells in mouse airway epithelium also
express the cystic fibrosis transmembrane conductance regulator (CFTR),
which appears to play a role in neuropeptide secretion.”** CFTR knock-
out mice also contain fewer pulmonary neuroendocrine cells during
embryonic development but increased numbers of these cells postna-
tally.”> This suggests that endogenous progenitor cell pathways in
cystic fibrosis lungs may be altered, but this has not been extensively
investigated.

In addition to the role of endogenous lung stem and progenitor cells
in repair of lung injury, increasing information suggests that mature
differentiated lung cells may transdifferentiate and change phenotype.
Best described for epithelial-mesenchymal transition, recent investiga-
tions describe a wider range of reversible phenotypes in epithelial and
mucus cells.”*®" These mechanisms may also play significant roles in
injury or repair from injury. Overall, there remains much to be learned
about endogenous stem and lung progenitor cells, including clarification
of human counterparts to the cells identified in mouse models.

3. Endogenous Lung Progenitor Cells
as Lung Cancer Stem Cells

There is substantial interest in the connections between endogenous stem
or progenitor cells and cancer stem cells. Cancer stem cells have been
defined in transplantation assays as the critical, generally chemo- or radi-
ation therapy resistant, cells from tumours that are capable of propagating
disease and are hypothesized to be the cells that maintain tumour pro-
gression and treatment resistance.®*®* Although cancer stem cells have
now been described in a variety of solid organ cancers, the existence of a
lung cancer stem cell or cells is less well established." A recent study has
shown that CD133+ cells from cultured lung cancer cells and primary
lung tumours exhibit the ability to propagate lung cancer when injected
subcutaneously in mice.** Oct-4 expression was associated with CD133
expression and these may represent dual markers of lung cancer stem
cells.® Side population CD45- Hoechst-effluxing cells have also recently
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been identified in several human lung cancer cell lines and exhibit tumori-
genic properties when subcutaneously implanted into NOD SCID mice.%
Side population cells have also been identified in lung cancer specimens.®’
However, despite suggestive data from these two reports, further work is
needed to clarify the connections between endogenous lung stem cells, the
cells of origin of cancer, and cancer stem cells, and also to determine their
potential role as therapeutic targets. BASCs have been suggested to have
a role in the development of lung cancer in mice but their role in tumour
maintenance has not been established, nor has the human correlation been
demonstrated.** Recent studies have begun elucidating cell signalling and
gene expression pathways including Wnt, hedgehog, and others that may
play roles in the transformation of endogenous progenitor cells into cancer
cells.®*7? Nonetheless, there is much room for additional information
about the identity of lung cancer stem cells and their connections with
endogenous lung stem and progenitor cells, particularly in human lungs.

4. Structural Engraftment of Circulating or Exogenously
Administered Stem or Progenitor Cells

A number of publications over the past ten years have suggested that a
variety of adult bone marrow-derived cells including haematopoeitic
stem cells (HSCs), mesenchymal stem cells (MSCs), multipotent adult
progenitor cells (MAPCs), and other populations, could structurally
engraft as mature differentiated airway and alveolar epithelial cells or
as vascular endothelial or interstitial lung cells. This literature has been
predominantly based on studies in mice utilizing techniques that evalu-
ated histologic demonstration of tagged donor-derived marrow cells in
recipient lungs following systemic or more recently intratracheal admin-
istration of tagged donor marrow cells. Tagging techniques have included
use of donor marrow cells from transgenic green fluorescent protein
(GFP) expressing mice, or use of sex-mismatched transplantation ie. male
donor cells into female recipients and subsequent identification of donor
cells utilizing fluorescent in situ hybridisation (FISH) to detect the Y chro-
mosome.' Lethal irradiation and myeloablation of the recipient mouse
bone marrow prior to cell administration was frequently, but not always,
utilized. Notably, prior lung injury, including radiation-induced lung
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injury resulting from myeloablative total body irradiation, was usually
required to observe engraftment, although lung injury did not always
result in apparent increase of engraftment.”>””> A smaller body of literature
in human bone marrow and lung transplantation also appears to demon-
strate varying degrees of apparent chimerism in lungs of the transplant
recipients.’’6-%

However, several reports have called into question whether epithelial
engraftment does in fact occur.*** Several technical issues contributed to
misinterpretation of results in the initial reports, including inadequate micro-
scopic techniques in which donor-derived cells superimposed on resident
airway or alveolar epithelial cells were not effectively discriminated.
Exquisite care and sophisticated microscopic approaches, including confocal
and deconvolution techniques, must be utilized to effectively demonstrate
potential engraftment." 3" Further, a variety of leukocytes, notably airway
and alveolar macrophages, reside in the lung. Many of the early reports did
not utilise antibodies directed against CD45 or other leukocyte markers, to
exclude the possibility that cells of donor origin detected in airway or
alveolar epithelium were donor-derived leukocytes rather than epithelial
cells. Other tools, such as detection of GFP by direct fluorescence as a
marker of donor-derived marrow cells, can be subject to error in the presence
of autofluorescent cells resident in the lung, notably alveolar macrophages.®

Nonetheless, recent studies with more rigorous techniques continue to
demonstrate that engraftment of airway and alveolar epithelium, as well
as of pulmonary vascular endothelium and of lung interstitium, with
adult bone marrow or cord blood-derived stem cells, although rare, can
occur®®™7 (Fig. 2). Notably, engraftment of pulmonary vascular endothe-
lium and stimulation of neo-angiogenesis by exogenously administered
endothelial progenitor cells (EPCs) has fostered recent clinical trials for
treatment of pulmonary hypertension (see contribution in this book).”*~'*
Further, fusion of marrow-derived cells with resident organ cells, rather
than phenotypic conversion of the marrow cells, has been demonstrated in
several organs, notably liver and skeletal muscle, but also in lung.'*'~'*
The extent of fusion in the lung following sex-mismatched transplantation
may be underestimated, as the Y chromosome may be lost from the result-
ing heterokaryon cells resulting from fusion of donor-derived marrow
cells with type 2 alveolar epithelial cells in mouse lungs.'*”
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Figure 2: Human b2-microglobulin and cystic fibrosis transmembrane conductance regula-
tor (CFTR)-positive cells can be detected in NOD-SCID mice airways after systemic
administration of cord blood mesenchymal stem cells (CB-MSCs). (A and B) NOD-SCID lung
sections two weeks and one month after CB-MSC administration, respectively. (C and D)
Corresponding higher power images of (A) and (B). Representative photomicrographs from
one of four mice per experimental condition. Original magnification 40x, 200x. Figure
adapted with permission from Sueblinvong et al. (2008).2® © American Thoracic Society.

These reports suggest that engraftment of lung tissues with circu-
lating or donor-derived cells can occur under certain conditions, usually
following previous perturbation through induction of lung injury.
However, there are many variables still to be explored that may increase
epithelial, interstitial, or pulmonary vascular engraftment with circulating
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or donor-derived cells. Interestingly, several recent reports suggest that
chronic or progressive lung injury may result in more substantial engraftment
of type 2 alveolar epithelial cells and of interstitial and pulmonary vascular
cells with donor-derived cells in mouse or rat models.”>*” However, not all
chronic lung injury models resulted in more substantial engraftment.'™ The
effect of age of either donor cells or of recipients is also less well explored,
although one report demonstrated that transplantation of whole marrow into
one day-old mouse pups, using a variety of conditioning regimens, did not
increase the number of bone marrow-derived cells over that observed
following total marrow administration to adult mice.” Furthermore, the route
of administration of donor-derived cells is less well characterised, as most
studies have investigated engraftment following systemic administration of
donor cells. Direct intratracheal administration of MSCs may enhance
retention of donor-derived cells in the lung and possible epithelial engraft-
ment.”* However, this area is controversial and remains under-explored.'®

The types of marrow-derived, cord blood-derived, or fully differenti-
ated nonpulmonary cells that might engraft as lung epithelium, interstitium,
or pulmonary vasculature remain to be fully explored. In addition to exist-
ing studies of HSCs, MSCs (of bone marrow and cord blood origin), EPCs,
fibrocytes, and MAPCs, the possibility remains that there may be other cell
populations that could be recruited to the lung or localised to the lung fol-
lowing systemic or other routes of administration.'!”” A population of
circulating bone marrow-derived CD45+/CXCR4+/cytokeratin+ cells has
been described to participate in re-epitheliasation of denuded tracheal
xenografts.'® Most recently, a population of CCSP-expressing marrow cells
has been suggested to engraft as airway epithelium.'® Other sources of stem
or progenitor cells, such as adipose tissues, also have not yet been exten-
sively characterised for ability to engraft as lung tissue.'®'"

Moreover, there has not been a good demonstration that either mouse
or human embryonic stem cells can engraft as lung epithelium or other
lung cell type following either systemic or intratracheal administration.
Both mouse and human embryonic stem cells can be induced in vitro to
express pro-surfactants B and C and other markers of alveolar epithelial
phenotype.'*""'¢ Further, exposure of mouse ES cells to dissociated foetal
lung cells induces pseudoglandular formation and surfactant protein C
expression."”""® In one notable study, mouse embryonic stem cells
cultured at air-liquid interface formed a pseudostratified epithelium
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resembling mouse tracheal epithelium."® These studies demonstrate the
capacity of ES cells to acquire lung epithelial phenotype in vitro, yet it is
somewhat surprising that epithelial or other lung cell engraftment has
not yet been demonstrated in vivo. Comparably, recent descriptions of
induction of pluripotency in adult skin fibroblasts and other adult cell
types offers another possibility of generating lung cells from autologous
somatic cells."™'* In particular, it might be possible to generate induced
pluripotent (iPS) cell lines from lung patients as models of disease.
Human deltaF 508 embryonic stem cell lines have been established
in England and Belgium.'**'* These cells offer the possibility of investi-
gating disease-specific cell therapy approaches for lung diseases and are
areas ripe for continued investigation.

The ability to structurally engraft in adult lung may not solely be
a property of stem or progenitor cells. Intratracheal administration
of neonatal mouse lung fibroblasts resulted in apparent alveolar and
interstitial engraftment, and engraftment was higher in areas of elastase-
induced lung injury.” More recently, it has been demonstrated that
intratracheal administration of type 2 alveolar epithelial cells results in
rare engraftment in areas of injured lung following bleomycin adminis-
tration to rats.'”” Notably bleomycin-injured rats that received the type 2
cells had less histologic injury and decreased hydroxyproline content. In
another report, systemically administered skin fibroblasts, transduced
ex vivo to express angiopoietin-1, protected against lung injury produced
by intratracheal endotoxin administration in rats.'”® These results suggest
that lung injuries might be amenable to cell therapy approaches utilizing
a variety of cell types.

The mechanisms by which circulating or systemically administered
stem or progenitor cells might be recruited to lung remain poorly under-
stood. Following systemic (i.e. venous) administration, many cells initially
localise in lung and recent studies continue to confirm that lung injury
results in increased localisation and/or retention of marrow-derived cells
in lung.'®"! The timing of cell administration after lung injury can
also influence recruitment and phenotypic conversion. Systemic adminis-
tration of MSCs four hours after lung irradiation resulted in apparent
engraftment of cells as epithelial and vascular endothelial cells.'*?
However, MSCs administered at later time points appeared to engraft as
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interstitial cells and participate in development of fibrosis.'*!*> Recipient
immune responses also play significant yet poorly characterised roles
in retention of cells in lung."** Commonly utilised approaches of sex-
mismatched transplantation or cell administration may also result in
clearance of cells.'” The range and identity of chemotactic soluble medi-
ators released by injured lung cells, and the role of upregulation of
adhesion molecules with which circulating cells might interact remains
poorly understood."*"**"3 Ag with engraftment, a number of factors
including age of donor or recipient, type of cell administered, route of
administration, amongst others might affect recruitment to lung.

Comparably, the mechanisms by which stem or progenitor cells might
be induced to acquire phenotype of lung epithelial, interstitial, or vascular
endothelial cells remain poorly understood. In vitro studies continue to
demonstrate that soluble factors released from lung epithelial cells or
from injured lung homogenates can induce expression of lung epithelial
markers in several types of marrow-derived cells, possibly through
activation of B-catenin signalling pathways. One novel mechanism of
inducing phenotypic change might involve release of membrane-derived
microvesicles, a recently appreciated means of inter-cellular communica-
tion that involves horizontal transfer of mRNA and proteins between
CeHS.MO'Ml

Overall, at present, engraftment of any type of circulating or endoge-
nously administered stem or progenitor cell as alveolar or airway
epithelium appears to be a rare phenomenon of uncertain physiologic or
therapeutic significance. Engraftment of EPCs as pulmonary vascular
endothelium coupled with EPC-stimulated neo-angiogenesis appears to
be more robust and is the basis of current clinical trials of autologous
EPCs for pulmonary hypertension (see other contributions in this book).
Notably, the use of cell therapy as a gene or drug delivery device offers
further potential promise. For example, transduction of EPCs to express
nitric oxide synthetase is the basis of augmenting the potential therapeu-
tic effect of autologous EPC administration in the current Canadian
trial for pulmonary hypertension. However, engraftment of circulating
cells in lung may not always be beneficial. Circulating fibrocytes
have been implicated in the pathogenesis of lung fibrosis in several mouse

models including irradiation and bleomycin-induced lung injury.'?!6-21.142-148
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Circulating fibrocytes have also been implicated in the sub-epithelial
fibrosis that can develop in severe asthma'*~'>? and in clinical bronchioli-
tis obliterans in lung transplant patients.'”® Moreover, bone
marrow-derived or circulating MSCs, HSC, EPCs, and fibrocytes may
contribute to development of lung and other malignancies in mouse mod-
els, in part by providing a supportive stroma for the cancers and/or by
participating in tumour vascularisation."**'% However, MSCs and EPCs
have been demonstrated to home to areas of tumour development and
engineered EPCs, and MSCs, as well as HSCs, have been utilised to sup-
press tumour growth in mouse tumour models.'"'¢"'7¢ Cell-based
therapies may thus be useful in lung cancer therapeutics.

5. Inmunomodulation of Lung Inflammatory
and Immune Pathways

There is an increasing number of studies demonstrating a functional role
of adult marrow-derived stem cells in rodent models of acute lung
inflammation and fibrosis. This occurs in the absence of significant lung
engraftment, has been described in models of acute lung inflammation,
emphysema, asthma, and fibrosis, and has been predominatly observed
with either systemic or intratracheal administration of MSCs. For example,
systemic administration of MSCs immediately after intratracheal
bleomycin administration decreased subsequent lung collagen accumu-
lation, fibrosis, and levels of matrix metalloproteinases.'”” Only minimal
putative engraftment of the MSCs as lung epithelial cells was observed,
and secretion of IL-1 receptor antagonist by the MSCs has been hypothe-
sised to account for at least some of these effects.'” Intratracheal
administration of MSCs four hours after intratracheal endotoxin adminis-
tration decreased mortality, tissue inflammation, and concentration
of pro-inflammatory mediators, such as TNFo and MIP-1, in bron-
choalveolar lavage fluid compared to endotoxin-only treated mice.'®
Systemic MSC administration also decreased lung inflammation following
endotoxin administration in mice, and co-culture of MSC with lung cells
obtained from LPS-treated mice resulted in decreased pro-inflammatory
cytokine release from the lung cells.'”*'® More recent data suggests that
release of angiopoietin-1 or of keratinocyte growth factor by the MSCs and
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resulting stabilisation of alveolar-capillary permeability and endothelial
fluid leak in the setting of endotoxin effects on the alveolar capillary bar-
rier may be a relevant mechanism.'””'®! Notably, transduction of the
MSCs to express high levels of angiopoietin-1 further decreased endo-
toxin-mediated lung injury.'® However, systemic administration of skin
fibroblasts transduced to express angiopoietin-1 also decreased acute
endotoxin-induced lung injury, suggesting that a variety of cell types
might be utilised for cell therapy approaches to acute lung injury.'?® In
other lung injury models, intratracheal administration of bone marrow-
derived MSCs decreased pulmonary hypertension and other manifestations
of monocrotaline-induced pulmonary vascular injury.'®* Systemic adminis-
tration of a heterogenous population of autologous adipose-derived stromal
cells decreased manifestations of elastase-induced emphysema in rats.'®
Hepatocyte growth factor secreted by the stromal cells was postulated as a
potential mechanism of injury repair in this report.

These results demonstrate that MSCs can have significant
immunomodulatory effects in the lung in the absence of significant
engraftment although the mechanisms by which this occurs are largely
unknown. However, comparisons between studies and attempts to eluci-
date common potential mechanisms are somewhat complicated by using
potentially different cell populations designated as MSCs. The
Mesenchymal and Tissue Stem Cell Committee of the International
Society for Cellular Therapy (ISCT) has recently updated the minimum
criteria for defining (human) MSCs."® It is hoped that rigorous adherence
to these criteria will help to focus comparative investigations of their
potential utility in lung diseases. Nonetheless, consistencies between cells
is further complicated as MSC characteristics can change with culture
conditions and microenvironment and there is growing evidence that
MSCs are heterogeneous and that different MSC subtypes exist.'*'%
Additionally, MSCs have now been isolated from a wide variety of
tissues including umbilical cord blood, Wharton’s jelly, placenta,
adipose tissue, and most recently from adult mouse lungs and from
lungs of both neonates and lung transplant recipients,®!10-112.188-198
MSCs isolated from each of these sources generally express comparable
cell surface markers and differentiate along recognised lineage path-
ways. However, differences in gene expression, lineage tendencies, and
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Figure 3: Schematic illustrating the range of in vitro immune-modulating effects described
for MSCs. Figure adapted with permission from Nauta and Fibbe (2007).2'® © American
Society of Hematology.

other properties have been described between MSCs isolated from
different sources.'?2%

Despite these issues, growing information suggests several possible
anti-inflammatory actions of MSCs in lung. MSCs produce a wide variety
of soluble mediators and can be influenced by specific microenviron-
ments to release different patterns of mediators®'" (Fig. 3). For
example, MSCs in bone marrow secrete cytokines and growth factors
supportive of haematopoeitic cell proliferation and development, including
granulocyte colony stimulating factor (G-CSF), stem cell factor (SCF),
leukaemia inhibitory factor (LIF), inteleukin 6 (IL-6) and interleukin 11
(IL-11).2"* Stimulation with interleukin 1ot (IL-1t), a pro-inflammatory
cytokine that enhances bone marrow haematopoeisis, increases release of
G-CSF, IL-6, and IL-11 by the MSCs. It is likely that release of inflam-
matory mediators from MSCs is influenced by the type of inflammatory
environment found in different conditions of lung injury. For example,
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MSCs express a wide variety of chemokine and cytokine receptors,
including those for tumour necrosis factor oo (TNFa), interleukin 4 (IL-4),
interleukin 17 (IL-17), and interferon (IFNY), as well as several toll-like
receptors including the endotoxin receptor TLR4.*"> The IL-17, receptor
in particular is expressed in high abundance?? and IL-17 has been
described as a proliferative stimulus for MSCs.*® Nonetheless, the effects
on MSC secretion of soluble mediators by these and other cytokines and
chemokines found in different lung injury conditions have been less well
explored.

MSCs can also inhibit the proliferation and function of a broad
range of immune cells, including T cells, B cells, natural killer (NK)
cells and dendritic cells (DCs)*2'° (Fig. 3). Notably, MSCs inhibit
T lymphocyte proliferation, activation, and cytokine release in response
to either alloantigens or to mitogenic stimuli through a dose-dependent
direct suppressive effect on proliferation. The mechanisms of MSC
inhibition of T cell proliferation and function in vitro are only partly
understood, and both direct cell-cell contact as well as release of soluble
mediators has been proposed.””’2'° Further, MSCs constitutively express
low levels of HLA class I molecules and do not express HLA class II
molecules or the co-stimulatory molecules CD40, CD80, and CD86,
which are essential for activation of T-lymphocyte-mediated immune
responses.””’ 1% As such, these properties render MSCs generally non-
immunogenic and have been the basis of several clinical reports and,
more recently, clinical trials utilizing both autologous and allogeneic
MSCs for immune-mediated diseases, such as graft vs host disease and
Crohn’s disease.?'**'2?® These results suggest that administration of
MSCs may be a safe and feasible clinical approach for inflammatory
and immune-mediated lung diseases.

6. Lung Tissue Bioengineering

The use of three dimensional matrices or other artificial scaffolding
for growth of functional tissues has been increasingly successful in regen-
eration of skin, vasculature, cartilage, bone, and other tissues.”***! Given
the complex three-dimensional architecture of the lung, this is a daunting
task; nonetheless, there has been significant progress in several areas.”?
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Notably, MSCs isolated from amniotic fluid, umbilical cord blood, or
bone marrow can be seeded on biodegradable polyglycolic acid or other
biosynthetic scaffolds and generate tracheal cartilage for use in repair of
congenital tracheal defects and also tendon tissue for use in congenital
diaphragmatic defects.”***° Most recently these approaches have resulted
in the successful clinical use of a bioengineered trachea.””” Three-
dimensional culture systems have also been utilised as matrices for ex vivo
lung parenchymal development and for study of growth factor and
mechanical force effects on lung remodelling.*****’ For example, culture
of foetal rat lung homogenates in a three-dimensional glycosaminoglycan
(GAG) scaffold resulted in formation of alveolar-like structures in the
scaffold.”*® Foetal mouse cells cultured in three-dimensional hydrogels
and in synthetic polymer scaffolds resulted in generation of alveolar-
like units.**® Notably, stimulation of foetal mouse cells in polymer
scaffolds with different isoforms of fibroblast growth factor stimulated
different patterns of development.’* These studies demonstrate the
power of three-dimensional culture systems to evaluate lung development
and repair.

In vivo, a recent study demonstrated that foetal rat lung cells cultured
in a widely used surgical sponge, Gelfoam®, compossed of a biodegrad-
able gelatin matrix, and subsequently injected into normal rat lungs,
induced formation of branching, sacculated epithelial structures remin-
iscent of lung parenchymal architecture®’ (Fig. 4). Mixed foetal murine
epithelial cells admixed with Matrigel and injected subcutaneously into
the abdominal wall of adult mice demonstrated cells that expressed pro-
surfactant protein C after one week. Furthermore, addition of fibroblast
growth factor 2-loaded polyvinyl sponges enhanced vascularisation of
the impregnated Matrigel.** These studies demonstrate the potential of
in vivo lung tissue generation utilizing mixed populations of foetal lung
cells. However, this is not a practical approach and lung tissue engineering
with stem or progenitor cells is a more feasible potential therapeutic
approach.

However, there are relatively few studies as yet evaluating whether
stem or progenitor cells isolated from adult bone marrow, cord blood, or
other sources can also comparably form airway or alveolar-like structures
when cultivated in a three-dimensional matrix or other scaffolding
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Figure 4: Expression of epithelial and endothelial markers in Gelfoam® sponges
implanted into rat lung. Sixty days after injection of Gelfoam® sponges impregnated with
foetal rat lungs cells into adult rat lungs, expression of various markers of mature lung cells
was detected in the sponge. Original magnification 100X. Figure adapted with permission
from Andrade et al. (2007).24

material, or further, whether stem or progenitor cells cultured in such
fashion can be utilised for functional lung regeneration in vivo. Culture in
synthetic polymer constructs of a population of cells described as adult
lung somatic progenitor cells isolated from adult sheep lungs resulted in
expression of airway and alveolar epithelial markers by the cells.?*
Structures resembling lung airways and parenchyma developed when
impregnated constructs were implanted subcutaneously in nude mice or
inserted into the wound cavity following wedge lung resection in sheep.
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Adipose-derived MSCs, cultured ex vivo in sheets of polyglycolic acid
and then applied to wound edges following lung volume reduction surgery
in rats, accelerated alveolar and vascular regeneration.'® Little other
information exists at present evaluating the development of lung tissue
from either adult or embryonic stem cells cultured in three-dimensional or
other matrices.

In addition to genetic regulatory programs, mechanical forces also play
a role in how differentiating tissues respond to gene instructions. During
breathing, lung cells undergo complex mechanical loading that includes
compression due to pressurisation and also stretch due to the expansion of
the lung tissue during inhalation. In utero, the mechanical forces are, in
part, generated by foetal breathing-like movements produced by rhythmic
contractions of the respiratory muscles with varying frequency and ampli-
tude.****! The normal movement is essential in the development of foetal
lung, differentiation of alveolar type 2 cells, and synthesis of surfactant
protein.”*2% The absence of foetal breathing-like movements will lead to
pulmonary hypoplasia and is associated with poor infant outcome.?***"
Several in vitro studies have demonstrated that application of cyclic bio-
mechanical stretch to cultures of mixed foetal rat lung cells increases SPC
mRNA expression compared to dexamethasone stimulation or control (no
forces applied).>**¢ However, the mechanisms by which cyclic mechani-
cal forces promote differentiation of foetal lung cells or influence repair of
injured adult lung cells are poorly understood.?"-¢!

These studies demonstrate that the application of bioengineering
approaches to ex vivo lung tissue generation offers a powerful new
approach for generating functional lung tissue that might be utilised for
in vivo implantation to repair damaged lung in destructive diseases such
as emphysema.

7. Clinical Trials in Lung Cell Therapy

While a relatively large number of clinical trials in cell therapy approaches
have occurred in other disciplines, for example cardiovascular diseases,
only a small number of trials have been initiated for pulmonary diseases.
In part this reflects the complexity of the lung and relatively poor under-
standing of mechanisms by which exogenously administered stem or
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progenitor cells might have therapeutic effects in lung. Nonetheless, given
the overall safety record of the cardiovascular trials as well as the safety
and efficacy record of recent trials evaluating systemic MSC administra-
tion to patients with either graft vs host disease or with Crohn’s disease,
there is more enthusiasm to push ahead with clinical trials in pulmonary
diseases. Three recent trials have focused on the use of systemic adminis-
tration of autologous EPCs for primary pulmonary hypertension (see
contribution in this book). Most recently, a multicentre double-blinded
placebo control Phase 2 trial of allogeneic MSC infusions (PROCHY-
MAL™, Osiris Therapeutics Inc., Columbia MD) for patients with
moderate—severe chronic obstructive pulmonary disease (COPD) (FEV1/
FVC < 0.70, 30% < FEV1 < 70%) was initiated in May 2008.%* This trial
parallels comparable trials utilizing allogeneic MSC infusion for graft vs
host disease and for Crohn’s disease, and is based on the hypothesis that
anti-inflammatory actions of MSCs will decrease pulmonary and perhaps
systemic inflammation associated with COPD and improve lung function,
dyspnea, and quality of life. Engraftment and/or regeneration of destroyed
lung tissue is not hypothesised to be a significant potential mechanism of
MSC action in this trial. Primary safety and efficacy endpoint assessments
include pulmonary function testing, Borg dyspnea scale, and health-
related quality of life assessments. Safety assessments further include the
monitoring of blood counts, electrolytes, liver function tests, urinalyses,
physician global assessments, time to hospitalisation and hospitalisation
rates, time to COPD exacerbation and COPD exacerbation rates, use of
rescue inhalers, and assessment of pulmonary hypertension by echocar-
diography. Safety endpoints also include the monitoring of adverse
events, infusional toxicity, and overall survival and survival time.

These are groundbreaking and exciting trials of cell therapy
approaches for lung diseases and will hopefully provide a firm basis of
safety and potential efficacy for future trials in other lung diseases. Notably,
MSCs can home to tumours, through as yet unclear mechanisms, and serve
as vehicles for delivery of chemotherapeutic and other anti-tumour
agents.'”"'"2 This has recently been described in mouse lung tumour mod-
els and may provide a viable therapy for lung cancers.'”*"'"® Administration
of MSCs to patients with acute respiratory distress syndrome (ARDS) may
also be another viable area for potential clinical investigations and trials.
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8. Conclusions

The study of endogenous lung stem cells and investigation of cell therapy
approaches for lung diseases are rapidly evolving fields that hold promise
for both increasing understanding of the mechanisms of lung development
and lung repair, and providing potential new therapeutic avenues for the
treatment of lung diseases. As further explored in subsequent chapters,
there are a variety of approaches being pursued, each of which may result
in significant advances in both basic science and translational aspects of
lung biology and diseases.
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Chapter 2

Development of the Lung: Clues
for Regeneration and Repair

Sheila G. Haworth and Alison A. Hislop

Nature builds the lung from scratch and understanding the signalling
cascades that control the temporal and spatial construction of the
airways, parenchyma and blood vessels will provide clues about how
man could learn to repair or even replace damaged lung tissue. We
describe the normal development of the airways and the vasculature,
then discuss interaction between these systems during development and
present a brief section on functional development as the lung adapts to
extra-uterine life, the most critical period of lung development.
Reference is made to abnormal development because it can be viewed
as a vicarious experiment. Lastly, we have summarised current informa-
tion on lung regeneration and repair from a developmental perspective.

Keywords: Lung development; adaptation to extra-uterine life; pulmonary
arterial hypertension; regulation of airway and arterial development.
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9. Lung Repair and Regeneration
10. Will it be Possible to Regenerate or Grow a New Lung?
11. Conclusion and the Way Forward
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1. Introduction

The past ten years have seen major advances in our understanding of lung
development. This new information is vital to our understanding the
potential of the lung to regenerate. Nature builds the lung from scratch
and understanding the signalling cascades that control the temporal and
spatial construction of the airways, parenchyma and blood vessels will
provide clues about how man could learn to repair or even replace
damaged lung tissue. Building a new “donor” lung is the ultimate goal.
This chapter will review the progress made in the field of lung develop-
ment, the lessons learnt and indicate some of the major deficits in our
understanding which should be addressed urgently.

The lung is a complex structure composed of the airways and
pulmonary vasculature, whose functions in post-natal life are obviously
interdependent, but their embryonic, foetal and post-natal development is
also interdependent. We will first describe the normal development of the
airways and the vasculature, and then discuss the interaction between
these systems during development. Structure and function are indivisible.
Mitogens are contractile agonists and anti-proliferative agents have
vasodilator properties. This chapter will therefore include a brief section
on functional development as the lung adapts to extra-uterine life, the
most critical period of lung development. Reference will also be made to
abnormal development since this is informative in that it can be viewed as
a vicarious experiment. Lastly, we have summarised current information
on lung regeneration and repair.

2. Normal Development of the Airways
and the Regulation of Development

(See also Chapter 3)

The lung is a made up of a complex and interacting branching systems of
airways, arteries and veins (Fig. 1). The primary developmental objective
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Figure 1: Diagram illustrating the structural features of the lung.

is to produce a large gas exchange area within a relatively small volume
of thorax. This is achieved by branching morphogenesis of the airways
and the formation of an accompanying vascular system. The heart tube is
formed by the end of the third week of gestation. The lung bud appears in
humans during the fourth week of gestation, and by 16 weeks all pre-
acinar airways, arteries and veins have formed. Lung development has
been divided into four stages: embryonic, pseudoglandular, canalicular
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Figure 2: Diagram illustrating the timing of development of the airways and pulmonary
arteries within the stages of lung development during foetal life in humans. The number of
each new structure is given.

and alveolar, based on structural appearance (Fig. 2). The age of transition
from stage to stage varies between individuals and species. In some
species (e.g. rat and mouse) the alveolar stage is entirely post-natal.
During the embryonic stage (up to seven weeks’ gestation in humans),
the lung bud appears as a ventral diverticulum of the foregut and divides
within the surrounding mesenchyme to form the left and right lung. The
transformation of the foregut endodermal cells to form the lung bud is
critically dependent on the transcription factor hepatocyte nuclear factor-3
and transforming thyroid factor-1 (TTF-1). The initial induction of lung
development results from fibroblast growth factor (FGF)7 signalling in
the matrix surrounding the foregut. Several reviews have addressed the
involvement of this and other transcription factors.'™ The interaction of
the surrounding mesenchyme determines the initiation and complexity
of the branching pattern and it is the mesenchyme which is responsible for
the final pattern of branching. An airway continues to increase in length
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when stripped of its surrounding mesenchyme, but does not branch,
whereas mesenchyme transplanted from an area of active branching will
stimulate an epithelial tube to divide.’ The lung buds are lined by endo-
derm, which gives rise to the specialised epithelial cells. The other
elements of the airway wall are derived from the mesoderm.

During the pseudoglandular stage, from five to 16 weeks’ gestation,
the airways continue to grow by dichotomous branching from the hilum
towards the periphery. This process is controlled by the orchestrated
development of pro- and inhibitory growth factors. (See Fig. 3.) Further
branching is induced by mesenchymal FGF10 via FGF receptor 2 on the
epithelium. FGF10 knockout mice do not develop lungs, though they do
have a trachea. Cleft formation is also involved in airway division via
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Figure 3: Orchestrated development via growth factors in the embryonic and pseudog-
landular stage. Photomicrograph of an eight-week foetal lung stained with CD31 showing
the location of growth factors and their receptors which are interacting during morpho-
genesis of the airways and blood vessels. Factors primarily involved in airway growth are
in blue, and in vessel growth, in red. VEGF — vascular endothelial growth factor; IGF —
insulin-like growth factor; Flk-1 — VEGF receptor; eNOS — endothelial nitric oxide synthase;
IGFR — IGF receptor; Ang — angiopoietin; Tie — receptor for angiopoietin; BMP — bone
morphogenic protein; FN — fibronectin; SHH — sonic hedgehog; RAR — retinoic acid recep-
tor; EGF — epidermal growth factor; FGF — fibroblast growth factor; MMP — matrix
metalloproteinase; TGF — transforming growth factor.
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BMP-4 and fibronectin, which leads to inhibition of FGF10.° At the same
time, stimulation from the epithelium by sonic hedgehog (SHH) leads to
mesenchymal re-arrangement. Both over- and underexpression of SHH
lead to hypoplasia of the lungs. Epidermal growth factor (EGF) found in
epithelial cells induces proliferation and differentiation. TGF acts as an
inhibitor of epithelial proliferation and is pro-matrix synthesis.>”* A low
oxygen tension is important for normal branching morphogenesis. Mouse
lung buds reduce their branching rate in 20% oxygen and there is
concomitant failure of blood vessel development. In culture conditions,
nitric oxide (NO) increases airway branching, but its physiological role is
poorly understood.” However, inhaled NO restored alveolar development
in hyperoxic infant rats."” Numerous other factors are implicated in the
regulation of airway branching.® Retinoic acid, the active derivative
of Vitamin A, influences the transcription of multiple genes. It inhibits
FGF-10 and BMP-4 possibly via SHH. Both maternal overdose and
deprivation of retinoic acid cause dose- and time-dependent defects of
airway branching leading to lobar, unilateral, or bilateral lung agenesis or
lung hypoplasia.

Degradation and restructuring of the extracellular matrix is vital for
branching morphogenesis, and the epithelial-mesenchymal interactions
which take place within the matrix influence the differentiation and acti-
vation of the cells. It also acts as a barrier between the different structures
forming within the lung bud. Matrix metalloproteinases (MMPs) regulate
the formation of the extracellular matrix but also influence growth factors
and therefore airway branching. Branching morphogenesis is abnormal in
MMP-2 knockout mice. The MMPs are counterbalanced by tissue
inhibitors of metalloproteinases (TIMPs). In the human foetal lung the
expression of MMP-2 is high with a low expression of TIMP-3, while this
ratio is reversed in the adult lung. The expression of MMP-14 and 20, and
TIMP-1 and 2 does not alter during development. The relationship of
MMPs and TIMPs is altered with exposure to hypoxia.'!?

By the end of the pseudoglandular period all airways down to the
level of the terminal bronchioli have formed (Fig. 2). During this period
the airway wall structures differentiate to form cartilage, submucosal
glands, bronchial smooth muscle and the different epithelial cell types.
Cartilage appears at 44 days. Smooth muscle cells are present in the
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trachea and large airways and are innervated by eight weeks of gestation.
From 11 weeks’ gestation, the epithelium differentiates into ciliated,
goblet and basal cells (stem cells), with Clara cells in the peripheral air-
ways. By 24 weeks of gestation the composition of the airway wall is
similar to that in the adult.

The appearance of the lung changes in the canalicular stage
(1627 weeks’ gestation). There is less undifferentiated mesenchyme
between the airspaces. In the peripheral airways, branching continues
to form the respiratory airways, the epithelium becomes much thinner
and the airspaces enlarge. Capillaries come to lie under the epithelium
and a thin blood gas barrier is formed. There is epithelial differentiation
to Type I and II pneumonocytes and surfactant is detected by 24 weeks
of gestation. The capillaries seem responsible for the thinning and
stretching of the epithelium, which in turn leads to the differentiation
of these cell types."* VEGF production increases and converts glycogen
to surfactant in the Type II cells. This process appears to be under the
control of the transcription factor HIF2 ¢ since maturation of surfactant
fails in HIF20. knockout mice.'* In transgenic mice with an excess of
TGFp1 the epithelial cells fail to differentiate’ and VEGF is reduced
in these mice. By the end of the canalicular stage the periphery of the
lung is made up of thin-walled saccules, simple in outline but with a
surface area sufficient to support extrauterine life (gas exchange).

The final foetal stage of lung development is the alveolar stage
(27 weeks of gestation to term). The walls of the saccules contain discrete
bundles of elastin and muscle which lie beneath the epithelium and form
small crests subdividing the walls.'® These crests elongate to produce
primitive alveolar walls which have a double capillary supply beneath the
epithelium on either side of the wall. The two layers of capillaries then
coalesce to form a single sheet. Fusion is evident in the human lung up to
18 months of age. The mature cup-shaped alveoli line elongated saccules,
now defined as alveolar ducts, and part of the wall of the respiratory bron-
chioli.'” The number of alveoli increases with gestational age. By term, up
to half the adult number of alveoli has formed in humans. In mice and rats
they form entirely after birth.'®

Postnatally, alveolar multiplication continues until at least 2—3 years of
age, after which surface area is increased by enlargement of alveoli to keep
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pace with somatic growth. At all ages boys have more alveoli than girls and
by adulthood the alveoli are of similar size in males and females.

3. Regulation of Alveolar Development

Studies by Burri and colleagues have shown that a double capillary net-
work must be present for alveolar septa to form.'”'” Administration of
glucocorticoids leads to premature fusing of the double capillary networks
and failure of alveolar development.?’ Elastin and smooth muscle are also
necessary. Elastin null mice have reduced secondary crests and a reduced
alveolar number.”' Failure of maturation of airway smooth muscle cells
also reduces alveolar formation.”? Recent studies have highlighted the
importance of angiogenesis. The anti-angiogenic factors fumagillin and
thalidomide reduce arterial and capillary development and also reduce the
number of alveoli in rats.” Angiogenesis during alveolarisation is also
promoted by VEGF, and inhibition of the VEGF (FIk) receptor reduces
the number of alveoli.”® HIF2a is also involved in this angiogenic process
and knockout mice have fewer blood vessels and a reduced alveolar
number." Recently a genetic basis for alveolar septation has been
described in rats.** Rat lung fibroblasts isolated on post-natal days 2, 7 and
21 showed differential expression of mRNA for genes of interest. They
found that gene expression of Hoxa5 and retinoic acid receptor, located by
immunohistochemistry on the tips of growing septa, increased during the
period of septation on days 3—-14 and was reduced in animals in which
alveolar formation had been reduced by dexamethasone or hyperoxia.
While retinoic acid is inhibitory during branching morphogenesis, it is
vital for the formation of alveoli and can be used to enhance alveolar
development in hypoplastic and immature rodent lungs.** The retinoic
acid receptors are probably even more important. Mice bearing deletions
of the retinoic acid receptor gene have reduced lung elastin expression and
alveolar number.*

Physical factors have an important influence on lung growth.
Maintaining an appropriate amount of foetal lung fluid is essential for
normal lung growth and development. An optimal balance is needed
between the production of fluid by the distal airways and drainage through
swallowing or releasing fluid orally into the amniotic space. Lung fluid
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movement is dependent upon spontaneous peristaltic airway contractions.
Stretch is known to induce the release of mitogenic growth factors?” and
it therefore constitutes a stimulus for prenatal and post-natal growth.
Foetal breathing movements are important for the proper development of
the lung and respiratory muscles.?® The frequency and amplitude of foetal
breathing movements can be modified by hypercapnia, hyperglycaemia,
acidosis, fever, and caffeine. Foetal breathing movements can be
increased by theophylline, terbutaline and indomethacin,?®* and inhibited
by nicotine, alcohol, several sedative and narcotic drugs, corticosteroids,
hypoxia, hypoglycaemia, PGE2 and infections.*

Not surprisingly, the response to a growth factor depends on the stage
of development at which the embryo or foetus is exposed to the agent.
Adenoviral transfer of TGFf into the embryonic rat lung leads to inhibi-
tion of airway branching, while neonatal administration leads to enlarged
alveolar spaces and fibrosis in newborn rats.?!

4. Development of the Human Pulmonary Vasculature
4.1. Structural development

Recent work shows that the pre-acinar arteries and post-acinar veins form
by vasculogenesis from the splanchnopleural mesoderm of the lung
bud.”>* As described above, the pre-acinar airways form in a centrifugal
manner from hilum to periphery, but the vessels form by continuous
coalescence of endothelial tubes alongside the newly formed airways,
which appear to provide a template for pre-acinar blood vessel develop-
ment*>* (Fig. 4). The continuous addition of endothelial tubes gradually
lengthens the pulmonary arteries and veins. Angiogenesis predominates
later, and is thought to be responsible for the formation of intra-acinar
arteries and veins, which starts during the canalicular phase and continues
after birth. All the pre-acinar arteries and airways have formed by the end
of the pseudoglandular stage (approximately the 16th week of gestation).
From a third to a half of the adult complement of alveoli and thus accom-
panying intra-acinar arteries form before birth, with additional new
structures forming most rapidly within the first six months of life. The
lymphatics are first seen at about 56 days; gestation,” originating at the
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Figure 4: Photomicrograph and diagrams illustrating vasculogenesis during the embryonic
and pseudoglandular stage. (A) Photomicrograph of a terminal bud (TB) in the lung of a 44-
day embryo. The brown immunostaining is CD31 labelling endothelial cells. A halo of
capillaries surrounds the terminal bud. (B-D) Diagrams produced by serial reconstructions
through the lung buds: (B) Airways and vasculature at 44 days; (C) A new halo of capillaries
and lengthening of the arteries and veins is present after further airway division; (D) Further
airway division and capillary growth. There is sustained addition of newly formed endothe-
lial tubes at the lung periphery as each airway division occurs. As the capillaries add on at
the periphery so the arteries and veins increase in length. Diagram by Dr. S. M. Hall.

hilum. By the end of the pseudoglandular period, lymphatic channels have
subdivided the lung periphery, positioned in the prospective connective
tissue septa. The bronchial arteries develop by angiogenesis from the
dorsal aorta relatively late in gestation, at about eight weeks’ gestation.
In the normal foetus and newborn there are many peripheral connections
between the pulmonary and bronchial circulations. These connections
decrease rapidly in size and number after birth unless there is a congenital
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cardiac abnormality causing a reduction in forward flow down the
pulmonary arteries, in which case the broncho-pulmonary connections
enlarge to supply the peripheral pulmonary arteries.

We have shown that the heart is connected to the two lung buds from
a very early stage of embryonic life, and it is likely that they are always
in continuity. By 34 days of gestation, serial reconstructions demonstrate
physical continuity between the aortic sac, the pulmonary arteries, the
peribronchial capillary plexus, the pulmonary veins, and the atrial
component of the heart. Thus, blood can circulate through the lung earlier
than had been supposed, exposing the developing structures to circulating
factors generated at distant sites, including angioblasts and other cells
which could become incorporated into the vessel wall.

The pulmonary arterial smooth muscle cells are derived from three
sites in a temporally distinct sequence® (Fig. 5). The first cells to surround
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Figure 5: lllustration of the origin of pulmonary artery smooth muscle cells. a) Mid-lung artery
stained for a-actin and y-actin. The inner smooth muscle cells are more mature (y-actin +ve)
than the outer ones (o-actin +ve) that are loosely packed around the inner two layers, and have
formed from mesenchymal cells. b) Bronchial smooth muscle cells in a penultimate airway are
moving towards the wall of the capillary (*). ¢) Capillary endothelial cells showing dense (co-)
expression of a-actin as they transform into smooth muscle cells. Diagram by Dr. S. M. Hall.
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the endothelial tubes migrate from the bronchial smooth muscle around
the neck of each terminal bud. These cells become surrounded by a second
population, which differentiates from mesenchymal cells. The third
source is the endothelial cells in the most peripheral arteries, which trans-
differentiate into smooth muscle cells later in gestation, from 98 to 140 days.
During foetal life the arterial wall is relatively thick, maintaining a high
resistance. Venous smooth muscle originates from mesenchymal cells and
by transdifferentiation of endothelial cells but there is no contribution
from the bronchial smooth muscle.*® Irrespective of their origin, all
smooth muscle cells follow the same sequence of expression of smooth
muscle-specific cytoskeletal proteins. Maturation takes place from the
subendothelium to the adventitial layers, and from hilum to periphery. In
the pulmonary veins, the cytoskeletal proteins appear in the same
sequence as in the pulmonary arteries, but do not express caldesmon,
which might help explain why pulmonary veins are so responsive to
contractile agonists.

After birth, as the intrapulmonary arteries increase in size, their walls
maintain a constant low relationship to the external diameter, an initial
thinning having occurred immediately after birth (see below). In the
arteries of the respiratory unit, smooth muscle cells differentiate from
in situ precursor intermediate cells and pericytes, and muscle is said to
have extended along the arterial pathway. The elastic laminae of the
pulmonary trunk gradually become fragmented, and lose their ordered
appearance, and the wall becomes thinner relative to that of the aorta.*
The pulmonary vasculature is densely innervated at birth, and becomes
more densely innervated with age.* In babies, as in adults, the nerves are
predominantly of the sympathetic type. In pulmonary hypertensive
infants, the abnormally thick-walled blood vessels are prematurely inner-
vated by three months of age.*

5. Regulation of Pulmonary Vascular Development

The presence of a circulation through the pulmonary vasculature from
early embryonic and foetal life means that the circulation is exposed to
external, distal influences from an early stage in its development.
Circulating cells could contribute to building the vessel walls. Angioblasts
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can stream to developing organ beds from a considerable distance®® and
incorporation of marrow-derived stem cells seems likely. Actin and
calponin expressing cells are found in the pulmonary arterial intima of
females following a sex-mismatched bone marrow transplantation.’” Bone
marrow-derived progenitor cells contributed to pulmonary arterial wall
thickening in hypoxic calves.*® Understanding the extent to which such
cells retain their genetic memory, and the extent to which they can be
modified by environmental factors, is of fundamental importance. The
inner and outer medial smooth muscle cells differ with respect to
cytoskeletal composition, regulation of the actin cytoskeleton by
RhoGTPases, and contractility.’** These phenotypic differences are
stable in culture,®*
acteristics. The innermost medial smooth muscle cells originate by
migrating from bronchial smooth muscle and these cells migrate into the
subendothelium in pulmonary vascular disease. It seems likely that
the recruitment of cells from outside the lung bud would enhance the
heterogeneity of the vessel wall, and its potential for adaptation to envi-
ronmental change.”!

The factors that determine whether an endothelial cell lying in the
mesenchyme will become dedicated to either arterial or venous system are
not understood. The tyrosine receptor EphB4, and its cognate ligand
ephrin B2, discriminate between arteries and veins in the mouse, but less
so in humans. Early angioblasts commit to either an arterial or venous
fate, directed by a Notch gridlock signalling pathway.* It is possible,
however, that pulmonary endothelial cells do not become committed until
they have coalesced with an adjacent pulmonary artery or vein. It is at that
time that the direction of flow, pressure, and circulating factors might
influence commitment.

Experimental and gene targeting studies continue to emphasise the
critical role of growth factors in lung development. Each appears to have
a precise spatial and temporal expression pattern (Fig. 3). In the human
lung, we found eNOS, VEGEF, and the VEGF receptors Flk-1 and Flt-1 and
Tie-2 expressed in the capillary plexus at 38 days.*> eNOS stimulates
endothelial proliferation, migration, formation of tubes, is a downstream
mediator of growth factor-induced angiogenesis, and inhibits apoptosis.
It is expressed on the endothelium of human arteries, capillaries, and veins

suggesting that they retain distinct hereditable char-
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throughout development. VEGF mediates vasculogensis and angiogen-
esis. VEGF-A is required for vascular development throughout the
embryo, and blood vessels do not form in mice deficient in the VEGF
receptor Flk-1.%% Grafting of beads coated with VEGF increases the
density of the capillary bed.* In cultured mouse lungs, VEGF is found at
the branching points of peripheral airways, where the adjacent endothelial
tubes coalesce and become joined to the presumptive pulmonary artery.
The tyrosine receptor kinase Tie-2, and its ligand angiopoietin, is also
essential in the formation of capillary networks.*® Endothelial phosphory-
lation of the Tie-2 receptor by angiopoietin leads to proliferation of
smooth muscle cells, perhaps indicating that it has a role in the neomus-
cularisation of newly formed pulmonary arteries.*”** Han and colleagues
found that insulin-like growth factor I and II, and IGF-IR ligands and
mRNA are present at four weeks’ gestation.”” Anti-IGR-IR neutralising
antibody reduced the number of endothelial cells, and increased apoptosis
of endothelial and mesenchymal cells in human lung explants. IGF-1 also
upregulates VEGF, further emphasising the crucial role of this growth
factor. A low oxygen tension, as occurs during foetal life, stimulates both
vascular and airway development. This involves HIF-1ow and HIF-2q.,
which upregulate expression of VEGF and play an important role in both
vasculogenesis and angiogenesis. Studies on HIF-low emphasise the
importance of cross-talk between developing arteries and airways to
ensure the normal development of both structures."* EGFmRNA and
TGFomRNA are expressed in the mesenchymal cells surrounding airways
and alveoli in the human foetal lung from 12 to 33 weeks’ gestation,” but
the receptors for these ligands were found in the airways and were
involved in differentiation. Their direct role in vascular development is
uncertain. The influence of innervation on lung development is not well
understood. Extracellular nucleotides help regulate mitogenic, contractile,
and metabolic responses in the vasculature and the purinergic receptors,
P2Y and P2X, are abundant and highly conserved. Extracellular ATP
contributes to hypoxic remodelling of bovine pulmonary arteries by
enhancing adventitial fibroblast proliferation.’!

Heterogeneity of both endothelial and smooth muscle cells is evident
before birth. During embryonic development, they show considerable
plasticity, and undergo constant changes in protein expression to match
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the requirements of the developing vessel.’>> Plasticity of vascular cell
types persists after birth. It is thought that stimuli such as hypoxia, shear
stress or inflammation can lead to transdifferentiation of endothelial cells
into mesenchymal fibroblasts or smooth muscle-like cells.* Transition
between fibroblast and smooth muscle cells and vice versa is well
described.

Bone morphogenetic proteins (BMPs) and their receptors play an
important role in lung development. In the human lung the expression of
BMP4 and the BMP receptors is temporally and spatially regulated during
development. BMPRII expression is greatest during the late pseudog-
landular and early canalicular stages when vasculogenesis is intense, and
it correlates with tissue smadl phosphorylation.*® In vitro, BMPs 2 and 4
induced phosphorylation of smads 1 and 5, and pulmonary endothelial
proliferation and migration, while inhibition of BMPRII inhibited smad
signalling and the endothelial proliferative response to BMP4. Other
investigators found evidence of BMP signalling in the later stages of
murine saccular and alveolar development.>
that the BMP antagonist Drm/gremlin can modulate angiogenesis,”’
stimulating endothelial cell migration and invasion in fibrin and collagen
gels, and triggering tyrosine phosphorylation of intracellular signalling
molecules. It also induces neovascularisation in the chick chorioallantoic
membrane. BMPII is a receptor for the TGF/BMP superfamily. The
TGFpP receptors ALK1 and ALKS5 appear to balance each other in
controlling the proliferation and migration of endothelial cells during
angiogenesis.”® They show non-overlapping expression patterns during
development; ALK1 in the endothelium and ALKS in the media and adven-
titia of blood vessels. Cross-talk between TGF/BMP and the signalling
pathways of mitogen-activated protein kinase, phophatidylinositol-3
kinase/Akt, Wnt, SHH, and Notch, was reviewed recently by Guo and
Wang.”

In vitro studies have shown

6. Remodelling to Adapt to Extra-Uterine Life

The two most important changes taking place at birth are the reduction in
pulmonary vascular resistance and the clearance of alveolar fluid. To
ensure the post-natal fall in pulmonary vascular resistance, the endothelial
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and smooth muscle cells undergo marked cytoskeletal change to increase
their surface area, become thinner and so increase lumen diameter.%
Smooth muscle cells show a transient reduction in actin content and
disassembly of actin filaments, with an increase in monomeric G-actin.
The smooth muscular phenotype is regulated by the transcription factor
serum response factor, which is itself negatively regulated by YY1.®' The
brief post-natal reduction in filamentous actin causes YY1 to relocate
from cytoplasm to nucleus, thereby inhibiting the expression of differen-
tiation markers, and increasing the activity of cell cycle genes. These
changes do not occur in the presence of pulmonary hypertension. No sin-
gle factor has yet been identified as being primarily responsible for the
initiation of vasodilation at birth. It is probable that the abrupt expansion
of the lungs leads to a cascade of events which facilitate the activation of
vasodilatory responses, and reduce vasoconstrictor stimuli. The sudden
increase in blood flow imposes a sheer stress on the endothelium to
promote the release of nitric oxide and prostaglandin I, (Fig. 6).
Endothelium-dependent relaxation is relatively poor at birth, whether
receptor or non-receptor operated. The density of the muscarinic recep-
tors responsible for acetylcholine mediated relaxation increases rapidly
immediately after birth, and the subtypes change.®> However, the vessels
relax in response to exogenous nitric oxide, although this response
also improves significantly during the first two to three weeks of life.%
There is no lack of nitric oxide synthase at birth. The expression of both
the protein and the gene increases markedly towards term, and increases
further to reach a maximum at two to three days of life.*> As in adults, the
predominant enzyme present at birth is the constitutive endothelial
isoform. There is no absolute or relative deficiency of the co-factor
for nitric oxide synthase, BH4, at birth.¢ The efficacy of the enzyme,
however, can be reduced by the action of endogenous inhibitors, prima-
rily asymmetric dimethylarginine, which competes with the substrate
L-arginine.”” The level of the inhibitor decreases in the first days of life,
metabolised to citrulline by the dimethylarginine dimethylaminohy-
drolase enzymes, DDAH I and II, both of which are highly expressed in
the foetal lung. Each isoform is developmentally regulated, and activity of
the second increases rapidly immediately after birth.®® The pulmonary
arterial smooth muscle cell being targeted by the endothelium is itself
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Figure 6: Diagram illustrating the pathways involved in adaptation to extra-uterine life in
the pulmonary arterial endothelium and smooth muscle cells.

changing rapidly. Basal accumulation of cGMP is high at birth, but falls
rapidly to a lower adult level by three days of age.** This post-natal fall
might be explained by the high expression of phosphodiesterase (PDE) V
and its hydrolytic activity found in the newborn rat lung.® Despite the
basal accumulation and enhanced accumulation of cyclic GMP in
response to nitric oxide and its donors, the relaxation response of newborn
vessels is less than might be expected. This might be accounted for by the
smooth muscle cell membrane being more depolarised at birth than later.”

The alveolar fluid is absorbed by the alveolar epithelium at birth.
Foetal pulmonary endothelial intercellular junctions are complex and
fenestrated, while they are tighter and less complex in older babies,
indicative of improved barrier function. The higher endothelial perme-
ability in foetal pulmonary vessels is probably due to the combined
actions of hypoxia, a high level of circulating endothelin-1, VEGF and
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angiotensin II. Endothelin-1 induces endothelial permeability, and its
receptor antagonists can prevent capillary leakage.”"”> By contrast, an
increase in nitric oxide has been shown to prevent endothelial leakage in
the lung. The post-natal increase in nitric oxide, and the simultaneous
reduction in endothelin, may contribute to the tightening of endothelial
junctions after birth.”? Rho GTPases play an important role in maintaining
endothelial junctional integrity, emphasising the necessity of sustaining a
high ratio of Racl to RhoA.™ The scaffolding proteins in the endothelial
cell membrane may also change at birth, and contribute to the perinatal
changes in endothelial barrier function. PECAM-1, also known as
CD31, influences transendothelial migration of inflammatory cells,
mechanosignal transduction, and angiogenesis.” Considerable amounts
of this agent are expressed on foetal rat endothelial junctions, and expres-
sion decreases after birth when the barrier is formed between blood and
gases. Caveolin-1 is a component of caveolae, an endothelial scaffolding
protein which regulates the assembly of different signalling molecules at
the plasma membrane.” Studies on doubly homozygous caveolin-1
knockout mice indicate that the protein plays a dual regulatory role in
controlling lung microvascular permeability, acting as a structural protein
required for the formation of caveolae and caveolar transcytosis, and as a
tonic inhibitor of eNOS.”’

7. Interaction between Airways and Arteries
during Development

The airways and pulmonary blood vessels develop in close proximity and
they interact and exert reciprocal control upon each other throughout
development. The terminal buds at the end of each branching pathway
have a consistent appearance throughout development and those of man
closely resemble those of other species, suggesting highly conserved
genetic programming. Development of the vasculature appears to be con-
trolled largely by local factors, released from the adjacent airways and
mesenchyme. In the embryonic and pseudoglandular stages vasculogene-
sis is critically dependent on the epithelium of the terminal buds, which
release VEGF into the mesenchyme. VEGF-deficient mice do not survive
to term even in the presence of one allele, and show defects in vessel
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formation.” In a study of rat lung explants, at foetal day 13, presence of
the epithelial cells was needed to maintain the presence of endothelial
(FIk-1 +ve) cells in the distal lung mesenchyme.” BMP-4 acts as a
stimulant for VEGF and high levels of BMP-4 are located at the tips of
distal airways. Overexpression of the inhibitory vascular morphogen
matrix GLA protein (MGP) in mouse lungs disrupts BMP-4 and leads to
failure of peripheral arterial branching.*® Changes in the expression of
VEGF, however, alter both vascular and airway development.
Overexpression of VEGF caused disrupted vascular net assembly and
arrested airway branching* while inhibition of blood vessel development
by antisense oligonucleotides to VEGF reduced airway branching in
mice.®! Other examples of the same agonist/receptor affecting both
vascular and airway development include eNOS and the IGF receptor.
eNOS stimulates proliferation of endothelial cells and tube formation but
it also controls airway branching in the cultured rat lung.’ Inactivation of
the IGF receptor in human lung explants led to loss of endothelial cells in
existing capillaries by apoptosis, which was accompanied by abnormal
growth of the lung buds, suggesting that IGF receptors are involved in
both airway and endothelium development.*’

Airway branching may be more important in the organisation of the
pulmonary arterial tree rather than in the formation of a capillary network.
Endothelial precursor cells derived from the lung mesenchyme of foetal
mice and cultured in the absence of a lung bud, formed extensive
capillary-like networks but did not form larger vessels.® These endothelial
cells expressed the RNA for VEGF receptors, the receptor tyrosine
kinases Tie-1 and 2, and angiopoietins 1 and 2 (Ang-1 and 2). Endothelial
progenitor cells capable of de novo vasculogenesis have been isolated
from the microvasculature of post-natal rat lungs.®

In the canalicular stage, while VEGF and HIFs are considered to be
instrumental in blood vessel development at this time, VEGF also causes
maturation of Type II cells by converting glycogen stores to surfactant.
This process is dependent upon HIF-20 and maturation does not occur in
—/— mice." Interaction of arteries and airways continues during alveolar
development in the post-natal lung. Experimental studies have shown that
as alveoli form in mice and rabbits, the Type Il pneumonocytes produce
VEGF mRNA.*# VEGF and its receptor Flk-1 both increase in perinatal
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mice during this period.*® In a study on rat alveolar development, an
inhibitor of Flk-1 (Su5416) reduced the number of both arteries and alveoli,
as did anti-angiogenic factors such as fumagillin and thalidomide.*
A similar study showed that Flk-1 was essential for early alveolar and thus
capillary development, but these deficiencies were reversible with time
when inhibition was discontinued. By contrast, perinatal exposure to
hyperoxia led to long-term structural impairment.®” Hyperoxia reduces
vascular density and alveolar development. In the rat these changes
were associated with a reduction in VEGE,® and injecting recombinant
VEGF during the recovery period led to an increase in both capillaries and
alveoli.*” Inhalation of NO also enhanced recovery from hyperoxia by
increasing blood vessel development.'” HIFs continue to play an impor-
tant role in alveolar development. In a baboon model of BPD, activation
of HIFs increased angiogenesis and also alveolar surface area with subse-
quent improvement in oxygenation and lung compliance.”!

8. Can the Adult Lung Begin to Grow Again?

When an adult undergoes pneumonectomy or lobectomy the remaining
lung tissue increases in volume to fill the space available. Experimental
animal studies indicate that an increase in lung volume is achieved by the
growth of existing structures rather than formation of new structures, that
the mediators which are important in regulating normal foetal develop-
ment are also important in effecting compensatory lung growth, and that
the response appears to be age-dependent. In 1998 we showed that a
mature adult rat lung could be stimulated to grow new, normally formed
alveoli.”” Unilateral lung transplantation with an immature donor lung led
to an increase in alveolar number and size in the immature donor lung, as
might be expected, but also in the mature recipient lung.

The alveolar response may be species-dependent. Studies on pneu-
monectomised adult foxhounds showed that compensation in the
remaining lung was achieved without growth of alveolar septal tissue, but
with alveolar capillary distension and an increase in Type II alveolar cells,
followed by activation of other alveolar cells.”” By contrast, alveolar
number was increased by 33% in the right lungs of mice which had under-
gone left pneumonectomy.” These changes are probably initiated by
abrupt expansion of the lung. Post-pneumonectomy expansion of the
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canine lung caused elevation of HIF-1ox mRNA and protein with activa-
tion of its transcriptional activator, the serine/threonine protein kinase B,
and the mRNA and protein levels of its downstream targets erythropoietin
receptor and VEGF.” Basal HIF-1o expression was greater in immature
than mature dogs and increased at least twofold after pneumonectomy.”®
Compensatory lung growth is largely attributed to Type II alveolar cells,
but recent studies have shown that bronchioalveolar stem cells have the
potential to contribute substantially to this process.” Compensatory
growth of the vasculature has been less well studied than that of the
airways. The remaining lung of the pneumonectomised rat showed an
increase in vessel size by quantitative post-mortem angiography, more so
in the upper and middle lobes than the lower lobes, accompanied by
an increase in proliferating nuclear antigen.”® VEGF accelerates compen-
satory growth after pneumonectomy, but BFGF, MF-1 and DC101 do not,
and the authors concluded that compensatory lung growth after unilateral
pneumonectomy in a murine model is, in part, angiogenesis-dependent,
and can be altered with angiogenesis modulators, possibly through regu-
lation of endothelial cell proliferation and apoptosis.*

9. Lung Repair and Regeneration

Lung injury can destroy the lung parenchyma, and obstruct or even oblit-
erate either the bronchioli or pulmonary arteries. Reversing these
abnormalities is not possible, despite intense research activity. The most
we have achieved so far is a slowing of the disease process. In Idiopathic
Pulmonary Arterial Hypertension (IPAH), for example, new therapies
such as continuous intravenous prostacyclin, oral endothelin receptor
antagonists and phosphodiesterase inhibitors, can slow disease progres-
sion, sometimes for many years, but are not curative.

Obliterative bronchiolitis, fibro-obliterative occlusion of the small
airways, is seen in infants and young children following infection, in
occupational lung injury or toxic inhalation. It is the most common cause
of lung transplant failure, when it is thought to be a manifestation of
chronic rejection. Recent studies suggest that while alloimmunity initiates
graft rejection de novo autoimmunity ultimately causes progressive
airway obliteration.'” Obliterative pulmonary vascular disease is seen in
IPAH and can be associated with connective tissue disease, congenital
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heart disease, lung disease and other disorders. It is characterised by
obstruction of the terminal and respiratory bronchiolar arteries. Peripheral
dilatation lesions and plexiform lesions are characteristic. Discussion of
the pathobiology resonates with mention of the same signalling pathways
considered important in foetal pulmonary vascular development, particu-
larly the BMP and TGF signalling pathways (Fig. 7).
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Figure 7: Summary of the factors driving the evolution of pulmonary vascular obstructive
disease. Endothelial dysfunction causes adherence of activated platelets and leukocytes and
loss of barrier function with leakage of serum factors into the subendothelium. This last action
is thought to heighten the activity of metalloproteinases (particularly MMP2 and 9), including
endogenous vascular elastase released from smooth muscle cells, to help induce structural
remodelling, cause smooth muscle cell activation, disruption of the internal elastic lamina, and
facilitate smooth muscle cell migration. MMPs also activate growth factors normally
sequestered in the matrix in an inactive form. Increased tenascin expression is associated with
cell proliferation, while its downregulation with apoptosis. Tenascin amplifies the proliferative
response to epidermal growth factor and fibroblast growth factor (FGF)-2 in vitro. Expression
of fibronectin is widespread and this glycoprotein can facilitate smooth muscle migration. The
innermost smooth muscle cells cease to express many smooth muscle-specific contractile and
cytoskeletal proteins before migrating through gaps in the internal elastic lamina. Changes in
phenotype are widespread.
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Mutations in the genes for BMPRII and activin-like kinase, which
regulate specific signalling pathways for transforming growth factors, are
found in patients with IPAH and in many patients with associated
pulmonary hypertension. Reduced expression of the co-receptor BMPRIA
is also frequently observed in patients with IPAH.' Smooth muscle cell
replication is high in IPAH, in cells from the explanted lung. Loss of
BMPRII causes proliferation of the pulmonary arterial smooth muscle
cells in response to agonists such as TGF-1 and bone morphogenetic
protein, which normally inhibit proliferation'® and induces susceptibility
to apoptosis. It makes endothelial cells susceptible to apoptosis.'®
BMPRII activity induces differentiation of foetal lung fibroblasts into
myofibroblasts and smooth muscle cells,'™ which could increase medial
and adventitial thickness. Improving BMPRII signalling has been an
effective strategy in some rodent models.'” PPARY is an important tran-
scription factor downstream of BMPRII signalling, and the ApoE gene is
transcribed by PPARY. Deletion of PPARY or apoE in mice causes
pulmonary hypertension'® and apoE can repress proliferation in systemic
arterial smooth muscle cells by preventing proliferative signals through
the PDGF'”" receptor. Inhibition of the PDGF receptor by imatinib can
reverse monocrotaline-induced pulmonary hypertension in rats,'”® and is
under investigation in patients with end-stage TPAH.'” Such studies
indicate that PPARY may be an important therapeutic target. Other
downstream targets of BMPRII include tenascin-C. Tenascin C is a
glycoprotein associated with activation of growth factor receptors and
survival pathways and its activity is increased in pulmonary vascular
disease as is that of serine elastase. Increased activity of serine elastase
leads to the release of growth factors from the extracellular matrix, and
activation of matrix metalloproteinases. Elastase inhibitors prevented and
reversed experimental monocrotaline-induced pulmonary hypertension by
inducing apoptosis of smooth muscle cells.""® Blocking a downstream
effector of elastase, the EGF receptor, also caused regression. A dominant-
negative construct of survivin''' reversed pulmonary hypertension by
smooth muscle cell apoptosis.

BMPRII signalling has been directly related to expression of the Kv
potassium channels,'? which are known to be dysfunctional in pulmonary
arterial hypertension, notably the Kv1.5 and 2.1 channels. Reduced
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expression of these channels leads to the influx of calcium to promote
vasoconstriction and cell proliferation. Elevated levels and transport of
serotonin have also been implicated in the pathogenesis of pulmonary vas-
cular disease. The fawn-hooded rat has a defect in serotonin metabolism, is
readily susceptible to pulmonary hypertension and shows abnormal oxygen
sensing in smooth muscle cell mitochondria, leading to reduced function of
the Kv channels.'® Serotonin also affects the proliferative response, since
stimulation of the serotonin transporter and the serotonin receptors induces
cyclins' and c-fos. Inflammation is emerging as an important factor in the
pathobiology of pulmonary vascular disease, as exemplified by HIV, and
demonstrated by T cell-dependent mechanisms and increased cytokine
activity, both of which have been linked to BMPRII activity.

Stem cell therapy is an exciting prospect. Endothelial progenitor cells
transfected with endothelial nitric oxide synthase prevent and also reverse
pulmonary arterial hypertension in rats by re-establishing connections
between proximal and distal pulmonary arteries.'”® This strategy is now
being trialled in patients. A recent small pilot study showed that patients
treated with non-engineered cells gained short-term benefit (see also
Chapters 10 and 12)."® Bone marrow-derived cells limited the remodel-
ling seen in monocrotalline but not in hypoxia-induced pulmonary
hypertension in mice."”

In summary, improved understanding of the genetic mechanisms, the
role of chronic inflammation and autoimmunity should make it possible to
manipulate the abnormal signalling pathways present in pulmonary arterial
obstructive disease and understand the potential for stem cell rescue. In
depth parallel studies on obstructive airways disease are mandatory.

10. Will it be Possible to Regenerate or Grow
a New Lung?

At present the information we have is piecemeal. Most studies have
concentrated on the development of either capillaries or alveoli, rather than
the simultaneous development of both structures, and they have not
focussed on the development of larger, proximal airways and blood vessels.

Alveolar regeneration is an important goal in diseases such as emphy-
sema in adults and bronchopulmonary dysplasia in infants. Alveolar
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rarefaction also occurs in human starvation and in calorie-restricted mice.
The expression of genes thought to be important in producing an alveolar
septum from a flat alveolar wall include those related to cell replication,
angiogenesis and extracellular matrix remodelling. Guided cell motion
and expression of these genes was increased within three hours of
allowing calorie-restricted mice food ad libitum."'® Several studies
emphasise the potential of endothelial progenitor cells. Endothelial
precursor cells derived from the lung mesenchyme of foetal mice will
form extensive capillary-like networks with a lumen when cultured in the
absence of a lung bud.** Endothelial progenitor cells capable of de novo
vasculogenesis have been isolated from the microvasculature of post-natal
rat lungs.* The mature lung contains resident stem cells, the alveolar type
II pneumocyte and the Clara cell," but it also contains a population of
primitive adult precursor cells known as the side population (SP),'* a
primitive multipotent population defined by its lack of differentiated
lineage markers and the ability to differentiate into haematopoietic,
epithelial and mesenchymal cells.”” Neonatal mice recovering from
hyperoxia showed a reduction in microvessel density with a simultaneous
reduction in the number of side population cells and changes in CD45
analyses.'** This study also showed that lung side population cells have
endothelial potential. The authors commented that hyperoxia-induced
changes in these cells may limit their ability to contribute to tissue
morphogenesis during recovery. This implies that a population of progen-
itor cells which one might hope could aid recovery is itself susceptible
to injury.

The formation of both capillaries and alveoli can be induced by
recombinant human VEGE.* VEGEF is partially controlled by HIFs. When
HIF-1a is increased in preterm baboons as a result of inhibiting its degra-
dation, there is enhancement of both arterial and alveolar growth,
associated with an increase in lung compliance and oxygenation.”’ The
outcome was improved in hyperoxic newborn rats by the intratracheal
administration of adenoviral gene therapy with combined VEGF and
angiopoietin-1, since angiopoietin-1 stabilises the wall and reduces
leakage of newly formed capillaries.'*® Such strategies could be applied to
the repair and regeneration of hypoplastic lungs in chronic lung disease in
infancy.
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Is there any evidence that we could build a new lung from scratch,
in vitro? Primary isolates of murine lung cells from embryonic day 18
have been cultured in a three-dimensional matrigel. The isolates were a
mixed population of epithelial, mesenchymal and endothelial cells. After
only one day in culture, tissue resembling peripheral saccules formed,
lined by epithelial cells which had the structure of alveolar type II cells
producing surfactant.'” The process continued for up to six weeks.
Addition of specific growth factor FGF 10 led to the formation of a
branching system of air sacs. A combination of FGF 2, 7 and 10 increased
the budding of these air sacs. Endothelial cells coalesced to form an inter-
connecting capillary system with lumen within the matrix, lying in close
proximity to the epithelial cells of the saccules.* Such an in vitro
approach could become suitable for therapeutic lung augmentation in
hypoplastic lungs. We do not know, however, whether these structures
would function normally.

11. Conclusion and the Way Forward

We now have a good understanding of the temporal and spatial organisa-
tion of the structures forming the developing lung but a very incomplete
understanding of the molecular mechanisms controlling and orchestrating
these events. This information is necessary if we are to learn how best to
repair the damaged lung and regenerate new lung tissue, both in vivo and
ex vivo. If we are trying to copy nature then we should learn how nature
itself remodels the lung during normal development.
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Chapter 3

Epithelial-Mesenchymal Interactions
During Lung Development and Their
Potential Relevance to Lung Repair

Alexandra Firsova, Tomoko Hyakumura,
Timothy J. Cole and Richard Mollard

Together with their precursors and descendants, epithelial and

mesenchymal cells interact throughout development to ultimately define

the physiology and architecture of the mature and functional lung. It is

hypothesised that during development, certain classes of both epithelial

and mesenchymal stem and progenitor cells are retained in an undiffer-

entiated state so they may be reactivated later in adult life to repair the

damaged lung. Furthermore, it is hypothesised that several classes of

molecules intimately associated with the developmental process are

reutilised later during times of repair. These molecules include members

of the fibroblast growth factor and transforming growth factor families,

their receptors, agonist and antagonist signalling systems, transcrip-

tional superfamily members and components of the extracellular matrix

and basement membrane. How these various molecules orchestrate a

morphogenetic signal coordinating both appropriate proliferation and

differentiation of the epithelium and restructuring or maintenance of the

supportive mesenchymal mass in order to effect repair of damaged

tissue, however, remains unknown. This chapter will detail some of the

cellular and molecular mechanisms interpreting epithelial-mesenchymal

interactions from the moment of gastrulation to the establishment of the

early branching lung anlage, currently described in the literature. As

continual research is applied to this field, it is predicted these signalling

pathways instructive to the formation and allocation of epithelial and
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mesenchymal stem and progenitor cells during development will be
exploited to provide advanced interventional therapeutics for treating
congenital respiratory diseases and respiratory damage following envi-
ronmental insult (see Chapter 2).

Keywords: Early lung development; molecular signalling; epithelial;

mesenchymal.
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1. Formation of the Lung Epithelium and Mesenchyme

In the mouse, the first sign of gastrulation, or formation of the three
primitive germ layers, occurs between E6.75 and E6.85 when a circum-
ferential groove appears in the presumptive primitive streak region of the
embryonic epiblast/ectoderm.! The primitive streak extends anteriorly
from the posterior end of the epiblast forming regions of organising
activity in temporal order known as the early- and mid-gastrula organisers
(EGO and MGO, respectively) and the node.> Fate mapping studies have
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demonstrated that cells of the posterior epiblast migrating through the
EGO and MGO give rise to axial mesendoderm, a condensed stripe of
cells expressing Foxa2, Brachyury (T), Goosecoid (Gsc) and Mixl1.5®
Axial mesendoderm contains progenitors of the anterior definitive
endoderm (ADE) and lateral plate mesoderm (LPM) and as such progen-
itors of both foregut endoderm (e.g. lung, liver and pancreas) and their
associated mesoderms.>***1° In the absence of subsequent signalling from
the node, appropriate ADE fate specification and positional information is
not maintained and hence morphogenesis of the lung and other organs
does not commence as embryos generally die prior to E9.5.°

Examples of molecules providing signalling information from the node
to the ADE are Nodal and Fibroblast growth factor 8 (Fgf 8). Nodal is first
expressed throughout the epiblast and visceral endoderm at E6.5 and is then
restricted to the posterior proximal epiblast around the node at E8.0."'?
Fgf8, one member of a large gene family of growth factors (see below), is
similarly expressed in the epiblast at the presumptive proximo-posterior
aspect of the embryo, prior to appearance of the primitive streak, and regu-
lates Nodal expression around the node." Nodal null mutants display
pre-streak developmental arrest while Fgf8™~ embryos form neither endo-
derm nor mesoderm and do not survive past E9.5.""*!* Fof8 and Nodal
serial hypomorphs and compound mutants have further defined the impor-
tance of these molecules during the subsequent inductive events of the node
upon the LPM and then subsequently in left-right symmetry specification
of foregut endoderm and as such lung epithelial precursors (see below).

2. Respiratory Endodermal Specification and Primary
Epithelial Bud Outgrowth

During their anterior migration along the ventral surface of the embryo,
ADE derivatives of the mesendoderm maintain Foxa2 expression and
downregulate T expression, while mesoderm contributing to the lateral
plate retains 7 expression.*'>'® As respiratory endodermal precursors
contained within the ADE migrate to the ventro-lateral wall of the devel-
oping foregut, their specification is reliant upon signals derived from
co-migrating pro-cardiogenic mesodermal cells found within the region of
the anterior LPM.'"""** At approximately the seven-somite stage (E8.25),
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the liver and pancreatic markers Albumin and Pdx] are expressed in the
ventral Foxa2 expressing foregut endoderm.” > At the eight-somite stage,
Fgfs 1 and/or 2 liberated from the pro-cardiogenic mesoderm, interact(s)
with their receptors Fgfrl and Fgfr4 within the anterior ventral foregut
endoderm to activate Nkx2./, thus marking future thyroid and lung
endoderm within this same domain and in an overlapping fashion.** Lung,
liver and pancreatic marker activation is temporally controlled and regu-
lated by the anterio-posterior proximity of the cardiac Fgf source. Local
concentrations of Fgf change with time according to morphogenetic move-
ments of the developing heart, with higher concentrations of Fgf being
required for Nkx2.1 expression, lower Fgf concentrations being required
for Albumin expression and the absence of Fgf signalling being required for
Pdx1 expression™? (Fig. 1). Separation of Nkx2.1 and Albumin expression
domains then occurs with advancing somite age. Nkx2./ expression is
maintained throughout the developing lung endoderm at E10.5, being
expressed at high levels in the left and right bronchi, and then becoming
progressively restricted to alveolar type II and Clara cells with further
development.®* In these more mature respiratory derivatives, Nkx2.1
signalling regulates surfactant protein d (Sftpd) expression and with Foxa2
and Gata6 regulates transcriptional activation of further lung differentiation
markers and proteins critical to normal lung function such as Sftpb and
uteroglobulin (Scgblal or CC10), and Stfpa and Sftpc, respectively.?5

The importance of Nkx2.1 expression for appropriate lung function
or alternative progression to genetic disease has been demonstrated at
several levels. At approximately 20 somites, or E9.0-9.5 in the mouse,
respiratory development is marked morphologically for the first time by
the appearance of the laryngotracheal groove within the ventral wall of the
caudal pharyngeal endoderm* (Fig. 2). This groove produces a ridge
on the external surface of the pharynx to form the laryngotracheal diver-
ticulum. The diverticulum becomes separated from the foregut by
tracheoesophogeal folds that fuse to form a partition, dividing the foregut
into the ventral portion, the laryngotracheal tube, and a dorsal portion, the
oesophagus.®> Nkx2.1 null mutants display tracheoesophogeal fistula and
hypoplastic lungs that fail to undergo correct branching following lobar
outgrowth.* Furthermore, due to the lack of Nkx2.1 signalling, null
mutant respiratory endoderm does not express Sftpc. Such studies reveal
the importance not only of Fgf signalling from the respiratory associated
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Figure 1: Specification of lung endoderm within the foregut. (A) An eight somite stage
embryo about to commence turning. (B) Enlargement of broken box in (A) and schematic
simplification of cardiac to foregut Fgf signalling. A concentration gradient of Fgf1 and/or
Fgf2 released from the cardiac mesoderm in coordination with morphogenetic movements
of the foregut specifies regional identity of the lung, liver and pancreatic endoderm (at this
time, it is expected that individual lung, liver and pancreatic precursors will exist in over-
lapping and mixed domains, not as the simplified discrete domains depicted here). Higher
Fgf concentrations specify lung, lower concentrations specify liver while the absence of Fgf1
and Fgf2 signalling is permissive to pancreas formation. a, amion; ac, amniotic cavity; am,
amniotic mesoderm; c, chorion; ee, embryonic endoderm; epc, ectoplacental cone; exc,
exocoelomic cavity; exe, extraembryonic endoderm; exm, extraembryonic mesoderm; fg,
foregut; h, heart; pe, parietal endoderm; s, somite.

cardiac mesenchyme to elicit appropriate specification and morphogen-
esis of respiratory epithelium though Nkx2.1 signalling, but also
underline the requirement of the precise dosage requirement of this signal
for appropriate proliferation, structural organisation, differentiation and
function of the lung epithelium.

3. Left and Right Bud Outgrowth and Left-Right
Patterning

(See also Chapter 2)

Following specification within the foregut endoderm and formation of the
laryngotracheal tube, distal and ventral respiratory precursor endoderm
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Figure 2: Formation of the laryngotracheal groove and tracheoesophageal septum. (A) At
approximately the 20 somite stage, the laryngotracheal groove appears in the ventral wall of
the caudal foregut. (B) The groove forms a ridge in the pharynx called the laryngotracheal
diverticulum. (C) Tracheoesophageal folds form between the pharynx and the laryngotra-
cheal diverticulum. (D) At approximately the 25 somite stage, the tracheoesophageal folds
fuse to form the tracheoesophageal septum, and this septum partitions the oesophagus from
the trachea as the lung buds invade the surrounding mesenchyme. ¢, eye; f, foregut; h, heart;
IB, left lung bud; Id, laryngotracehal diverticulum; Ig, laryngotracehal groove; m, mandible of
the first branchial arch; o, otic vesicle; p, pharynx; rB, right lung bud; s, somite; tf, tracheoe-
sphogeal fold; ts, tracheoesophageal septum.

invades the surrounding splanchnic derivatives of the lateral plate mesoderm
to form two primitive lung outgrowths (left and right) at approximately
E9.5.>" In mice, these left and right outgrowths form, respectively, one left
lobe and four right lobes (see Fig. 3; apical, azygos, cardiac and diaphrag-
matic). Several molecular signalling systems have been identified as
necessary for bud outgrowth, with one of the major regulators being the
retinoic acid (RA) signalling system (see also Chapter 7). Retinoic acid
receptor alpha and retinoid X receptor alpha (Rara/Rxra) heterodimers pres-
ent in the foregut endoderm and mesoderm, together with some redundancy
involving Rarb and Rxrb, interpret signalling of all-frans-retinoic-acid
(arRA) originating from within the foregut endoderm prior to E9.5 to regu-
late specification of respiratory precursors contained within the ADE.**! In
the absence of such signalling, foregut endoderm fails to produce left and/or
right lung outgrowths resulting in either left lung agenesis or lung hypopla-
sia. How RA signalling intercalates with specification of other systems
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Figure 3: Schematical representation of right and left lung lobes. Situs solitus represents
the normal condition, situs inversus represents inversion of the normal condition, right lung
isomerism represents the replacement of the left lobe with a mirror imaged right lobe and
left lung isomerism represents the replacement of the right lobe with a mirror imaged left
lobe. al, apical (cranial) lobe; azL, azygos (accessory/intermediate) lobe; dl, diaphramatic
(caudal) lobe; cl, cardiac (medial) lobe; T, trachea.

affecting ADE fate and the precise timing of its signal is at present
unknown, but appears to commence at approximately E8.5 in the mouse.

4. Endodermal Specification and Left-Right Symmetry
(See also Chapter 2)

As discussed above, anterior—posterior positional specification of the ADE
is effected by signals elicited from the early-, mid- and late-streak stages
and continually through the eight-somite stage. In addition to
anterior—posterior positional specification at the late-streak stage,
signalling from the node throughout the LPM also provides lung endodermal
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precursors contained within the ADE, with additional dorso-ventral and
left-right symmetry information.’ Lack of appropriate left-right symmetry
information specification results in a series of genetic diseases charac-
terised by alterations in left-right symmetry of the lung lobes.

Fgf8 and Nodal null mutants die prior to formation of endoderm and
hence reveal no information regarding their roles in lung development. On
the other hand, Fgf8™”~ hypomorphic embryos display reduced Fgf8
signalling to the left LPM, as evidenced by reduced Nodal expression
within the LPM, and a subsequent right-lung isomerism.*** (Fig. 3).
Similarly, reduced Nodal signalling in Nodal***~ hypomorphic embryos
and Growth differentiation factor-1 (Gdf1) compound heterozygotes results
in deficient left LPM specification and a subsequent right-lung isomerism.'**
Ablation of Pitx2 expression, a gene downstream of Nodal signalling within
the LPM, also results in right-lung isomerism while mutagenic studies of
Pkd2, Notol and Dnahcll, genes involved in cilia formation and hence
function of cells contained within the node, similarly display failed left-
LPM specification and right-lung isomerism.** It has therefore been
postulated that ciliated cells resident within the node create a unidirectional
flow of Fgf8 signalling across the primitive streak, thus inducing Nodal
signalling specifically within the left, and not right, 0 to 2 somite or
E7.5-E8.0 LPM, which then acts on the ADE to define left-to-right identity
of respiratory and other constituent endodermal precursors.'*?

In addition to right-lung isomerism, inappropriate specification of the
foregut endoderm through compromised signalling from the LPM (e.g.
compromised Pcsk6, Leftyl and GdfI expression) can also manifest as
situs inversus or left-lung isomerism>>? (Fig. 3). Such studies demon-
strate that specification of the lung epithelium and its subsequent lobar
patterning originates from signals within the node that affect LPM identity
and, in turn, lung epithelial left-to-right symmetry.

5. Secondary Branching and Branching Morphogenesis

(See also Chapter 2)

After the appearance of the left and right primary buds, serial branch point
formation from the primary lobes occurs in an ostensibly stereotypical
pattern, encompassing some spatial, temporal and lineage error variants,
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and being characterised by three overlapping yet distinct morphogenetic
modes: domain branching, planar bifurcation and orthogonal bifurca-
tion.* Domain branching provides proximo-distal periodicity and
circumferential specification to branch points emerging from the primor-
dial outgrowths of each lobe. Planar bifurcation involves the expansion
and bifurcation of bud tips from some tertiary buds and subsequent out-
growths in a two-dimensional plane. Orthogonal bifurcation provides
some of these bifurcations with an approximate 90° rotational third-
dimensional plane, thus forming a rosette in cross-section. Such epithelial
patterning encompasses the process known as branching morphogenesis,
a process that commences in the pseudoglandular period of lung develop-
ment at approximately E11.5, continuing through to the canalicular period
and thus establishing the highly arborised nature of the adult lung epithe-
lium. During branching morphogenesis, numerous signalling systems
between the lung epithelium and mesenchyme are activated to divide the
growing buds into areas of proximal morphogenetic stability and distal
morphogenetic activity. Areas of morphogenetic activity are believed to
contain various stem/progenitor cell populations that are maintained in the
adult to be activated in times of repair. The signalling systems specifying
and maintaining these systems are thus of interest to better understanding
how resident stem cells may be activated following injury to elicit repair.

Early studies of the embryonic mouse lung demonstrated the crucial
role of epithelial-mesenchymal interactions for appropriate branching of
the lung epithelium and specification of the epithelial and mesenchymal
sub-domains.>*** Appropriate geometric patterning of the lung, in terms of
budding and branching, only occurs if the lung’s mesenchyme is present.
In the absence of the supporting mesenchyme, epithelial cells lose orien-
tation with each other, fail to bud or branch, transform from a columnar
to squamous phenotype and die. When epithelium and mesenchyme
from chick lung epithelia are separated from each other and recombi-
nations made between the trachea, terminal buds and vascular airsacs,
mesenchyme from non-branching structures such as the airsacs and
trachea are observed to suppress branching, whereas mesenchyme from
the branching regions such as the terminal buds and parabronchi promote
supernumerary bud formation along the trachea.”*>> Furthermore, recom-
binations between E13 rat tracheal mesenchyme with E13 lung epithelium
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result in an anteriorisation of lung structures, with the expression of a
tracheal endoderm phenotype, while recombinations of tracheal endoderm
with distal lung mesenchyme results in a posteriorisation of tracheal
endoderm, with the expression of a lung phenotype.***® These homeotic-
like transformations appear to be restricted with a temporal specificity, but
demonstrate the inductive power of the mesenchyme upon the epithelium
in terms of pattern formation and differentiation.”’

Evidence has come to support the notion that these heterotypic
mesenchymal populations situated at the epithelial-mesenchymal
interface release diffusible molecules that regulate basement membrane
deposition and alterations in epithelial proliferation rates.”®*> As such,
within areas of developing clefts, the mesenchyme induces areas of
morphogenetic stability through relatively low epithelial proliferation and
high basement membrane content, while in areas of distal bud outgrowth,
distinct mesenchymal subsets induces morphogenetic activity through
higher epithelial proliferation and lower basement membrane content.
Basement membrane constituents recognised to play a major role estab-
lishing separate branching and non-branching domains include
fibronectin, collagen IV, laminin and nidogen. Soluble signalling
pathways instigating and maintaining the distal respiratory phenotype
during mouse lung organogenesis have also been described and involve
Fgf, Sprouty (Spry), Bone morphogenetic protein (Bmp), Sonic hedgehog
(Shh) and Wnt family members. Because of their likely therapeutic value
to future applications aiming to induce repair following respiratory injury,
these soluble signalling systems and their roles in instructing prolifera-
tion, differentiation and regulation of the lung architecture during
branching morphogenesis will be the subject of the remaining sections.

6. Fgf Signalling Within the Epithelium
and Mesenchyme During Lung Branching
Morphogenesis

(See also Chapter 2)

Some Fgfs have been described above to participate in crucial interactions
governing early respiratory endodermal specification. Those described to
play instructive roles during later stage lung branching morphogenesis
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include Fgfl, 2, 7, 9 and 10. There are 23 Fgf family members and, with
the exception of Fgf1l to Fgf14, these proteins effect signalling through
the binding of a family of tyrosine kinase receptors. The Fgfrs are encoded
by four separate genes that transcribe seven major isoforms following
common alternative splicing of exon III: Fgfrib, Fgfric, Fgfr2b, Fgfr2c,
Fgfr3b, Fg fr3c and Fgfr4.%

Between E11 and E20, Fgfl immunoreactivity is found throughout
the mesenchyme but not epithelium.®” Fgf2 immunoreactivity is detected
in the epithelia of the presumptive trachea and lung bud, but later in the
mesenchyme, and is found associated with the apical cell membranes of
budding epithelial cells, being stored in the extracellular matrix and
membrane bound proteoglycans.”®® Fg f 7 expression is found throughout
the lung mesenchyme commencing at E14.5.% FgfI7~ and Fgf2™ single
and compound homozygote and Fgf7” mice display no overt lung phe-
notype.”’" The lack of phenotype in these mice has been attributed to a
functional redundancy with other family members.”” Fgf9 is expressed
within the presumptive mesothelium and lung bud epithelium at E10.5.
By E12.5 expression is restricted to the mesothelium and then downregu-
lated by E14.5.*7* Fg 97~ mice display a normal generation and number
of pulmonary lobes and epithelial proliferation, but a reduced mesenchy-
mal proliferation and hypoplastic secondary branching.”? FgfI0 is
expressed within the mesenchyme through lung development, being
localised to discrete cellular subsets within the peripheral mesenchyme,
corresponding to the previously described cellular morphogenetic areas.”
Fgfl107~ mutants develop a trachea, but at E11.5 mainstem bronchi,
bud outgrowth and correspondingly branching morphogenesis are
disrupted.”*”” Mlcv-nLac-24 enhancer trap Fgf10 allelic hypomorphic
lungs similarly display hypoplasia, and altered epithelial (decreased
Nkx2.1 and Sftpb expression) and smooth muscle differentiation.” FgfI8
expression is not detected within the foregut epithelium or mesenchyme
between E8.5 and E10.5, but is detected within the lung mesenchyme
between E12.5 to E18.5.7% Fg 18~ mice display no overt foetal pheno-
type, but fail to appropriately form alveoli.®!

Fgfrl is expressed within the endoderm and mesoderm of the
presumptive trachea and lung bud at E8.5 and subsequently diffusely
through the mesenchyme.®** Fg frib and Fg frilc isoform expression in
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the developing lung has not yet been fully described. Most Fgfrl™ mice
die prior to E9.5, while an Fgfrlb in-frame stop codon or deletion of the
Fgfrl-IIIb exon results in no apparent phenotype.***" Fgfr2b is expressed
in the developing lung epithelium throughout organogenesis while Fg fr2c
is expressed within the mesenchyme.?*** A dominant negative Fg fr2b
transgenic isoform inhibits lung branching morphogenesis (but not bud
outgrowth), while Fgfr2b null mutagenesis results in lung agenesis.*>%%
Dermol-Cre mediated ablation of Fgfrl and Fgfr2 in lung mesenchyme
commencing at E10.5 demonstrates a functional redundancy with
compound heterozygotes and Fg frI” Fgfr2*~ mice displaying no pheno-
type, while Fg fr1*~ Fg fr2”~ and compound homozygotes mice display an
allelic dose response hypoplasia.”’ Fgfr3 transcripts are not detectable
in the developing lung until E16.5, with the protein localising postnatally
to the mesenchyme.”*** Fg fr4 transcripts are associated with formation of
the presumptive lung buds from the foregut endoderm at the 7-9 somite
stage, just prior to the appearance of Nkx2.1 in the same foregut endo-
derm domain.” Neither Fg fr3™ nor Fgfr4” mice show an obvious lung
phenotype, yet compound homozygotes, although showing no overt
branching or early developmental lung phenotype, fail to form alveoli
postnatally.”

Due to their redundancy during development, it is unclear how Fgf1,
2 and 7 may be relevant to repair in times of injury. However, in vitro bind-
ing and expression studies suggest that mesenchymal Ffgl, Fgf3 and Fgf7
may act through epithelial Fgfr2b to regulate lung epithelial proliferation
and bud outgrowth, hence controlling stem/progenitor cell activity.®®**
Due to the clarity of knockout phenotypes and associated studies, it is now
accepted that Fgf9 secreted by the presumptive mesothelium and acting
through mesenchymal Fgfrl and Fgfr2, regulates Fgf 10 activity within
discrete mesenchymal domains distal to growing buds® (Fig. 4). Fgf10
acting through epithelial Fgfr2b directs epithelial proliferation and hence
bud outgrowth and simultaneously differentiation.”’%¢ Lineage tracing
analysis has demonstrated that the Fgf10 expressing nascent mesenchyme
is reallocated from the distal tips as the bud extends outwards to be
located subjacent to the tubules as they extend.”” Here these cells express
smooth muscle actin (Acta2). As such, multiple Fgf signalling mechanisms
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Figure 4: Simplified schematical representation of several signalling systems contributing
to epithelial and mesenchymal interactions. (A) An approximate E12.5 lung bud. (B) The
epithelium within the box indicated in (A) has branched. The location of several signalling
systems involved in this process is indicated. E, epithelium, L, lumen; M, mesenchyme; Ms
presumptive mesothelium.

from within the presumptive mesothelium and through the nascent mes-
enchyme coordinately regulate activity of both epithelial and smooth
muscle progenitors. If stem/progenitor cells specified during development
are retained in a similar functional context through to adult life (which is a
widely held yet still to be proven belief), appropriately applying an exoge-
nous Fgf signal or stimulating an endogenous Fgf signal may prove of
benefit to repair of the damaged lung.

A number of mediators have been identified to maintain and confine
the Fgf10 signal within the distal and discrete mesenchymal populations
identified as precursors to smooth muscle progenitors and relay this signal
to effect epithelial behavioural outcome. As such, what effect these mole-
cules will have upon broader cellular outcomes following attempts to
amplify progenitors of therapeutic value during the repair of lung injury
ought to be considered. Signalling pathways that modify and interpret the
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Fgf signal and to be discussed in this context are those involving Shh,
Dicer, Spry, Bmp and Wnt.

7. Epithelial Shh Signalling Regulates Mesenchymal
Patterning and the Fgf10 Signal

Shh expression commences within the foregut endoderm at E8.0 and is
maintained in the tracheal diverticulum as it emerges from the ventral
wall of the foregut, and then also later in the distal lung bud epithelium
during the pseudoglandular stage.”®* Shh™ foetuses display inhibited
oesophageal and tracheal septation from the laryngotracheal tube, with
the oesophageal epithelium appearing as stomach epithelium and
showing continuity with the lung epithelium.'®'" Although fistula
formation resembles that observed in Nkx2.17~ foetuses, Shh expres-
sion is unaffected in Nkx2.I7" lungs and Nkx2.l expression is
detectable in Shh™" foetuses, suggesting parallel yet independent
effector pathways.'” In Shh™" lungs, the normally focal mesenchymal
Fgf10 expression domains distal to the lung epithelium are lost, instead
extending throughout the mesenchyme, and normal Acfa2 expression is
lacking. As such, the control of lobation and branch point formation
are lost and the lungs appear either as one large sac or a simple
bifurcation.'”!°! Specification of lung endodermal progenitors thus
requires Shh, and continued Shh expression in these progenitors is
prerequisite to the appropriate interpretation and regulation of Fgf10
signalling cues.

In the mouse, Shh binding to Patchedl (Ptcl) and Ptc2 receptors
removes unliganded Ptc-mediated suppression of the intracellular
signal transducer Smoothened.'” Smoothened then relieves suppres-
sion of the transcriptional activators Glil, Gli2 and Gli3 to positively
effect regulation of downstream signalling target genes. From E11.5 to
E13.5, Ptcl is expressed at highest levels within the mesenchyme
adjacent to distal buds and at lower levels in the proximal mesenchyme,
while Prc2 is expressed at higher levels in the epithelium.’>%100:103
Most studies described to date concerning the Ptc receptors during
early lung development have focussed on Prcl expression. During



Epithelial-Mesenchymal Interactions During Lung Development 105

branching morphogenesis and in a feedback regulatory fashion that
ultimately sequesters the Shh signal, epithelial Shh upregulates Prcl
expression in the mesenchyme and as such, increases mesenchymal
proliferation, while Ptc2 expression in the epithelium is unaffected by
Shh signalling.'”'* Ptc1 acts through Hedgehog interacting protein
(Hipl) also in a feedback loop to further dampen the Shh signal by
downregulating Shh expression.'®” In the absence of Hip1l, Ptcl expres-
sion is upregulated in the mesenchyme, FgfI/0 expression is
downregulated and branch point formation is lost. Hence, either loss or
expansion of the Fg f10 expression domain due to alterations in the Shh
signaling pathway results in altered lung branching because focal local-
isation of the Fgfl0 epithelial morphogenic source from within the
mesenchyme is lost.

All three Gli genes are expressed in the foregut mesoderm and later
in lung mesenchyme in specific overlapping patterns.'” Gli2™ foetuses
display one right and one left lobe, lung hypoplasia and oesophageal
and tracheal stenosis, demonstrating in a similar fashion to Shh and
Hipl, a role in lung progenitor specification/activity for appropriate
lobar patterning and domain branching.'”” Reducing Gli3 dosage in
Gli2”~ mice increases the severity of the phenotype, resulting in
tracheoesophageal fistula and a more severe lung phenotype, while
Gli2™~ Gli3™ compound mutants develop no trachea or lungs and die
by E10.5.'%7 Epithelial Shh expression thus appears to play a role upreg-
ulating mesenchymal Ptcl, focally inhibiting mesenchymal Fgf10, and
hence providing the appropriate feedback required for directed epithe-
lial bud outgrowth and the maintenance of discrete mesenchymal Fgf10
sources'® (Fig. 4).

Regulation of Shh expression within the epithelium is effected at least
in part through a redundancy in Foxal and Foxa2 signalling. Sftpc-Cre
mediated deletion of Foxa2 (Foxa2™") in Foxal”~ mice results in
disrupted branching, tubule dilatation and inhibited epithelial differen-
tiation.'” The Sfipc promoter appears to be active from E10 onwards and
Foxal™ and Foxa2*™ simple null lungs appear similar to controls.'**!"
Shh and Acta2? expression are reduced in compound mutants, while
Nkx2.1 expression is unaffected.'™!” Because Foxal and Foxa2 expres-
sion are unaffected in Shh null mice, epithelial Foxal and Foxa2
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transcripts play overlapping roles regulating activity of Shh within the
epithelium, and hence an upstream regulatory role specifying epithelial
stem cell/progenitor behaviour and the identity of stem cells/progenitors
contained within the mesenchyme.'?”

8. Epithelial Dicer Signalling Regulates Mesenchymal
Fgf10 Expression

Dicer is an RNA II endonuclease located within the foregut endoderm at
E9.0 and the morphogenetically active lung distal bud epithelium and
mesenchyme at E11.5.""" It plays an essential role cleaving small interfering
and micro-RNA (siRNA and miRNA, respectively) species for liberation
of their mature and functional forms. Targeted excision of the Dicer
allele within the lung epithelium mediated through ShZ“* conditional
expression between E10.5 and E11.5 results in normal lobation and
continued epithelial growth, but a failure of branching commencing at
approximately E12.5."" FgfI10 expression is not restricted focally within
the distal mesenchyme in Dicer /" epithelial conditional mutants, being
expanded throughout the distal mesenchyme. Epithelial Dicer expression
is thus postulated to normally restrict mesenchymal FgfI0 expression,
which, in turn, appropriately directs epithelial progenitor outgrowth.

9. Epithelial Sprouty Modifies the Mesenchymal
Fgf10 Signal

Sprouty genes encode tyrosine receptor kinase inhibitors and three of the
four mammalian gene family members are expressed in the mouse (Spryl,
Spry2 and Spry4"'>'?). Between E11.5 and E14.5, all three Spry genes
are expressed in the lung distal tip epithelium, while some Spry2 and
Spry4 expression is found in the adjacent mesenchyme. Blocking Spry2
function with antisense oligonucleotides increases epithelial proliferation,
while Spry2™ lungs display a type of posterior transformation of more
anterior domains, producing ectopic proximal-like branch points.*-''®
Spry2 is believed to regulate the periodicity of branch formation by
initially restricting the branch number of the two ventral domains in the
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left lobe and diaphragmatic lobes at approximately E12.5.%
Mechanistically, mesenchymally derived Fgfl0 upregulates epithelial
Spry2, which in turn inhibits epithelial Fgfr2b signalling, thus reducing
epithelial proliferation locally in the distal tip and hence creating a branch
point'? (Fig. 4). Spry4” lungs display a temporary growth delay while
Spry2™-Spry4™~ compound homozygotes die by E12.5 and display a more
significant reduction in airway branching.'"” Although functional redun-
dancy is suggested to occur between Spry2 and Spry4, this remains to be
formally tested."” As such, appropriate regulation of distal epithelial stem
cell/progenitor amplification and allocation from mesenchymal signalling
may require consideration of the Spry signalling system.

10. Interaction of the Epithelial Bmp and Mesenchymal
Fgf Signals

Bmps comprise a multigene family of approximately 22 members belonging
to the transforming growth factor beta (Tgf B) superfamily.'* Bmps signal
through serine/threonine heterodimers comprised of a type I receptor
(Bmprla, Bmprlb, Acvrl or Acvrlb) and a type II receptor (Bmpr2,
Acvr2a or Acvr2b). Ligand binding of either the type I or type II receptor
results in formation of a type I and type II heterotetrameric complex. This
complex mediates phosphorylation of intracellular Smadl, Smad5 or
Smad8 signalling proteins. The phosphorylated Smad protein is released
from the heterotetramer to bind Smad4, and this multi-Smad complex is
then transported to the nucleus to regulate transcription of downstream
effector pathways. Like Bmps, Tgf Bs also signal through Smad proteins
to regulate lung development, but through interaction with the Tgf[3
receptors. The effects of TgfP and Smad signalling upon lung develop-
ment are described elsewhere.'"” Bmp activity is regulated in several
fashions. Firstly, Smad6 inhibits Smadl and Smad5 phosphorylation and
hence signal transduction through Bmprla and Bmprlb.'? Secondly, a
number of secreted Bmp antagonists (e.g. Noggin [Nog] and Gremlin)
bind Bmp family members (e.g. Bmp2, Bmp4 and Bmp7) and block their
interaction with Bmprla and Bmprlb.'*"'%

Bmp4 is expressed within the E9.5 ventral foregut mesoderm and
from E10.5 to at least E15.5 within the distal lung epithelial tips and
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surrounding mesenchyme.'”"'* During this time, Bmp5 and Bmp7 are
each expressed respectively throughout the lung mesenchyme and epithe-
lium while Bmp?2 transcripts are not detectable.''** Bmprla is expressed
within the E9.5 foregut endoderm and mesoderm, becoming restricted to
the distal lung epithelial tips and adjacent mesenchyme between E11.5
and E15.5, while Bmprib is expressed within the developing foregut
commencing at E9.5 and then in the primary bronchial epithelium at
E12.5."%7 Noggin is expressed in dorsal foregut mesoderm at E9.5, at low
levels in distal mesenchyme commencing at E10.5 and in presumptive
parabronchial smooth muscle from E11.5 to E15.5, while Gremlin
is expressed throughout the mesenchyme from at least E11.5, with highest
levels present adjacent to the growing epithelial tips, and at lower lev-
els within E11.5 distal tip epithelium and in the E14.5 airway
epithelium,'0%124128

The addition of Bmp4 to cultured whole E11.5 lung explants
increases branching morphogenesis and epithelial proliferation.'?-'%
Although misexpression of Bmp4 throughout the epithelium reduces
branching morphogenesis (while increasing epithelial proliferation), a
stimulatory role for Bmp4 signalling upon the lung epithelium and
branching morphogenesis is supported by the increased branching and
proliferation observed following addition of Gremlin antisense oligonu-
cleotides to culture, and the decreased branching observed following
Sftpc-promoter mediated (i) dominant negative Bmprlb; (ii) XNoggin;
and (iii) Gremlin transgene expression within the developing lung epithe-
lium.'?2*131 With a similar increase in Sftpc expression observed
following Bmp4 or Gremlin addition to E11.5 whole lung cultures, the
latter Sftpc-promoter transgenic studies suggest that Bmp4 signalling
maintains a distal epithelial bud phenotype that appears prerequisite to the
expansion of stem cell/progenitors within the distal bud, and hence their
continued budding.'*®

Nog™ foetuses display oesophageal atresia, tracheoesophageal fistula
and truncated and/or fused lobes.'"*!*> This Nog™" phenotype is partially
rescued by Bmp4*~ complementation, suggesting the inhibitory Nog
mesenchymal signalling is required to attenuate foregut endodermal
Bmp4 signalling to induce appropriate tracheoesophageal septation.'?
Bmp4 thus acts at several levels, specifying events associated with both
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early foregut and later lung morphogenesis. With respect to morphogene-
sis of the foregut endoderm, the action of Bmp4 is presumably
downstream of Nkx2.1 expression.”® With respect to a mechanistic action
of Bmp4 upon later lung epithelial differentiation and morphogenesis,
Fgf10 and Shh expression are not affected in Sftpc-promoter-Xnoggin
transgenics and epithelial Bmp4 expression appears unaltered in Shh™
mice.'”'** Furthermore, PdxI-promoter mediated misexpression of
Fgf10 within the lung epithelium induces a distalisation of the proximal
lung epithelium involving upregulation of Sffpc within the proximal
epithelium and a corresponding increase in Bmp4 expression.'*> Such an
increase in Bmp4 expression accords with that observed after Fgf10 treat-
ment of denuded lung epithelium and the downregulation of Bmp4
observed following treatment of whole lung explants with Fgfl0
antisense oligonucleotides.'*'* It has thus been proposed that epithelial
Bmp4 and mesenchymal Fgf10 play interacting and complimentary forces
regulating epithelial cell outgrowth and differentiation status'*>'* (Fig. 4).
In addition to influencing epithelial differentiation and morphogenesis,
epithelial Bmp4 appears to interact with mesenchymal-derived Fgf10 to
influence differentiation of parabronchial smooth muscle cells during the
pseudoglandular/cannalicular phases of lung development.”” Sfipc-
promoter mediated Bmp4 misexpression throughout the lung epithelium
and addition of Bmp4 to E13.5 lung mesenchyme both result in upregu-
lated Acta2 expression. Fgfl10™“~ hypomorphic E14.5 lungs display
reduced expression of Bmp4 and an associated decrease in the
parabronchial smooth muscle cell population. Mesenchymally derived
Fgfl0 through epithelial Bmp4 is thus hypothesised to provide a
signalling system regulating differentiation of the smooth muscle progen-
itors into the smooth muscle phonotype. Along with its effect upon
epithelial proliferation and differentiation, designing therapies to exploit
the regulatory effects of Bmp signalling upon both epithelial and
mesenchymal stem cells/progenitors following injury may be of merit.

11. Wnt Signalling

Wht signalling through the Frizzled (Fz) and Arrow/Lrp receptors acts via
Dishevelled (Dvl) to stabilise -catenin (Ctnnbl1), thus permitting nuclear
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translocation, interaction with nuclear T cell factor/lymphoid enhancer fac-
tor (Tcf/Lef) and transcriptional activation of downstream target genes.'*
The complexity of the Wnt signalling pathway is illustrated by the pres-
ence in mice of 19 Wnt genes, ten Fz genes and three Dvl genes, and
the ability of Wnt proteins to activate both canonical receptor and non-
canonical protein kinase C and c-Jun signalling pathways.'*> Within the
lung, both Wnt2a and Wnt2b are expressed at high levels in the E10.5 to
E13.5 distal mesenchyme.'”"**"*" Wn5a is expressed primarily in the
distal pulmonary epithelium at E12.5 and at lower levels in the surrounding
mesenchyme.**'3* Wnt7b is expressed throughout the lung epithelium at
E11.5, being subsequently restricted to the distal bud epithelium.'®-'4

Wnt2a and Wnt2b activate the canonical signalling pathway and no
lung phenotypes have been described in Wnt2a or Wnt2b mutants.'*'%
Wht5a activates the non-canonical signalling pathway and Wnt5a™ lungs
display an increase in epithelial and mesenchymal proliferation, inhibition
of maturation, expansion of distal airways and an increase in Shh, Bmp4,
Ptchl and Fgfl0 expression'® (Fig. 4). Accordingly, Sfipc-promoter
mediated Wnt5a overexpression induces lobation defects, reduced lung
branching and a transient increase in mesenchymal mass.'* E13.5 epithe-
lial Shh and mesenchymal Ptchl and Glil expression are decreased, while
mesenchymal FgfI0 expression expands and is increased in areas where
Ptchl is decreased.'* Corresponding to the broadened expression pattern
of Fgf10 in the distal mesenchyme, Bmp4 expression is broadened across
the epithelium.'** Increased Fgf10 and Bmp4 expression domains are con-
sistent with a reduced branching and dilation phenotype of the distal
airways due to a loss in focal branch point formation.

TOPgal.lacZ and BATgal.lacZ reporters demonstrate activity of
canonical Wnt signalling pathways that overlap with B-catenin expression
within the anterior foregut endoderm and E10.5 to E18.5 lung epithelium
and parabronchial mesenchyme and smooth muscle."""™'** TOPgal.lacZ
expression within the E11.5 and E12.5 lung epithelium is highest in the
distal tips, while at E15.5 expression is located predominantly within the
proximal lung epithelium (see Fig. 4). Sftpc-mediated conditional ablation
of epithelial Ctnnbl induces reduced secondary branching with ectopic
smooth muscle differentiation within distal mesenchyme.'** Loss of
epithelial Ctnnbl results in a loss of epithelial Bmp4 and Fgfr2 expression
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and associated Fgf downstream epithelial Erk1/2 activity."** Dermol*-
mediated conditional inactivation of Ctmnbl within lung mesenchyme
results in partial right pulmonary isomerism but also a decrease in lung
epithelial branching.'* Decreased branching is accompanied by a reduc-
tion in submesothelial Fgf10 and smooth muscle progenitor allocation,
while epithelial Shh, Bmp4 and Fgfr2 expression are not affected.

Wnt signalling can be inhibited by Dickkopfl (Dkk1), Dkk2 and
Dkk3 activity. All three genes are expressed in the lung epithelium with
overlapping temporal patterns commencing at E11.5.'¢ Sfipc promoter
mediated upregulation of Dkk/ and Dkk1 supplementation to E11.5 lungs
reduces parabronchial Acta2 immunoreactivity and is associated with
reduced cleft formation and cleft fibronectin immunoreactivity.'**'*® The
addition of soluble fibronectin to Dkk1-treated explants rescues branching
morphogenesis, but also rescues parabronchial Acta2 immunoreactivity,
while inducing ectopic distal mesenchyme Acta2 immunoreactivity.'*®

Upstream regulation of canonical Wnt signalling is further mediated
by both Fgf9 and Fgfl0. Fgf9” lungs and Dermol-mediated mes-
enchymal Fgfri/Fgfr2 or Ctnnbl ablation all result in a similar
hypoplastic lung phenotype associated with reduced mesenchymal
Wnt2a."”" The epithelial hypoplasia is postulated to result as a secondary
effect to reduced mesenchymal mass resulting from the mesenchyme
specific reduction in Wnt signalling and not an alteration of Fgf signalling
to the epithelium. Reduced lung mesenchymal Fgfl0 signalling in
Milcv-nLac-24.Fgfl10 hypomorph X TOPgal.lacZ foetal lungs results
in defective parabronchial smooth muscle formation associated with
reduced distal lung epithelial Ctnnbl expression and canonical Wnt
signalling.”® Ablation of lung epithelial Gata6 expression acts to upregu-
late Ctnnb1 signalling, which in turn leads to decreased Sftpc and Scgblal
expression, yet an increase in the number of Sftpc*Scgbla* cells proposed
to represent multipotent progenitors of the airway epithelium.''4
Therefore, canonical Wnt signalling appears to regulate specification or
allocation of the epithelial stem cell/progenitor pool available for expan-
sion and, as such, subsequent differentiation. How or whether canonical
Whnt signalling specifically regulates smooth muscle specification remains
to be formally tested. Deletion of Wnt7b exon 3 (Wnt7b’) from within the
embryonic but not placental compartment produces Wnr7bh”’ null lungs
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that display both epithelia and mesenchymal hypoplasia, yet overtly unaf-
fected cell fate and lung architecture.'**'* Together with the lack of lung
phenotype observed following Wnt2a and Wnt2b null mutagenesis, it has
been suggested that a highly redundant signalling system exists among the
Whts, yet it remains most likely that they effect specification of both
epithelial and smooth muscle progenitors through feedback loops involving
the Fgfl0 signalling system. Determining further methods to regulate
expansion of both epithelial and mesenchymal progenitor pools, following
lung injury through modulation of the canonical Wnt signalling pathway,
may thus be of great therapeutic benefit in the future.

12. Conclusion and the Way Forward

In order to develop a means of repairing lung function following injury, a
thorough understanding of the mechanisms regulating lung epithelial and
mesenchymal stem cell/progenitor specification, proliferation, three-dimen-
sional organisation and functional differentiation is essential.
Developmental studies have provided a great deal of information
concerning these processes and have continually fortified the notion that,
because of their intimate and intertwined relationships, epithelial and mes-
enchymal molecular signalling systems must be considered together in
order to appropriately understand the molecular mechanisms governing
behaviour of the individual cell types. Reconciliation of the major signalling
pathways affecting epithelial and mesenchymal specification and behav-
iour, as outlined above, should enable modifications relevant to activation
of respiratory specific signalling pathways to generic therapeutics and thus
in the future provide a more directed, relevant and efficient approach to cor-
recting functional deficits following respiratory disease and/or injury.
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Chapter 4

Epithelial Progenitor Cells
of the Mammalian Lung

Roxana M. Teisanu, Joshua C. Snyder
and Barry R. Stripp

The adult lung is a quiescent organ whose function is highly dependent
upon epithelial integrity. Maintenance and restoration of the airway
epithelium relies upon regulated activation of progenitor cells whose
identity varies between tracheobronchial, bronchiolar, and alveolar zones.
Defects in epithelial repair are associated with a broad spectrum of
lung diseases that range from the inability to fight infections to hyper-
proliferative diseases such as pulmonary fibrosis and lung cancer.
The present chapter summarizes our current understanding of the hierar-
chical organization, function, and regulation of the stem/progenitor cell
hierarchies that maintain the lung epithelium. Much of our current knowl-
edge relies upon the availability of methods that have been widely used to
characterize stem cell hierarchies in other highly proliferative systems.
These methods and their limitations are described in detail while empha-
sizing the differences between quiescent and highly proliferative organs.
This chapter identifies significant knowledge gaps and identifies future
directions that will help advance the field of lung regenerative medicine.

Keywords: Progenitor cell; stem cell; repair; tracheobronchial epithe-
lium; bronchiolar epithelium; alveolar epithelium.
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1. Introduction
1.1. Heterogeneity of epithelial cells in the adult airway

The adult mammalian lung is a complex organ that evolved to facilitate gas
transfer between inspired air and the blood. To accomplish this process
structural components of the lung are organized into a branching system of
conducting airways and blood vessels that terminate in the gas exchange
unit: the alveolus. The respiratory tract is lined by a structurally heteroge-
neous epithelium in which cell types are organized into specialized
functional zones based upon their progenitor—progeny relationships.' This
epithelium fulfills a range of secondary functions from mucociliary clear-
ance’ to secretion,”® metabolism, and the detoxification of either systemic
or inhaled xenobiotic chemicals.””® Epithelial cell types can be distinguished
based upon their unique histological and ultrastructural characteristics and
gene expression profiles. The lining of tracheal and bronchial airways is a
pseudo-stratified epithelium composed predominantly of basal, ciliated, and
secretory cells. In addition, less abundant nonciliated cell types also exist,
such as neuroendocrine, brush, and intermediate cells.'®'? The most distal
conducting airways, termed bronchioles, are lined by a simple cuboidal
epithelium consisting of Clara cells, ciliated cells and rare neuroendocrine
cells.”® Neuroendocrine cells are commonly organized into clusters which
are associated with nonciliated cells that lack the typical ultrastructural fea-
tures of Clara cells." The epithelium lining alveoli is composed of alveolar
type II cells (ATII), which secrete pulmonary surfactant, and alveolar type I
cells (ATI), which are highly specialized epithelial cells with a large surface
area to facilitate gas transfer*' (see also Chapter 6).
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1.2. Epithelial function

With every inspiration the lung epithelium is exposed to micro-organisms
and their pyrogenic by-products, viral particles, oxidative pollutants, and
particulate matter. Despite these persistent environmental challenges the
epithelial lining turns over at a very low rate due to innate hosts’ defense
mechanisms that preserve tissue integrity.'"' To prevent undue injury and
an unwarranted immunological response, the airway epithelium provides
for physical clearance of inhaled stimulants through mucociliary
clearance.” In the event that mucociliary clearance is overwhelmed, the
epithelium also plays a pivotal role in regulation of the innate inflamma-
tory response. Recent studies highlight the fact that tight regulation of the
NF-kappaB signalling pathway in epithelial cells is required for appropriate
control of the inflammatory response and communication with resident
lung macrophages required for an effective response.?'*

In contrast, these processes are likely compromised in the setting of
chronic lung diseases, such as cystic fibrosis and chronic obstructive
pulmonary disease, resulting in chronic epithelial injury, defective repair,
and subsequent remodelling of the epithelial-mesenchymal trophic unit.?
More recently, we have demonstrated that defective epithelial repair can
phenocopy aspects of chronic lung disease, such as bronchiolar and
alveolar extracellular matrix (ECM) deposition and an augmented inflam-
matory response suggesting a role for altered progenitor cell behavior in
disease etiology.””*® In other organ systems, it has also been shown that
deregulation of the stem cell compartment leads to acute and chronic
diseases.?”* In the haematopoietic system, for example, increased prolif-
eration of either stem or progenitor cells can lead to disorders such as
leukaemia and lymphoma,* while defects in cellular differentiation can
lead to severe immunological abnormalities.’! Although evidence of a
direct cause—effect relationship between different disease states and the
status of the resident stem cell or the niche is currently lacking, it has been
suggested that diseases such as lung cancer can arise from resident
progenitor cells*° (see also Chapters 4 and 17). Understanding the hier-
archical organization of progenitor cells within the lung and the
relationship between these cells and changes in their behaviour with lung
disease becomes critically important. This chapter summarizes what is
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known of progenitor cells within each of the three major epithelial com-
partments: the tracheal-bronchial epithelium, the intra-pulmonary airways,
and the gas-exchange area.

2. Progenitor Cells and Lineage Specification
in the Developing Lung

(See also Chapters 2 and 3)

Lineage relationship amongst different cell types and progenitor—progeny
relationship in the extra- and intrapulmonary epithelium have been
thoroughly studied in mouse models of lung development. One of the
earliest events in lung development is formation of the two lung buds
from the foregut endoderm. Growth of the lung primordia and subsequent
branching morphogenesis, sacculation, and alveolarization are dependent
upon appropriate interactions with the surrounding foregut mesoderm.*
Signalling between the two compartments is mediated by a variety of
growth factors, amongst which members of the FGF,*?** Tgf-B/BMP,*
and Wnt***" families of paracrine regulatory factors play central roles. The
tracheal epithelium arises from different foregut endoderm progenitors
located anterior to the initial lung buds forming within the foregut endo-
derm. Initially the trachea and the oesophagus form a common tubular
structure that is subsequently partitioned into two separate tubular
organs.” Despite the distinct origins of extrapulmonary versus intrapul-
monary airways, the finding that distal lung mesenchyme can redirect
primitive tracheal epithelium to a distal fate suggests that early endo-
dermal progenitor cells are multipotent and that their fate is tightly
regulated by paracrine interactions with surrounding mesenchyme.*
Thus, epithelial cells of the conducting and alveolar airways, including
basal, ciliated, secretory, neuroendocrine, and alveolar type I and II, arise
from common endodermal progenitors. However, a growing body of
evidence suggests that once lung endoderm has been specified in the
embryonic foregut, the ensuing process of lung development yields
distinct lineages that are maintained independently of one another in the
late embryonic and postnatal periods. This developmental process has
been reviewed extensively elsewhere.*
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3. Adult Stem Cells and Tissue Maintenance
by a Stem Cell Hierarchy

The term “adult tissue stem cell” was coined to describe cells with the
ability to proliferate and generate differentiated progeny within a tissue,
yet retain the capacity for long-term self-renewal. Unlike embryonic stem
cells, a pluripotent cell type that can be maintained in culture by providing
medium additives but lack a stable in vivo counterpart, adult tissue stem
cells generally have more restricted differentiation potential and can be
maintained for prolonged periods in vivo.***! Cells with these characteris-
tics were first described in the haematopoietic system. The capacity of
haematopoietic stem cells to generate all specialised cell types of the
haematopoietic lineage and undergo long-term self-renewal was validated
through the use of in vivo transplantation assays.*** Similar cells have
since been described in other organs including the intestine,**® nervous
system,*’” epidermis,** and epithelial of the cornea,”® mammary
gland,”’* Tlung,'"'®*> liver,”®’ pancreas,”® and prostate.” However,
tissue-specific differences in the kinetics of cell replacement coupled with
anatomic constraints and differences in cellular complexity have made
identification and classification of stem cells difficult in many tissues.
Accordingly, a range of other properties have been used to define the stem
cell compartment within a tissue and the mechanisms contributing to their
regulation. Such mechanisms may be less uniformly applicable and in
some cases can only be applied to stem cells of a single tissue type.
Relevant properties of stem cells and their more specialised derivatives
are discussed below in the context of understanding stem cell behaviour
within the lung and other tissues, and assays commonly used for their
identification and characterization.

The classical view of a stem cell hierarchy is that rare stem cells are
believed to proliferate infrequently and divide asymmetrically.
Asymmetric division yields one daughter that is identical to the parent
cell, and another that has more limited capacity for self-renewal. The
latter has the ability to generate large numbers of differentiating progeny
and was therefore termed the “transit-amplifying” (TA) cell.*%*¢! Despite
this, not all putative tissue stem cells have been shown to undergo asym-
metric division. Moreover, among those tissue stem cells that have been
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shown to undergo asymmetric cell divisions, regulatory mechanisms have
been defined for just a few.”>® The best described mechanism defines self-
renewal of drosophila germline stem cells, for which asymmetric divisions
are tightly regulated through adhesion complexes formed between stem cells
and somatic cells that form the stem cell niche.** Even though there is
support for the concept that asymmetric cell division may in some cases
control long-term maintenance of tissue stem cells, far less is known of
mechanisms that govern the lifespan and behaviour of TA cells. Tissue-
specific differences are observed in the lifespan of TA cells, which has
potential to impact the activity of tissue stem cells. The lifespan of TA cells
is dictated by two variables: the probability of self-renewal versus differen-
tiation and their proliferative frequency.®* The impact that the probability
of TA cell differentiation has on tissue homeostasis is evident in a compari-
son of TA cells of the intestinal epithelium and the interfolicular epidermis.
Both of these tissues harbour TA pools that proliferate frequently for normal
tissue maintenance but differ in their longevity. TA cells of the intestinal
epithelium exhibit a relatively high probability of generating post-mitotic
progeny leading to their rapid depletion and continuous requirement for stem
cell proliferation to maintain regenerative capacity. In contrast, TA cells of
the interfolicular epidermis have a relatively low probability of generating
post-mitotic progeny leading to their long-term maintenance and infrequent
activation of stem cells.®“ These examples serve to highlight how changes
in the probability of TA self-renewal versus differentiation have potential to
dramatically impact the requirement for stem cell activation in tissue main-
tenance and help to explain tissue-specific differences in stem cell behaviour.

4. Approaches to Characterise and Hierarchically
Organise Progenitor Cells

A number of approaches have been developed to identify progenitor cells,
understand their behavior in vivo, and to distinguish tissue stem cells from
TA cells within a stem cell hierarchy. The more commonly used are
discussed briefly below:

Lineage analysis

Progenitor—progeny relationships can be defined in vivo through the use
of labelling methods to tag cells and determine their fate. Three principal
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approaches have been used. The most straightforward approach is to label
the nascent DNA of S-phase cells through incorporation of nucleotide
analogues. Commonly used nucleotide analogues include tritiated thymi-
dine (TdR) or bromodeoxyuridine (BrdU), although other halogenated
thymidine analogues have also been used, such as chlorodeoxyuridine
(CldU) and iododeoxyuridine (IdU).'*¢% Delivery of these labelled
DNA precursors into the systemic circulation results in their delivery to
proliferating cells and incorporation into DNA during S-phase.
Incorporation into nuclear DNA is typically assessed by either autoradi-
ographic or immunohistochemical detection. When coupled with either
ultrastructural analysis by transmission electron microscopy or
immunophenotypic analysis at the light microscopic level, it is possible to
determine the phenotype of proliferating cells and with an appropriate
chase period in the absence of label, the fate of their progeny. Caveats
with this approach are that experiments involving pulse-chase strategies
do not allow for the retrospective identification of the parental cell that
initially incorporated labelled DNA precursors, and that continuing
proliferation of cells leads to label dilution which renders this method
useless for lineage analysis.

An alternative method that allows analysis of lineage relationships is
that of lineage labelling using recombinant retroviral vectors.”””! Mixed
populations of retroviral vectors carrying different reporter genes allow
for the analysis of clonality and lineage relationships. A caveat with this
approach is the inability to retrospectively define the phenotype of the
founding cell for a population of tagged cells that are identified after a
defined “chase” period. Many of these technical hurdles have been over-
come through the use of lineage tracing methods involving Cre/LoxP
technologies.*'” Cre recombinase is a bacteriophage enzyme that
catalyzes homologous recombination between adjacent LoxP sequences.
Any DNA sequence that is engineered to include two adjacent copies of
the LoxP sequence can serve as a substrate for Cre. Recombination
catalyzed by Cre can lead to either deletion or reversal of the intervening
sequence depending upon whether the LoxP elements are in the same or
opposing relative orientation, respectively. A prerequisite for lineage
analysis using the Cre/LoxP system is that progenitor cell-specific genes
have been identified and their promoters characterised allowing the
generation of transgenic mice capable of directing cell type-specific
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expression of Cre. Mice carrying the Cre-expressing transgene are crossed
with a reporter line in which a LoxP-flanked transcriptional terminator
sequence is present between an upstream ubiquitous promoter and a
downstream reporter gene. In this case, Cre-mediated recombination
activates the expression of the downstream reporter, thus introducing a
lineage tag within the cell that can be traced among daughter cells. When
this strategy is coupled with use of ligand-regulated forms of Cre such
as CreER, lineage tags can be introduced into defined cell types in a
temporally controlled fashion.”>"

In vivo label retention

The concept that tissue stem cells proliferate infrequently compared to
their transit-amplifying progeny formed the basis for assays to define
these populations based upon this distinguishing characteristic.
Infrequently proliferating cells have been identified in organs with high
cellular turnover by labelling nuclear DNA with nucleotide analogues as
discussed in detail above, followed by a chase period that dilutes the label
within frequently cycling cells.”*” This assay has been used to define
“label-retaining” cells (LRC). One prerequisite of such experiments is that
the stem cell actively proliferates at the time of the pulse labelling.
However, recent evidence in the intestinal stem cell compartment
challenges the label-retaining dogma and shows that there is a population
of non-label retaining stem cells at the bottom of the crypt, distinct from
the classical LRC, found four cells upstream from the bottom of the crypt.
Lineage-tracing analysis demonstrates that these stem cells have the
ability to generate the entire epithelium of the crypt and the villus, including
the +4 epithelial cells.* Another limitation of this approach is its reliance
on the difference in proliferation rate between the highly proliferative TA
compartment and the relative quiescence of the stem cell. Thus, in organs
with very low cellular turnover such as the lung, pancreas, and liver,
where both compartments proliferate infrequently in steady state, various
injury models have been used to reveal the difference in proliferative
potential of stem versus TA cell populations.'”!853587677 In these organs,
chemical injury and/or tissue resection was used to reveal a population of
label retaining cells with stem cell properties.
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In vitro and transplantation assays

In vitro assays are dependent upon the existence of a set of positive and
negative selection markers that allow prospective isolation of stem cell-
enriched populations. Once such enrichment is possible, the self-renewal
and differentiating properties of these cells can be studied in clonogenic,
serial-passage, and limited dilutions analysis assays.”®” However, in vitro
experiments have the caveat of being dependent upon subjective medium
components and are very susceptible to false interpretation due to inade-
quate culturing conditions that can bias progenitor cell renewal or
differentiation independently of whether these cells function as tissue
stem cells in vivo. Transplantation assays are rooted in the haematopoietic
stem cell field where functional validation of stem cell behaviour can be
verified through analysis of the capacity for long-term reconstitution of
the entire haematopoietic system from one single cell.****"® This type of
approach has been effectively employed in both the mammary gland and
prostate to demonstrate that single cells isolated based on specific cell
surface markers can reconstitute the entire gland when transplanted in
immuno-compromised hosts.>!5%%

5. Progenitor Cells of Tracheobronchial Airways

Analysis of clonogenic, differentiation, and proliferative potential of
progenitor cells in the tracheobronchial epithelium have benefited from
the use of in vitro® and transplantation®' assays as well as in vivo models
of epithelial injury and repair.*” Transplantation studies in the trachea have
been quite successful due to the relative ease of cell isolation, identifica-
tion of cell surface markers for fractionation, and surgical transplantation
compared to their more distal counterparts. Early work demonstrated that
progenitor cells could be isolated from the tracheal epithelium, fraction-
ated according to their ability to interact with the lectin Griffonia
simplicifolia 1 (GSI)-B,, transplanted into denuded rat tracheas, and
differentiated appropriately to restore the cellular diversity of the tracheal
epithelium.®"* From this study more sophisticated approaches have been
utilised to more thoroughly define the progenitor capacity of tracheal
epithelial cells. In a classical study, Engelhardt and colleagues isolated
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human bronchial epithelial cells, transduced these cells with retroviral
constructs expressing a reporter gene for use in lineage tracing, and trans-
planted the cells into a denuded rat trachea. By analyzing the cell types
represented in each clone, this study demonstrated that a single progeni-
tor cell can give rise to all the cells of the airway surface epithelium in
addition to the cells of the sub-mucosal glands.** These results suggest
that a progenitor cell with more stem-like properties exists within the
tracheobronchial compartment. In addition to these observations, this
study is one of only a few to investigate human airway progenitor cell
behaviour. Unfortunately, the stochastic nature of retroviral transduction
precluded a determination of the molecular or cellular identity of the ini-
tiating clonogenic cell. Each of these studies relied upon isolating cells
from intact tissues, which could bias the experimental outcome based
upon cellular viability during the isolation procedure. Therefore, a series
of in vivo studies was initiated to better characterise the stem cell hierar-
chy in the tracheal epithelium.

Borthwick and colleagues (see Ref. 85) repeatedly injured the tracheal
epithelium through exposure to SO, or polydocanol and simultaneously
treated with BrdU to label proliferating cells. To determine if a stem cell
niche exists in the tracheal epithelium, label-retaining cells in the repair-
ing epithelium were quantified after various chase periods. These data
demonstrated that label-retaining cells existed in the upper and lower
trachea in the sub-mucosal glands and at the junction of the inter-
cartilaginous rings, respectively. This study also demonstrated that keratin
5 (Krt5) positive subsets of basal cells could be identified in tissue based
upon activity of the -galactosidase (B-GAL) reporter under control of the
human Krt5 promoter.'® Krt5 expressing cells were never immunolo-
calised with the label-retaining cells. However, their localization to
sub-mucosal gland ducts and junctions of inter-cartilaginous rings was
suggestive evidence that the label-retaining cell may be Krt5 positive.
This study provided in vivo evidence that a stem cell niche may exist in
the tracheal epithelium. The precise molecular and cellular identity of
these label-retaining cells remains unknown and recent studies have
questioned label retention as a relevant assay for defining stem cell
potential.* Collectively, these studies demonstrated that epithelial
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progenitors exist in the tracheal epithelium, with a subpopulation of these
cells sharing characteristics of resident adult tissue stem cells.

To determine the cellular identity and molecular profile of the tracheal
epithelial stem cell, a combination of in vivo lineage tracing and in vitro
assays were utilised. These studies have demonstrated that subsets of
tracheal and bronchial basal epithelial cells can be characterised by their
multipotent differentiation potential. In 2004, Schoch and colleagues as
well as Hong and colleagues reported that the expression of keratins
5 and 14, respectively, demarcate cells with multipotent differentiation
potential.*% Using a ubiquitously expressing B-GAL transgenic mouse,
Shoch and colleagues demonstrated that the mouse tracheal epithelium
contains a population of cells capable of clonal expansion and multipotent
differentiation when cultured in vitro, confirming the previous observa-
tions made by Engelhardt and colleagues in human xenograft
transplantation.® Based on the previous observation that Krz5 expression
defines a subset of basal epithelial cells in the tracheal epithelium, a trans-
genic reporter mouse expressing EGFP under the control of the human
Krt5 promoter was used to fractionate tracheal basal cells. Fluorescent
activated cell sorting and in vitro culturing indicated that EGFP positive
cells display multipotent differentiation capacity and increased clono-
genic potential relative to EGFP negative epithelial cells.*® In contrast,
Hong and colleagues used an in vivo lineage tracing strategy. A bitrans-
genic mouse line expressing the fused CRE-ERt under control of the
Krt14 promoter crossed with the ROSA26-flox-stop recombination
substrate was utilised to establish differentiation and clonogenic potential.
In this study, it was demonstrated that following naphthalene ablation of
secretory cells, an abundant facultative transit amplifying cell of proximal
airways, Krt14 expressing basal cells display either multipotent or unipo-
tent differentiation capacity in the tracheal epithelium® and multipotent
differentiation capacity in the bronchial epithelium.®” The relationship
between the Krt5 and Krtl4 expressing basal cells is currently unknown.
Further fractionation of basal cells in conjunction with in vitro and trans-
plantation assays will be required before this relationship can be
effectively studied. However, data to date suggest that basal cells are a
heterogeneous population that includes a subset with greater clonogenic
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and differentiation potential suggesting that this subpopulation of basal
cells may be the equivalent of a local tissue stem cell.

If cell-based therapeutic approaches are to be implemented, faithful
cell surface markers that allow for fractionation of progenitor cells must
be identified. Several methods have been utilised to fractionate tracheal
and bronchial epithelial cells. Previous work in the haematopoietic system
fractionated stem cells on the basis of the phenotypic ability to rapidly
efflux Hoechst dye, termed “‘side population” (SP) cells.* As such, several
studies in the tracheal and bronchial epithelium have adopted this
approach. Unfortunately, in mouse this method has been highly irrepro-
ducible indicating that the SP cell may be either epithelial or
mesenchymally derived.”®®' Despite this, a recent study used this
approach to fractionate human SP tracheal and bronchial epithelial cells
and analyze their differential potential in vitro. The results of this study
indicate that in human SP cells are capable of differentiating into epithe-
lial cells. However, whether the SP enriches for cells with clonogenic or
differentiation potential remains to be determined.”” Regardless, it is
evident that adopting cell surface markers or phenotypic profiles used to
fractionate stem cells in other compartments does not guarantee enrich-
ment of airway progenitors. Recent work has also demonstrated that
human airway epithelial progenitors can be isolated, grown in three-
dimensional culture (see also Chapter 9), efficiently transduced, and are
capable of restoration of the airway epithelium in denuded tracheas.”” In
addition, these progenitor cells can be fractionated based on the expres-
sion of aquaporin-3 to enrich for progenitor cell capacity.”* Despite the
current inability to reproducibly purify subpopulations of progenitor cells,
a seminal study recently demonstrated that cell-based therapeutic inter-
vention in lung disease is now a reality. In a proof of principle study,
Macchiarini and colleagues conducted the world’s first human main
bronchus transplant using a donor denuded trachea seeded with recipient
airway epithelial cells. The patient had presented with a stenosis of the left
main bronchus and severely attenuated FVC and FEV, levels due to
turberculosis infection. Four months following transplantation, the epithe-
lium was completely restored, FVC and FEV, levels returned to normal,
and no signs of allograft rejection were apparent.” Though the study
cannot rule out invasion of the recipient’s own epithelial cells into the
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transplanted trachea, it yields great promise for the future of lung regen-
erative medicine. Collectively, these data indicate that despite the low rate
of epithelial turnover in the tracheal and bronchial epithelium, this com-
partment maintains a subpopulation of epithelial cells with incredible
differentiation and clonogenic potential. Future studies are needed to
adequately harness the potential of these cells in the treatment of lung
disease.

6. Progenitor Cells of Bronchiolar Airways

The identity of bronchiolar progenitor cells and their differentiation
potential was initially studied using TdR labelling methods to mark pro-
liferative cells in the normal and repairing epithelium. Evans and
colleagues, using Ozone and NO, injury models to selectively injure cili-
ated cells in rat airways, demonstrated that epithelial renewal is
accomplished through a wave of proliferation. Pulse-chase experiments
involving systemically delivered [*H]-thymidine (TdR) were used to
demonstrate that nonciliated bronchiolar (Clara) cells represented the only
proliferative cell type that responded to ciliated cell injury and that daugh-
ter cells gave rise to either mature Clara or ciliated cells.” Furthermore, the
authors very thoroughly describe the morphological changes that secre-
tory cells go through in order to enter the cell cycle and replenish the pool
of terminally differentiated ciliated cells. Thus, the name “Type A Clara
cell” was used in reference to Clara cells that have lost both secretory
granules and smooth endoplasmic reticulum, ultrastructural changes that
were accompanied by cell cycle progression through S-phase.' These
findings indicated that secretory cells are multifunctional, fulfilling roles
in secretion and metabolism in the resting state, yet proliferating in
response to injury to effect renewal of the epithelium. This duality of
function for airway progenitor cells is in contrast to the obligate progeni-
tor function observed among transit-amplifying cells in classical stem cell
hierarchies, thus the term “facultative transit-amplifying” (TA) cells.

The existence of bronchiolar stem cells and their contribution to
repair has been suggested from analysis of airway injury models involv-
ing selective ablation of mature Clara cells. Clara cells of mammalian
airways constitutively express phase I metabolizing enzymes such as
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cytochrome P450 that render them susceptible to injury by their
enzymatic substrates. Clara cells of the mouse airway express cytochrome
P450 isoenzymes 2B2 and 2F2 that metabolise naphthalene to toxic
metabolites leading to selective cell death.”® This model of naphthalene-
induced airway injury has been used to investigate mechanisms of repair
following depletion of this abundant pool of facultative TA cells.'8->>97-10
Clara cell ablation is followed by a proliferative response, the magnitude,
spatial context, and kinetics of which are dictated by the extent of injury
and airway location, leading to renewal of the epithelium.”®'°' Repair of
the Clara cell-depleted bronchiolar epithelium is accomplished through
activation of putative tissue stem cells that localise to two discrete
microenvironments including bronchoalveolar duct junctions (BADJ) and
neuroepithelial bodies (NEB)."”*® Using this injury repair model, Hong
et al., and later Giangreco et al., identified naphthalene-resistant CCSP-
expressing cells that incorporate labelled DNA precursors into nuclear
DNA during the early repair response and show a long-term label-
retaining phenotype indicative of an infrequently cycling tissue stem
cell.'® The term “variant CCSP-expressing” (VCE) cell was used to
describe this population of naphthalene-resistant cells from naphthalene-
sensitive Clara cells. A direct role for vCE cells in the repair of
naphthalene-injured airways was further supported through the use of a
transgenic mouse model allowing ablation of the entire CCSP expressing
population.'®*” In this model, conditional ablation of all CCSP-expressing
progenitor cells, both naphthalene-sensitive Clara cells and the putative
bronchiolar stem cell, was accompanied by complete abrogation of bron-
chiolar repair.'®”” More recently naphthalene-resistant vCE cells residing
at the BADJ were found to exhibit the unique molecular property of
expressing the alveolar type II epithelial cell marker gene pro-surfactant
protein-C.'” Cells with this CCSP/Pro-SPC expressing phenotype have
been proposed as a multipotent bronchioalveolar stem cell, based on
in vitro data suggesting that they can generate cells expressing either
airway or alveolar marker genes when cultured in vitro.'™ It has not been
determined whether resident bronchiolar stem cells, either those defined
based on their resistance to naphthalene or other putative stem cells, have
the capacity to generate and renew alveolar epithelium in addition to that
of the bronchiole.
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Localization of naphthalene-resistant vCE cells to defined microenvi-
ronments within bronchioles suggests that these regions are analogous to
stem cell niches described in other organs.**'"> However, what actually
constitutes the stem cell niche and what local factors regulate maintenance
and activation of the stem cell population remain unknown.
Neuroepithelial body-associated CCSP-expressing cells have the distin-
guishing properties of both naphthalene-resistance and unique
electrophysiological properties, suggesting that local microenvironmental
factors regulate cellular behaviour.'” Properties of NEB-associated
CCSP-expressing cells that may confer resistance to naphthalene-induced
airway injury include reduced expression of phase I xenobiotic metabo-
lizing enzymes such as CYP2f2." Collectively, these data argue that
extrinsic factors controlled by the local microenvironment impact the
behaviour of bronchiolar progenitor cells for maintenance of the stem cell
phenotype, and that this phenotype confers intrinsic resistance to environ-
mental agents such as naphthalene.

Insight into molecular pathways that regulate the behaviour of bron-
chiolar progenitor cells comes from studies involving the use of mouse
models carrying genetic perturbations of specific signalling pathways.
Experiments using a Cre recombinase-activated form of the K-ras gene
were the first to suggest that activation of this transducer of pro-mitotic
signalling pathways had the potential to impact the behaviour of bron-
chiolar progenitor cells."™ Epithelial hyperplasia coupled with an
increase in the abundance of CCSP/SP-C dual positive cells suggested
that active K-ras signalling led to expansion of cells with some charac-
teristics of the bronchiolar stem cell prior to formation of adenomas and
peripheral lung adenocarcinomas. In addition to providing insight into
possible mechanisms regulating stem cell pool size, this study also pro-
vided support for the idea that tissue stem cells may be the cell of origin
for lung cancer (see also Chapter 17). In contrast, activation of Wnt/
B-catenin signalling, a pathway directly linked to epithelial carcino-
genesis and stem cell maintenance in the gut, led to expansion of
bronchiolar stem cells without evidence of hyperplastic/neoplastic
transformation.'® In this study, potentiation of B-catenin signalling at
the time of bronchiolar epithelial cell specification that occurs during
the late embryonic period of lung development resulted in the expansion
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of a cell population that is naphthalene-resistant, highly proliferative in
response to airway injury, and co-expresses CCSP and SP-C. The abil-
ity of Wnt/B-catenin pathway to expand the pool of airway stem cells
through altering the maturation of developmental progenitor cells sug-
gested that downregulation of this pathway in the developing airway is
necessary for establishment of the normal balance between stem cells
and specialised cell types of the bronchiolar epithelium.'*!"” Changes in
the abundance of the putative bronchiolar stem cell population defined
by co-expression of CCSP and SP-C were also seen in mice homozy-
gous for a null allele of the Gata-6 gene.'” Gata-6 deficient mice
displayed enhanced Wnt/B-catenin signalling in the developing lung
suggesting that B-catenin can function as a common transducer for mul-
tiple signalling pathways that have potential to regulate airway
progenitor cell behaviour. However, the finding that specific deletion of
B-catenin within the airway epithelium late in development did not
impact epithelial maturation or the capacity to undergo repair following
injury suggests that B-catenin is not necessary for the bronchiolar stem
cell activation or maintenance.'® These findings suggest that multiple
signalling pathways have the potential to impact stem cell pool size and
differentiation potential. Other potential molecular regulators of the
stem cell compartment studied to date include p38o. MAP kinase, PI-3
kinase, Bmi-1, and PTEN.'®-""? However, even though deregulation of
these pathways impacts the behaviour of stem/progenitor cells in vivo,
the pathway(s) involved in physiological regulation of the stem cell
within the niche have not yet been defined.

Further efforts to characterise cellular components of the bronchiolar
stem cell hierarchy and their regulation have involved isolation and frac-
tionation of airway progenitor cells. Caveats with this approach are that
dissociation of lung tissue eliminates spatial cues that aid in the definitive
identification of the bronchiolar stem cell defined by naphthalene resist-
ance, and the common problem that gene expression analysis suffers from
potential artifacts introduced during the isolation procedure. However,
some of these difficulties have been overcome through the use of geneti-
cally modified mouse models to introduce lineage tags and regulate
progenitor cell pool size. Methods used for preparation of lung cells have
either enriched for certain epithelial cell types through the use of defined
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protease cocktails coupled with application to lung tissue in a manner that
restricts enzymatic activity to a localised compartment,®'"* or have used
methods for isolation of all lung cells.'*

Enrichment of different members of the bronchiolar stem cell hierar-
chy is highly dependent on the existence of specific positive and negative
selection strategies that exploit either biochemical or molecular charac-
teristics to effect fractionation of a mixed population of cells,100.114-116
Known markers for tissue stem cells, such as stem cell antigen-1 (Sca-1),
have been used most frequently.”*'” A strategy based on positive selection
for Sca-1 and CD34, and negative selection for CD45 and CD31, was
used to enrich cells that were immunoreactive for both CCSP and SP-C
from crude preparations of cells isolated using a method for enrichment of
alveolar epithelial cells.”” When placed in culture, these cells have the
ability to express aquaporin 5, CCSP and SP-C, markers for alveolar and
airway epithelium, leading to the proposal that these cells have potential
for either alveolar or airway differentiation, and hence may represent a
bronchioalveolar stem cell (BASC). However, the use of antibodies
directed to these same cell surface antigens on mixed cell preparations
enriched for either total epithelial cells'® or total lung cells'* results in a
different outcome. Bronchiolar progenitor cells were isolated by a
fractionation procedure in which mixed cell preparations enriched for
epithelial cells were depleted of cells with the cell surface markers CD45,
CD34, and CD31, and positive selection imposed for cells with a Sca-1'"
phenotype.'® In this study, Sca-1'" cells could be further fractionated
based upon their autofluorescence (AF) characteristics yielding AF"¢" and
AF"" subfractions that were enriched in Clara cells and a candidate bron-
chiolar stem cell fraction, respectively. Support for the presence of
bronchiolar stem cells within the AF°" subfraction was provided by the
demonstration that transgenic mice with an expanded bronchiolar stem
cell pool have a dramatic loss of AF"e" cells with a corresponding increase
in the abundance of the AF*" fraction. Lineage tracing experiments were
also used to demonstrate that genetic tags introduced into CCSP-expressing
cells are represented within cells contained within both AF"" and AF™"
fractions of the Sca-1"%, CD34™&"" fraction of airway cells. In this study,
the majority of CCSP-immunoreactive cells were found to show SPC-
immunoreactivity and these dual immunoreactive cells were present in
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both AF"" and AF°Y fractions of the Sca-1"% population. It was
concluded that gene expression is altered within isolated Clara cells
leading to promiscuous expression of SP-C.

A significant hurdle to overcome is the lack of novel marker genes
that define the stem cell and more abundant facultative TA cell compart-
ments. Recent studies in the gut have provided novel molecular markers
that distinguish subsets of intestinal progenitor cells with stem cell
activity.* However, validation of these marker genes is complex and
requires rigorous in vivo lineage tracing. A number of strategies have been
used to broaden the repertoire of molecular markers for analysis of epithelial
cell differentiation in the developing and adult lung. Microarray analysis
of lung tissue during naphthalene injury and repair led to the identifica-
tion of novel genes that define the naphthalene-sensitive Clara cell
population. Many of these genes, including Claudin10, FMO3, PONI1,
AQ3, are expressed in a developmental sequence within maturing airway
secretory cells.'” However, these strategies have not revealed genes that
specifically define the bronchiolar stem cell due to the rarity of this cell
population in the lung.

7. Progenitor Cells of the Alveolar Compartment

The gas exchange area of the lung is lined by alveolar epithelial cells.
There are two types of alveolar epithelial cells with different functional
and morphological features. Alveolar type I (ATI) cells are thin, flat cells
that line the alveolus and juxtapose the endothelial cells, together form-
ing the gas exchange area. They are the predominant epithelial cell type
in the alveolar compartment and can be identified based on T1a (RTI40),
caveolin 1 and aquaporin 5 expression.'> Alveolar type II (ATII) cells are
larger, cuboidal cells whose main function is surfactant production and
they can differentiate into ATI cells.® Alveolar type II cells can be distin-
guished at the ultrastructural level by the presence of lamellar bodies and
microvilli.""® Although in the adult mouse ATII produce surfactant
proteins A, B and C (SP-A, SP-B and SP-C), SP-C expression is consid-
ered to be a unique marker for mature ATII cells."*'* Despite this, SP-C
is one of the earliest genes expressed in the lung epithelium.' In the devel-
oping mouse lung, cells expressing SP-C appear at the tips of epithelial
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branches as early as E 10.5 indicating that expression of this gene product
has potential to mark immature lung progenitor cells in addition to mature
ATII cells.” These cells are highly proliferative in the developing lung
and give rise to both mature epithelial cell types of the alveolar compart-
ment. However, the alveolar epithelium turns over very slowly in
uninjured mature alveolus.'!

A number of injury models have been used as a tool to investigate the
mechanisms of alveolar repair. Commonly used agents to elicit alveolar
injury include hyperoxia®'*? and NO,® resulting in predominantly ATT and
endothelial cell injury. Repair mechanisms have been investigated largely
through the use of strategies to label proliferative cells such as the use of
labelled DNA precursors like TdR or BrdU.? In such models, ATII cells
represent the only labelled epithelial cell population immediately after
in vivo delivery of labelled nucleotide analogues.’ However, studies using
a labelling period followed by a chase in the absence of label have shown
that proliferating ATII cells can either self-renew or give rise to ATI cells,
thus demonstrating the progenitor—progeny relationship between these
two cell types.® Very similar findings have been observed following isola-
tion and culture of ATII cells, in which their capacity to proliferate and
generate ATT cells has been clearly demonstrated.'*'* Further in vitro
studies have also raised the possibility that ATI cells may under some
conditions exhibit the capacity to proliferate and contribute to epithelial
renewal.'” However, the question from these experiments is whether
cells cultured in vitro that exhibit some features of ATI cells, either
morphological and/or molecular, are truly representative of their in vivo
counterpart.

Studies similar to those performed in conducting airways identifying
putative local tissue stem cells have not been performed in the alveolar
compartment. Despite this, it is clear that not all ATII cells proliferate in
response to alveolar damage and there is evidence of heterogeneity among
ATII cell population.'?*'?>126 It has been proposed that a bronchioalveolar
stem cell exists which, at least in vitro, has the capacity for long-term
maintenance and the generation of progeny that express some genes
indicative of both bronchiolar and alveolar differentiation.'” However, a
cell type capable of contributing to both bronchiolar and alveolar epithe-
lial lineages has not been demonstrated in vivo. Furthermore, evidence
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arguing that bronchiolar and alveolar lineages are maintained as distinct
regenerative compartments in the adult lung has been generated using
in vivo lineage-tracing studies."® These in vivo observations in animal
models support the finding in human patients suffering from distal lung
diseases with either alveolar wall destruction or fibrosis, that the alveolar
compartment has a limited ability to repair and restore normal function.

8. Conclusions and Future Directions

Much of what we currently know of epithelial repair mechanisms results
from controlled in vivo studies involving the use of animal models. Among
the advantages of using animal models is the ability to study complex
processes that are regulated through the action of multiple factors in genet-
ically defined inbred strains that can be manipulated further to reveal
cellular and molecular mechanisms of lung repair. From these studies it is
clear that normal maintenance and repair of the epithelium lining airways
is accomplished through the action of region-specific stem/progenitor
cells. Further developments in understanding the biology of these cell
types would benefit from the establishment of improved in vitro and trans-
plantation models to define intrinsic and extrinsic regulators of cellular
behaviour. Another hurdle to be overcome is extrapolation of findings
in model organisms to humans. Even though it is likely that general prin-
ciples of epithelial maintenance revealed in animal studies are relevant to
understanding this process in humans, it is also likely that species differ-
ences exist that are key to understanding the pathophysiology of human
disease and strategies that might lead to therapeutic intervention.
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Chapter 5
Safety of Exogenous Stem Cells

Elizabeth K. Sage, Michael R. Loebinger
and Sam M. Janes

Adult stem cells posses the ability to undergo both self-renewal and
differentiation into multiple lineages. In chronic lung injury these cells
are activated in response to tissue damage, migrate to the site of injury
and contribute to both structural and functional repair. In acute injury
they reduce the pulmonary inflammatory response via a number of mech-
anisms to cause downregulation of pro-inflammatory cytokines and a
reduction in pathological lung damage. However, there are significant
concerns that they are at risk of undergoing malignant transformation.
Murine bone marrow-derived stem cells have been shown to acquire
chromosomal abnormalities in vitro that corresponds to fibrosarcoma for-
mation in vivo, a finding that was not reproduced using human adult stem
cells. Despite these concerns a number of clinical studies have already
been undertaken and initial results, although varied, seem promising for
their use in a clinical setting with a good short-term safety profile. There
have been no reports to date of an increase in the number of malignan-
cies, but further long-term safety data is needed.

Keywords: Mesenchymal stem cells; malignant transformation; safety;
chromosomal instability; clinical trials.
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5. Conclusion
Acknowledgements
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1. Introduction

Lung disease is a common cause of morbidity and mortality worldwide
and for a significant number of respiratory diseases, therapeutic options
are limited. Acute lung injury (ALI) and acute respiratory distress
syndrome (ARDS) are major causes of acute respiratory failure and the
only treatment strategy shown to be of prognostic benefit is low tidal
volume ventilation.! Despite this, it is a leading cause of morbidity and
mortality within the hospital setting.” Interstitial lung disease is charac-
terised by progressive lung fibrosis and debilitating breathlessness and
is poorly responsive to current medical therapies, with the only real
treatment option being lung transplantation. Idiopathic pulmonary fibrosis
(IPF) is usually fatal with only a 30% five-year survival.’

Recent advances in stem cell biology have implicated adult stem cells
in tissue regeneration and homeostasis, and the traditional view of them
being lineage-restricted has been superseded by evidence of their multi-
potency.** With increasing excitement about the regenerative potential of
stem cells both as therapeutic agents within their own right and as vectors
for the delivery of other therapeutic agents, clinical trials have already
been undertaken. However, with the defining characteristics of unlimited
self-renewal there is concern over the potential for malignant transfor-
mation. This chapter focuses largely on the safety of bone marrow-derived
stem cells (BMSCs) and their current clinical applications.

2. Exogenous Stem Cells

Stem cells are undifferentiated cells that have the capacity for both unlim-
ited self-renewal and differentiation into more specialised daughter cells.
Classically there are two types of stem cells: embryonic and adult. Adult
stem cells are found in discrete niches within adult tissue and have the
potential to repair damaged tissue by replacing specialised cells. Initially
they were thought to be lineage-restricted and produce only progeny of a
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specific cell type appropriate to its location. The most widely studied adult
stem cell is the bone marrow-derived stem cell (BMSC), which consists
of haematopoietic stem cells (HSCs) and mesenchymal stem cells
(MSCs). HSCs develop into all mature blood cells whilst MSCs differen-
tiate into tissue stromal cells including bone, fat and cartilage.

Studies performed earlier this century suggested that, far from being
lineage-restricted, adult stem cells showed significant plasticity and were,
under certain conditions, able to produce functional phenotypes of other tis-
sues® including the lung. A number of studies using a diverse range of
experimental conditions®'? and cell types*®71%13:14 resulted in a wide variety
of results, with some showing significant engraftment of stem cells within
the lung* and others showing none (see Table 1)'° (see also Chapter 14).

As well as the uncertainty over the extent of stem cell engraftment in
distant sites, the mechanism by which this occurs is also unclear. In vitro
embryonic and adult stem cells have been shown to fuse, producing pheno-
typic change in the resultant cell’® and in vivo studies have shown that
repopulation of hepatocytes in murine models is as a result of cell fusion."”
However, this mechanism has not been elucidated in lung engraftment.'®"
An alternative explanation for engraftment of donor-derived cells within

Table 1: Studies looking at stem cell engraftment within epithelial tissues.

Source Cell Type Injury Model Result

Krause et al. (2001)* HSC Radiation Type II pneumocyte engraftment

Kotton et al. (2001)° MSC Bleomycin Type I pneumocyte engraftment

Anjos-Afonso et al. MSC No injury Lung epithelial cell engraftment
(2004)®

Ortiz et al. (2003)" MSC Bleomycin Type Il pneumocyte engraftment

Rojas et al. (2005)"*  MSC Bleomycin Lung epithelial cell engraftment

Jiang et al. (2002)' MAPC  No injury Lung, liver and gut engraftment

Theise et al. (2002)” BMSC Radiation Type II pneumocyte engraftment

Yamada et al. (2004)° BMSC Lipopolysaccharide Lung epithelial cell engraftment

Hashimoto et al. BMSC Bleomycin Lung epithelial cell engraftment
(2004)1°

Ishizawa et al. (2004)"' BMSC  Elastase Lung engraftment

Wagers et al. (2002)" HSC Radiation No lung, liver, gut or renal

engraftment

HSC, Haematopoeitic stem cells; MSC, mesenchymal stem cells; MAPC, multipotent adult progeni-
tor cells; BMSC, bone marrow-derived stem cells.
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the lung is transdifferentiation — a process that is mediated by both solu-
ble factors (chemokines) and direct cell—cell contact.

Despite these controversies the current consensus is that whilst there
is some engraftment of donor-derived stem cells as lung epithelial tissue,
it is likely to be at much lower rates than previously suggested and is
unlikely to be useful for directed stem cell therapy.*'** However, there is
evidence that the transplantation of adult stem cells following lung injury
has a beneficial effect on the disease process."™"** In fact these studies
have been so promising that intra-arterial infusion of adult stem cells
are currently undergoing clinical trials in cardiology,” and the use
of endothelial-like progenitor cells (EPCs) transduced with human
endothelial nitric oxide-synthase (eNOS) for the treatment of pulmonary
arterial hypertension (PAH) are in phase I trials* (see Chapters 10-12).

3. Potential Malignant Transformation

With the growing excitement about the potential therapeutic uses of
adult stem cells there are also concerns regarding their safety. By the
very nature of their ability to undergo unlimited self-renewal and differ-
entiation they are at high risk of undergoing malignant transformation.
Recently there has been discussion as to whether tumour cells in fact
originate from cancer stem cells and that these stem cells within the
tumour are responsible for the uncontrolled cell division and growth that
characterise the malignant process (see Chapter 17).

A previous study* has suggested that BMSCs could be responsible
for the development of gastric carcinoma. In a murine model BMSCs
were recruited to areas of chronic infection such as that induced by the
presence of Helicobacter felis, and after initial repopulation of this area
they progressed through stages of dysplasia to the development of intraep-
ithelial malignancy. Because of the potential uses of adult stem cells
for regenerative medicine and their ongoing use in clinical trials, it is
essential to ascertain the characteristics of these cells with regard to their
malignant potential.

To study this possibility, murine BMSCs were cultured in vitro and
then transplanted into immuno-compromised mice and assessed for
tumorigenesis. Initially in vitro the BMSCs showed both cell proliferation
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and differentiation into chondrocytes, adipocytes and osteocytes under
appropriate conditions, an ability that persisted in vivo. However, after
prolonged passage they lost their differentiation potential and developed
tumours that were histologically consistent with fibrosarcomas. These
fibrosarcomas were found in multiple organs and when these were
removed and transplanted into secondary recipient mice, further colonies
developed. An increase in the number of chromosomal abnormalities
was identified in those cells undergoing a higher number of passages sug-
gesting that malignant change correlates with accumulated chromosomal
abnormalities during increased passage time.”’ Similar findings were
noted by Tolar et al., who found that infusion of donor-derived MSCs into
immunodeficient mice resulted in sarcoma formation in both the lung and
extremities, and was associated with increased mortality.?® In both of these
studies the presence of cytogenetically abnormal clonal cell expansion
was noted prior to in vivo infusion, which suggests that the critical trans-
formation event takes place in vitro.

In a study by Aguilar et al., systemic delivery of murine MSCs from
an immuno-compromised donor resulted in tissue engraftment within the
lungs that stained both for collagen and bone markers. This tissue devel-
oped further obliterating normal lung tissue and was histologically
consistent with a well-differentiated osteosarcoma. In these mice tumours
were found only within the lung parenchyma and not at distant sites.
MSCs from immuno-competent donors did not result in the same level of
tumour formation, suggesting that the strain difference in donor cells may
be important in determining the potential for malignant transformation.”
What is interesting to note is that infusion of human donor MSCs did not
produce the same result and the donor cells were cleared from the lung
after initial engraftment.

With increasing evidence of the tumourigenic potential of murine
adult stem cells it is important to elucidate whether this also occurs with
human MSCs. Human cells have two main control points in the cell cycle:
senescence and crisis phases. Senescence is characterised by moderate
telomere shortening and arrest of the cell cycle. If this stage is bypassed
then cells continue to grow and telomeres become critically short, causing
the cell to enter the crisis phase in which chromosomal instability
provokes significant apoptosis and cell death.



160 E. K. Sage, M. R. Loebinger and S. M. Janes

Rubio et al. isolated ten human MSC samples from subjects with
non-malignant disease and injected them into immunodeficient mice. At
four months none of the mice showed evidence of tumour formation.
Karyotyping performed both pre- and post-senescence showed chromo-
somal abnormalities in up to 30% of the post-senescence MSCs, but there
was still no detectable tumour growth three months after injection into
the murine hosts. Cells were allowed to go on and enter crisis phase
during which stage they showed evidence of chromosomal abnormalities
consistent with tumour cells, most notably in a pattern consistent with that
seen in sarcomas. These tumour-like cells showed high levels of c-myc
expression, suggesting that c-myc overexpression may have a role in the
bypass of senescence and contribute to malignant transformation. In con-
trast to the results seen with pre- and post-senescence MSCs, injection of
the transformed tumour-like cells (transduced with green fluorescent
protein (GFP)) into immunodeficient mice resulted in subjects developing
signs and symptoms consistent with a malignant process. Tumours were
detected at disparate sites via both fluorescent staining and immunohisto-
chemical staining, suggesting they were of donor origin. As a result of
these studies it was postulated that during prolonged in vitro expansion,
human MSCs bypass senescence and spontaneously acquire tumourigenic
potential via uncontrolled telomerase activity.*

In contrast to these findings, Bernardo et al.*' failed to show malignant
transformation in human stem cells following prolonged in vitro culture.
Samples taken from ten healthy haematopoietic stem cell donors were prop-
agated in vitro for up to 12 weeks and then assessed for telomerase activity,
telomere length and the presence of the p53 mutation. In all cases the donor
cells were cultured without expressing increased telomerase activity and
showed a reduction in telomere length and the absence of any chromosomal
mutation, suggesting carcinogenic potential. In fact they exhibited a gradual
decline in their proliferative capacity, resulting in a persistent senescence
phase rather than bypassing this phase and entering the crisis phase that has
been previously described as resulting in malignant transformation. This is
in support of previous studies suggesting a lack of telomerase activity in
human MSCs.** It is possible that susceptibility to malignant transformation
previously described in murine MSCs may be species-specific, as those
authors were unable to obtain similar results in human cells.?*
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4. Clinical Trials

Despite some concerns over the safety of stem cell therapy their potential
clinical application is currently being assessed in a wide range of diseases.
The use of bone marrow transplant in haematological malignancies has
been carried out for decades and there is an increasing body of evidence
supporting their use in non-haematological diseases including acute and
chronic myocardial dysfunction; acute cerebrovascular accidents; periph-
eral vascular disease; pulmonary arterial hypertension and a wide range of
autoimmune disorders. The most clinically promising evidence to date is
in the treatment of cardiovascular disease.

4.1. Acute myocardial infarction

The current gold standard treatment for patients with ST-segment eleva-
tion myocardial infarction (STEMI) is percutaneous coronary intervention
with or without stent insertion or thrombolytic therapy. Despite optimal
treatment, survival of the acute event often leads to chronic problems with
ischaemic cardiac failure that results in significant morbidity and mortality.
There have been numerous multicentre randomised controlled clinical
trials using a variety of BMSCs that have yielded sometimes conflicting
results, which could be at least in part due to their heterogeneity and small
patient numbers. However, overall, the evidence would seem to point to a
moderate but nonetheless statistically significant improvement in cardiac
function.***

The BOOST (Bone Marrow Transfer to Enhance ST Elevation Infarct
Regeneration Trial), TOPCARE-AMI (Transplantation of Progenitor
Cells and Regeneration Enhancement in Acute Myocardial Infarction) and
REPAIR-AMI (Reinfusion of Enriched Progenitor Cells and Infarct
Remodelling in Acute Myocardial Infarction) trials compared current gold
standard treatment with intracoronary injection of undifferentiated
BMSCs 3-7 days post STEMI. There was a statistically significant
improvement in left ventricular ejection fraction (LVEF) after four®® and
six months®® in those patients receiving stem cell therapy. This was
sustained at 12 months**® but not at 18 months.** In contrast, the
ASTAMI (Autologous Stem Cell Transplantation in Acute Myocardial
Infarction) trial, which was a similar study design, showed no significant
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difference in either LVEF or infarction size at six months.*® Although not
specifically designed for this purpose, none of the studies reported an
increase in the number of deaths from cancers. In the one reported case of
death from lung cancer, reassessment of the imaging and notes revealed
that the disease was present prior to inclusion in the study.

4.2. Chronic coronary artery disease

Cardiac disease resulting from previous ischaemic events is characterised
by areas of non-contracting myocardium as a response to hypoxic stress,
often seen on echocardiography as regional wall motion abnormalities.
There have been a number of randomised controlled clinical trials, again
using a variety of BMSCs, looking at the effect of intracoronary injection
on both LVEF and infarct size.

The IACT (Intracoronary Autologous Bone Marrow Cell
Transplantation in Chronic Coronary Artery Disease) and TOPCARE-CHD
(Transplantation of Progenitor Cells and Recovery of Left Ventricular
Function in Patients with Chronic Ischaemic Heart Disease) trials both
showed that intracoronary infusion of CPCs and undifferentiated BMSCs
resulted in significant improvement of LVEF, reduction in infarct size and
lower levels of serum brain natriuretic peptide (BNP) compared to
placebo.*** These results were replicated following the intracoronary
infusion of mesenchymal stem cells along with an improvement in symp-
toms according to the New York Heart Association (NYHA) grading
system, and reduction in wall motion defects.*® Again a meta-analysis
concluded that there was a modest improvement in chronic ischaemic
heart disease following intracoronary stem cell injection with no reports
of tumour formation.*

4.3. Autoimmune disorders

HSC transplantation for severe autoimmune diseases started in the late
1990s based on the rationale that stem cell infusion induces resetting of
the immune system. Initial studies looked at the role of autologous
HSC infusion for the treatment of a variety of autoimmune conditions
including systemic sclerosis and multiple sclerosis. Treatment was
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performed with both myeloablative and non-myeloablative regimens
with a better safety profile being found with the non-myeloablative
regimen,***®
bone marrow suppression. There have already been reports of higher rates
of myelodysplasia and leukaemia with autologous HSC treatment,****
making it difficult to support its use in the treatment of non-malignant
disease. However, there is still considerable interest in the use of non-
myeloablative regimens and there are a number of ongoing randomised

controlled trials looking at HSC transplantation for autoimmune diseases.

possibly due to a shorter duration of chemotherapy-induced

4.4. Pulmonary arterial hypertension
(See also Chapters 10-12)

A rat monocrotaline-induced pulmonary arterial hypertension (PAH)
model was used to look at the effect of endothelial-like progenitor cells
(EPCs) on vascular remodelling and pulmonary haemodynamics. EPCs
were shown to prevent the development of PAH whilst those transduced
with human endothelial NO-synthase (eNOS) resulted in reversal of estab-
lished disease and significantly improved survival.**° An initial
prospective randomised controlled trial in humans compared current
standard therapy with infusion of non-transduced EPCs in addition to stan-
dard therapy, and showed a statistically significant improvement in the
six-minute walk distance, mean pulmonary artery pressures and cardiac
output. There were no adverse events associated with stem cell therapy
although long-term safety is not currently known.”' The uses of EPCs in
the treatment of PAH are currently undergoing phase 1 clinical trials.

5. Conclusion

Although the initial enthusiasm about adult stem cells engrafting in dam-
aged epithelial tissues and forming mature, functioning cells capable of
repair has been dampened somewhat by further studies, there is evidence
to suggest that exogenous stem cells can be beneficial in some disease
processes. Although the mechanisms are far from clear there are already
a number of clinical trials using exogenous adult stem cells in cardiovas-
cular, skeletal, immunological and pulmonary disease. The results so far
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have been varied and this may be in part due to the heterogeneous nature
of the cells being infused.

In addition to varying clinical results there is significant concern over
the long-term safety of stem cells due to their potential for malignant
change. A number of studies in murine models have shown telomere
shortening and the development of chromosomal instability resulting in
sarcoma-like tumour formation after in vitro culture. However, this has
not been reliably shown in human stem cells and it is postulated that this
process is species-specific. Because of this uncertainty, collection of
safety data from ongoing clinical trials should do much to allay these
theoretical concerns.
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Chapter 6

Lung Stem Cell Bioprocessing:
Fundamentals of Producing Lung Cells

Siti Norhayati Ismail, Julia M. Polak
and Anastasios Mantalaris

Progress on lung stem cell bioprocessing and tissue engineering has
been slow due to the lung’s complex architecture and difficulties in
differentiating stem cells toward the various pneumocytic lineages, in
particular type II pneumocytes. Recent advances on the use of stem cells
appear promising in providing a reliable supply of clinically relevant
cell numbers of lung cells for potential therapeutic applications. The
development of bioprocess technologies for the successful transfer of
the current laboratory-based practice of stem cell and tissue culture to
the clinic as therapeutics necessitates the application of engineering
principles and practices to achieve control, reproducibility, automation,
validation, safety of the process and the product to be suitable for clinical
applications. Furthermore, the utilisation of bioreactors addresses issues
of mass transport and provides a three-dimensional growth environment.
A variety of cell sources are being investigated for their suitability in
generating lung epithelial cells. This review will discuss the complexity
of the lung structure, evaluate the various cell sources, and present an
up-to-date assessment of the bioreactor technology available that can
contribute to the successful differentiation of stem cells into airway
epithelial cells.

Keywords: Animal models; bioreactors; 3D cell cultures; human early
trials; lung cell expansion; lung disorders; metabolites; stem cell
bioprocessing; translational research.
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1. The Clinical Need

Respiratory diseases account for more than 845,000 emergency hospital
admissions each year, behind only injury and poisoning. Of the 580,000
deaths each year in the UK, one in five is due to respiratory diseases, with
35,000 deaths being attributed to lung cancer, followed by pneumonia and
chronic obstructive pulmonary disease (COPD).! Many chronic lung
diseases, such as COPD, remain without cure and are only treatable with
lung transplantation. The demand for organ transplants is high, yet the
shortage of donor organs severely limits this clinical approach.
Consequently, research in respiratory medicine involves the interdisci-
plinary fields of tissue engineering and stem cell therapy, which have
emerged as promising and potential new alternatives for the treatment of
lung diseases.

2. Lung Architecture

The lung, which develops from the laryngo-tracheal groove, comprises of
at least two types of progenitor cells (see also Chapter 4).> The architec-
ture of the lung is complex (see Chapters 2 and 3), with a spatial cellular
arrangement from the proximal cartilaginous airway (trachea and bronchi)
to the terminal gas exchange unit (alveoli), containing unique types of cell
lineages with different structure and function, making them a challenge in
regenerative medicine. Lung development capable of gas exchange requires
that the epithelium undergoes cell proliferation, branching morphogenesis



Fundamentals of Producing Lung Cells 171

(differentiating into at least 40 distinct types of lung cell lineages), and
alveolar saccule formation, thus generating sufficient surface area.’ The
proximal parts of the lung, the cartilaginous airways, are lined by pseudo-
stratified epithelium and the upper airways with ciliated columnar cells
and mucus-secreting cells (goblet cells). The lower airways are lined with
cuboidal non-ciliated cell type, known as Clara cells, which are important
for detoxifying inhaled pollutants and secrete Clara cell secretory protein.*
Lastly, the alveoli are lined with type I and II epithelial cells. This chapter
will focus on the robust production of alveolar epithelial cells, specifically
type I and type II pneumocytes, which are involved in gas exchange and
surfactant secretion.

The alveoli are lined by a simple squamous epithelium comprising
two morphologically and functionally different types of cells: type I
and type II pneumocytes, which play an essential role in pulmonary phys-
iology (Fig. 1). Being in contact with the external environment, they are

Terminal bronchiole .
Alveclar macrophage
Type Il cell
E "~ Surfactant layer

Interstitial space
Endothelial cell

Red blood
cell

fibroblast

Figure 1: Schematic of the alveolar structure and type Il pneumocytes (inset).
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frequently injured and a continuous renewal of the alveolar epithelium is
necessary to maintain cellular homeostasis.” Unlike other epithelial
surfaces (i.e. skin and gastrointestinal tract), airway and alveolar epithelia
have a very slow cell turnover and minimal regenerative capacity.®
Although the lung has typically been thought of as a complex organ with
limited regenerative capacity, there is substantial evidence that reparative
and compensatory growth can nonetheless occur.” The alveoli architecture
has been optimised to maximise gas exchange of oxygen and carbon
dioxide. This is achieved through the alveolar structures that require the
spatial arrangement of the different pneumocyte cells, in particular type I
and type II cells.

Type I pneumocytes are large elongated cells covering approxi-
mately 95% of the blood-gas exchange area. In contrast, type II
pneumocytes are cuboidal cells, rich in organelles with prominent
nucleolus and vacuolated cytoplasm that play an important function in
homeostasis of the alveolar unit.” They are considered to be the progeni-
tor cells of type I pneumocytes and are, therefore, responsible for the
regeneration of alveolar epithelium following alveolar epithelial cell
damage.® Another unique feature of type II cells is the synthesis and
secretion of surfactants that are essential to prevent alveolar collapse.
Surfactants consist of a high proportion of phospholipids (approximately
90%) and a small proportion of proteins (approximately 10%), which
contain surfactant apoprotein, described as specific protein A (SPA),
SPB, SPC, and SPD.? Surfactant phospholipids are synthesised in the
endoplasmic reticulum, stored in lamellar inclusion bodies, the secretary
organelle characteristic of the type II cell.'™'? Type II cells are not only
responsible for the production and secretion of surfactant proteins, but
also for the clearance of surfactant from the alveolar surface and its reuti-
lisation for re-secretion."”” Demonstrating that the differentiated cells
synthesise and secrete surfactant proteins provides a way forward for the
generation of normal lung epithelial cells in vitro that mimic the in vivo
microenvironment. Type II cells also act as progenitor cells for the gen-
eration and proliferation of new specialised adult cells and may form part
of the local response to inflammation.

Although much is known about the function of type II cells in terms of
synthesis of surfactant lipids and proteins, proliferative capacity, and other
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biologic properties, the general functions of type I cells are relatively
unexplored because there exist no suitable marker molecules that could be
used for their definitive identification. Useful markers must discriminate
between type I and type II cells; this has been particularly problematic
because type II cells are known to be progenitors of type I cells after cell
injury.'*

3. Cell Expansion and Sources

Current stem cell research is aimed at repairing damaged or diseased
tissue through the manipulation of endogenous or exogenous stem cells."
However, different cell types, from stem cells to adult cells, exhibit
different proliferation and differentiation capabilities, as well as having
different bioprocessing requirements.'® This chapter deals primarily with
exogenous stem cells (for other cell types, see Chapters 4 and 5).

Several studies demonstrate that different regions within the respira-
tory system contain different stem cells and have different repair
mechanisms.'” To date, the cells reported to be enriched for stem/pro-
genitor cell activity include basal cells, secretory (Clara) cells, and cells
residing in submucosal glands.'®?' Specifically, a lung-specific side pop-
ulation (SP) has been discovered within the pulmonary tissue. SP cells
are identified by their ability to efflux Hoechst dye via ATP binding cas-
sette half-transporter (Bcrp-1/ABCG2), and they have been shown to
exhibit properties similar to those of haematopoietic stem cells.*
Furthermore, putative endogenous epithelial progenitor cells have been
located within the adult lung in the basal layer of the upper airways,
within or near pulmonary neuroendocrine cell, as well as at the bron-
choalveolar junction (see also Chapters 4 and 5)."°2** However,
information regarding their self-renewal capacity, clonality and lineage
formation is still limited.

The utilisation of exogenous progenitor/stem cells has recently
provided hope that they could be used to enhance lung repair or regener-
ation,” particularly in patients suffering from chronic lung diseases.
Specifically, stem cells have been demonstrated to repair lung injury;*'*
however, regeneration of lung tissue remains more challenging.
Exogenous stem/progenitor cells, as opposed to primary cells, retain their
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expansion and pluripotent capabilities and can be delivered into the lung
either intravenously, intratracheally, or by direct injection.” Sources of
exogenous stem or progenitor cells that are currently used and available
include embryonic stem cells, bone marrow or fat-derived mesenchymal
stem cells and more recently amniotic fluid stem cells.> A summary of the
various culture modalities utilising different cell sources is presented in
Table 1.

The best characterised adult stem cells are bone marrow-derived that
consist of haematopoietic and mesenchymal stem cells.” Studies have
indicated that bone marrow-derived cells are capable of forming lung
alveolar epithelium.’** It has also been reported that human mesenchy-
mal stem cells (hMSCs) have the ability to differentiate into epithelial-like
cells when co-cultured with small airway epithelial cells.*® It was
observed that up to 1% of the hMSCs take up the epithelial phenotype
after fusion with the small airway epithelial cells.*® However, derivation
of pulmonary stem cells is a complex bioprocess and the transdifferen-
tiation of haematopoietic and mesenchymal stem cells into pulmonary
progenitor cells is still in the early stages and yet to be conclusively
proven.”’

Berger er al.,”® reported the differentiation of human umbilical cord
blood into pulmonary epithelial cells, and recently, regeneration and
repair of injured airway epithelium was investigated using umbilical cord
blood-derived MSCs.* It was found that, similar to BM-derived MSCs,
cord blood-derived MSCs also have the ability to contribute to the airway
epithelial regeneration in vivo. Finally, a new source of stem cells has
been isolated from human amniotic fluid with promising potential for
application to regenerative medicine. An in vivo study using a lung injury
model showed that the human amniotic fluid stem cells responded signif-
icantly and specifically to lung injury.*

An alternative and promising cell source for producing functional
lung epithelial cells is embryonic stem cells (ESCs). ESCs are capable
of indefinite expansion as well as pluripotency. However, they also are
capable of teratoma formation and are difficult to control with respect to
their differentiation fate. Culture of ESCs requires precise methodology in
maintaining their undifferentiated state and directing their differentiation.
Many researchers have attempted to derive pneumocytes from both



Table 1:

Summary of culture systems for the differentiation of lung epithelial cells from stem cells.

Method of Cell Type Percentage
Culture Type Cell Source Differentiation Developed Population Reference(s)
2D culture Murine ESCs Small airway growth Type I and II 5 Ali et al. (2002)"
media (SAGM) pneumocytes
2D culture Human ESCs SAGM Type I and II 2 Samadikuchaksaraei et al.
pneumocytes (2006)*
2D culture Human and A549 conditioned Type I and II 30 Rippon et al. (2008)"
murine ESCs medium pneumocytes,
Clara cells
Integrated 3D Murine ESCs A549 conditioned Type I and II 50 Siti-Ismail et al. (2007
bioreactor medium pneumocytes and 2008)"6:!1"8
system
2D culture on Murine ESCs Co-culture with embryonic  Type I and II N/A Van Vranken et al.
porous mesenchymal cells pneumocytes (2005)*
membrane
2D culture Murine ESCs Cell extract Type I and 1T 10 Qin et al. (2005)*
reprogramming pneumocytes
2D culture Murine ESCs Activin A promotes Bronchoalveolar 10 Rippon et al. (2006)*
endoderm lineages cells — Clara cells
2D culture with  Murine ESCs Air-liquid interface Bronchoalveolar N/A Coraux et al. (2005)"°
membrane cells — Clara cells
separation
2D culture Murine ESCs Serum-free media Type I and 1T N/A Winkler et al. (2008)'%°

pneumocytes, Clara
cells

(Continued)
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Table 1: (Continued)
Method of Cell Type Percentage
Culture Type Cell Source Differentiation Developed Population Reference(s)
2D culture Human ESCs Genetic selection Type I and II 99 Wang er al. (2007)*
pneumocytes
In vivo study Murine ESCs Tail veil injection in Type 1I pneumocytes Very low  Rippon et al. (2008)""
normal and injured lung
2D culture Human MSCs Co-culture with heat- Clara cell, serous, N/A Spees et al. (2003)
shocked small airway Goblet cells
epithelial cells
In vivo study Bone marrow- Intravenous injection in Type 1 pneumocytes Rare Kotton et al. (2001)*
derived cells damaged lung
2D culture Human umbilical Antibody-based cell Type II pneumocytes N/A Berger et al. (2006)%
cord cells separation medium,
SAGM
2D culture and ~ Human umbilical In vitro-cultured in Type 1I pneumocytes, N/A Sueblinvong et al.
in vivo study cord cells specialised airway Clara cells (2008)*
medium with growth
factor
In vivo-tail vein injection
In vivo study Human amniotic Tail vein injection in Type 1l pneumocytes, N/A Carraro et al. (2008)*
fluid stem cells normal and injured lung Clara cells
In vivo study Haematopoietic SC  Engraftment of epithelial Type 1I pneumocytes, 20% Krause et al. (2001)*

cells, using Y
chromosomes FISH
detection

bronchial epithelium

4%

(Continued)
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Table 1: (Continued)
Method of Cell Type Percentage
Culture Type Cell Source Differentiation Developed Population Reference(s)
In vivo study Whole bone Engraftment of BMT Type II pneumocytes, 14% Theise et al. (2002)"!
marrow after induced acute bronchial epithelium  N/A
lung injury
In vivo study Whole bone Retro-virally transduced Type Il pneumocytes 1-7% Grove et al. (2002)'*
marrow encoding eGFP
In vivo study MSC Engraftment of cells in Type II pneumocytes 1% Ortiz et al. (2003)*
response to bleomycin
exposure
In vivo study Bone marrow, Bone marrow eGFP Type I pneumocytes Rare Abe et al. (2003)'%
eGFP labelled labelled
transplanted i.v.
Human in vivo  Human BMT Explanted human Bronchial epithelium, 9-24% Kleeberger et al.

study

lung allograft

type 1I pneumocytes,
glands

(2003)'

N/A — Not available; eGFP — enhanced green fluorescent protein; BMT — bone marrow transplant; MSC — mesenchymal stem cells; HSC —
haematopoitic stem cells; i.v. — intravenously.
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murine and human ESCs by administration of a cocktail of growth
factors,* ™ co-culture with lung mesenchyme,* genetic selection*® and
extract-based cell reprogramming.?’ All these techniques require the use
of growth factor administration, transfection and genetic selection, with
expensive culture modalities and, therefore, still pose difficulties for the
large-scale expansion and differentiation towards pulmonary epithelium.
Furthermore, the differentiated cells do not remain viable for a long time
in culture and no reports exist demonstrating functional and phenotypi-
cally stable cells in prolonged culture. Recently, Wang et al., have
developed a reliable transfection and culture procedure, which facilitates,
via genetic selection, the differentiation of human ESCs into an essen-
tially pure (>99%) population of type II pneumocytes. The authors were
able to demonstrate a pure population of cells within 15 days of differen-
tiation, surviving for at least two days in culture in the absence of
neomycin resistance (Neo") gene using G418.%

Furthermore, the in vitro studies always require co-culture of MSCs
with lung epithelial cells, potentially allowing microvesicles containing
mRNA being taken up by the bone marrow (BM)-derived cells.*® An inter-
esting case study has recently been published that could herald the start of
translational medicine of lung diseases.

The collaborative work between Spain, Italy and the UK showed that
an engineered trachea could be constructed and implanted in a woman
with loss of tracheal tissue due to end-stage bronchomalacia.

A specially designed man-made material with the appropriate shape
was allowed to be repopulated by the patient’s bone marrow cells. This
was grown in a bioreactor and subsequently successfully implanted into
the patient’s left main bronchus.*

4. Stem Cell Bioprocessing for Lung Cellular Therapies

The design principles'® pertinent to stem cell bioprocessing can be cate-
gorised into three groups, namely a) process components; b) process
requirements; and c¢) process function, as summarised in Fig. 2. A combi-
nation of generic, off-the-shelf, and personalised manufacturing
paradigms must be considered, as no single technology satisfies all
requirements. The process components consist of the cell source and type,
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Components ‘ + ‘ Requirements ‘ = ‘ Functionality
o Cells o Harvesting » Organogenesis
¢ Signals e Monitoring e Integration
o Scaffolds e Control e Function
e Bioreactors o Data management » Longevity

e Automation e Immunogenicity
o Regulation

* Transportation
» Validation
o Storage

e Quality assurance

Figure 2: The design principles of stem cell bioprocesses.

the elucidation of appropriate signals required for cellular development, in
addition to scaffold and bioreactor design and implementation. Process
requirements address practical considerations of bioprocessing satisfying
good manufacturing practices, such as, quality assurance, bioprocess
monitoring control and automation, in addition to product transportation.
Finally, the process components and process requirements need to ensure
that functionality is the end product of the integration and longevity to
name but a few vital factors included in the process function.
Identification of the optimal cell source, key cellular signals, delivery of
suitable growth mimicry factors via appropriate scaffolds and in a con-
trolled culture environment through the use of bioreactors, are essential
tailor-made requirements in stem cell bioprocessing and tissue engineer-
ing. Clearly, application-specific approaches are required; however,
certain common methodologies can be applied. This review will address
the importance and the challenges of bioprocessing when dealing with
process components methodology applicable to stem cell bioprocessing
for lung cellular therapies.

Successful stem cell bioprocessing, in terms of expansion and
differentiation, depends on the control of key process variables: (i) the
physicochemical environment (pH, O,, etc.); (ii) nutrients and metabolites;
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and (iii) growth factors.'* Many growth and transcription factors, glucose,
oxygen, lactate, glutamine and pH play important roles in the metabolic
homeostasis of the developing lung, which include trachea and lobe
formation, branching morphogenesis, proximal-distal epithelial differenti-
ation, and mesenchymal development.*® Furthermore, the above-mentioned
physicochemical parameters, which can be measured and controlled in real
time,”' enable the development of a suitable bioprocesses that mimic the
normal environment of the lung.

4.1. Important parameters for lung cell differentiation
and lung development

Oxygen plays an important role in stem cell maintenance and differenti-
ation. Several studies have revealed that oxygen levels profoundly
influence stem cell niches and promote the differentiation of certain types
of stem or progenitor cells, while inhibiting the differentiation of others.*
It has been shown that culture of ESCs in hypoxic conditions reduces
differentiation during propagation.”® Furthermore, Ezashi et al.** demon-
strated that hESCs grow more efficiently under low oxygen conditions
(3%—5%). Oxygen plays an important role in the differentiation of foetal
lung cells in vitro. Studies performed in rats have shown that a hypoxic
oxygen tension maintains lung morphogenesis in vitro®* with increased
terminal branching and cellular proliferation in foetal lung explants when
cultured at 3% oxygen compared with 21% oxygen. Similarly, a study
performed in murine lung demonstrated that a low oxygen environment
(3%) stimulated pulmonary vascular and epithelial branching morpho-
genesis in vitro.” Increased epithelial branching was accompanied by
increased SPC expression, implying that low oxygen maintains an appro-
priate epithelial differentiation pattern. Furthermore, low oxygen also
stimulates vascularisation and is accompanied by a significant increase in
PECAM-1 and VEGF expression.”

Glucose provides not only a source of energy but also a variety of
cellular signals. Glucose concentration affects ESCs differentiation; it has
been demonstrated that early human and murine embryo development
in vitro is enhanced by low glucose levels.”*”” However, the traditional
protocols for ESC maintenance and differentiation are primarily based on
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media with high glucose concentration.”® Whereas, traditionally the
differentiation of embryoid bodies in suspension cultures was done at high
(25mM) glucose concentration. Khoo et al® examined the growth and
proliferation of embryoid bodies in different glucose concentrations, demon-
strating that the highest embryoid body (EB) growth occurred in 5.5 mM
glucose media. Glucose has traditionally been thought to be the primary sub-
strate for energy metabolism in the developing lung.® Previously it has been
described that high glucose levels inhibit biochemical and morphological
maturation of foetal lung in vitro. Morphologic analysis of right upper lobe
foetal rat explants revealed a significant decrease in type Il pneumocytes and
lamellar bodies per alveolar lining cell in high glucose-treated explants
derived from days 19-20 of gestation.®" Similarly, lactate is an important
precursor for foetal lung glycogen. In vitro studies using rabbit foetal lung
explants indicated that the presence of both glucose and lactate may be
necessary for glycogen accumulation in the developing foetal lung.®

The lungs synthesise glutamine® and are involved in glutamine
metabolism because they contain the necessary prerequisite machinery®
to catalyze de novo glutamine biosynthesis. The lungs also extract gluta-
mate, the precursor for glutamine biosynthesis, from the pulmonary
circulation.®® Fox et al.” measured the rate of oxidation of glutamine,
glucose, lactate and 3-hydroxybutyrate in type II pneumocytes isolated
from day 19 foetal rat lungs, reporting that the rate of glucose oxidation
was 2.13 +/— 0.36, significantly lower than that of glutamine. In their
study, they documented that glutamine and other alternate substrates are
oxidised preferentially over glucose for energy metabolism by day 19 of
foetal rat lung.®’

Another important parameter, pH, is a potent modulator of cellular
proliferation and differentiation. It is believed that pH gradients may
have significant effects on the viability, growth and differentiation of
stem cells. However, to our knowledge the optimum pH range for stem
cell differentiation into pneumocytes has yet to be reported. In
haematopoietic cultures, pH variations of as much as 0.5 units, depend-
ing on culture duration and cell density, occur, and culture pH was found
to have substantial effects both on progenitor cloning efficiency and cell
differentiation.®® In vivo measurements of alveolar pH in the developing
foetal lamb have shown the luminal fluid to be acidic (pH 6.3).
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Growth factors are important mediators of cellular growth and differen-
tiation in the developing and adult lungs. In lung morphogenesis, growth
factors specify patterns of branching and control airway size and cell fate,
among other functions.”” During the initial stages of lung bud morpho-
genesis and subsequent formation of the bronchial tree, activation of FGF
signalling in the epithelium by mesenchymal-derived FGF10 is critical.”
Control of cell proliferation and cell fate of the nascent bud is dependent
on the distal expression of BMP4, a member of the TGF family, whose
expression is in turn controlled by FGF10.” Additional mechanisms
stimulating growth of the epithelial tubules involve factors such as
EGF/TGFa., hepatocyte growth factor, and FGF7. TGFB1 signalling is
thought to prevent local budding and to maintain proximal airways in an
unbranched form by suppressing epithelial cell proliferation and by promot-
ing synthesis of extracellular matrix components around airways.’”>”> During
the last step of alveolisation, septation of the distal saccules to form the defin-
itive alveoli requires FGF and PDGF signalling.”*"” In the fully developed
lung, these signals are presumably balanced to maintain cellular activities at
equilibrium, so that normal lung structure and function are preserved.®

4.2. Monitoring methods

Advances in optical technologies are now allowing real-time monitoring
and quantification of the physicochemical parameters described above, a
strategy that can be applied to cell therapy associated measurements.>'
These include chemical and fluorescent lifetime sensors for measuring
pH, pO, and pCO,;’® spectroscopic analysis for measuring organic
molecules, such as glucose and lactate; in situ microscopy and digital
image processing, which are capable of measuring cell density, size
distribution, aggregation, and phenotype;’’ and affinity sensors for real-
time protein quantification.”® Such real-time monitoring technologies
enable continuous evaluation of critical culture parameters, thus ensuring
that the culture is within the optimal conditions.

4.3. 2D versus 3D cultures: bioreactors

Most of the research to date has focused on two-dimensional (2D) mono-
layer or bilayer cultures.””®" For a review of 3D constructs refer to
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Chapter 9.8* The successful transfer of stem cell technology and cellu-
lar products into widespread clinical applications needs to address the
issues of cost, automation, standardisation and generation of clinically rel-
evant cell numbers of high quality. Laboratories and industry alike have
dealt with similar problems in the past through the use of bioreactors,
which enable the recapitulation of in vivo-like micro-environments.
Consequently, stem cell bioprocessing will involve the use of these
specialised devices that need to facilitate mass transport, high cell density,
monitoring and feedback, and tissue-specific functional specialisation,
thus mimicking the ultimate bioreactors which are the tissues/organs
within the human body. An optimal and universal system for stem cell
culture does not exist; however, bioreactor development throughout the
last 40 years has advanced the technology considerably.'®

Bioreactors have the capacity to support high cell density cultures in
relatively small volumes, whilst the scaling up of the design, usually
related to mass transfer limitations, will depend on the chosen type
of bioreactor. A bioreactor may be defined as a system that simulates phys-
iological environments for the creation, physical conditioning, and testing
of cells, tissues, support structures, and organs in vitro.* Static cultures, the
so-called static bioreactors, in which the “ingredients” — cells, nutrients,
metabolites, oxygen and other important molecules — encounter mass
transport challenges that is exclusively through the process of diffusion,
resulting in a non-homogeneous environment that can support low cell
densities and has a low total cell output.'® Flow and mixing within the
bioreactors can be controlled to enhance mass transfer of nutrients, gases,
metabolites, and regulatory molecules, to control the size and structure of
the forming tissue.* Furthermore, many studies have shown that cell and
tissue growth is enhanced in response to mechanical stresses under fluid
flow as compared to static incubation conditions. Several methods of
expanding and differentiating adherent ESCs have been reported either in
static cultures or in bioreactors, which include embryoid body cultures,®’~°
encapsulation,”* micro-carrier cultures that provide support for cell
attachment,*”**> an automated 2D culture platform,”** and 2D perfusion
bioreactor systems.”®"’

Most of the systems above have used stirred suspension for the ESCs
differentiation bioprocesses.®*!92%-191 The challenge appears mainly
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associated with controlling the agglomeration of aggregates'® and devel-
oping technologies for scale-up and effective induction of aggregate-based
differentiation.'”® Other than ESCs bioprocessing, other apparently
contact-dependent stem cell populations may be amenable to propagation
in stirred suspension bioreactors, including neural stem cells'™ and
MSCs.'% Non-adherent cells, such as haematopoietic populations, are,
in theory, amenable to cultivation in controlled stirred suspension
bioreactors.'*1%®

4.4. Bioreactors for lung stem cell bioprocessing

The gas exchange surface in the lung is a critical component of
mammalian physiology in that it provides tissue oxygenation while
removing carbon dioxide. Experimental modelling of this system must
focus on the key aspect of gas exchange, which is important in lung
function. Nalayanda er al.'” studied the growth profile of two cell types,
the alveolar epithelial cells and endothelial cells, in a continuous 2D per-
fusion cell culture micro-device. This represented an in vitro model of
the alveolar-pulmonary barrier towards building a microfluidic analog of
the lung gas exchange interface. However, this model does not reflect the
physiological microenvironment of pulmonary cells. It showed that
cell culture within three-dimensional micro-channel networks is vastly
different from two-dimensional static culture techniques. They also
reported that cell growth was dependent on the flow rate medium. This
was most likely due to limitations on mass transport at lower flow rates,
which may result in cell washout or death.'” These parameters must be
considered by any stem cell bioprocessing platform. Consequently, a
bioreactor system must provide the necessary environmental conditions
required by the cells to form a functional tissue. Any bioreactor to be used
in lung bioprocessing must supply oxygen continuously and remove the
carbon dioxide (and other metabolites) waste product for cellular metab-
olism to function properly.'*!"""'2 However, to date all efforts regarding
lung bioprocessing have not addressed the critical interface between suc-
cessful three-dimensional organ growth and provision for the new tissue
with an adequate vascular and gaseous supply.'®'"3
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Efforts in developing an artificial lung have progressed slowly to date
compared to an artificial liver, kidney, or heart. This is most likely due to
the complex architecture of the lung and the difficulties in generating
functionally stable pneumocytes in sufficient numbers.'”

In conclusion, a firm correlation exists between the expansion/dif-
ferentiation ability and availability of the cells and their clinical
applicability in terms of process complexity, ethical and regulatory
restrictions. The implication of this correlation is that it directs, or poten-
tially may restrict, the manufacturing and scale-up approaches available
and the associated costs. In practice that means that ESCs, which have
the greatest expansion and differentiation potential as well as the highest
availability, will be the hardest and most expensive to introduce into clin-
ical practice, even though they offer many advantages in terms of their
scale-up. Consequently, since a single, integrated, and automated manu-
facturing route for the various cellular products does not exist, modular
bioprocesses should be developed that will enable the industry to design
complex manufacturing processes from the individual components with-
out having to reinvest and “reinvent” every step. Finally, tightly
controlled bioprocesses are required that ensure the quality of the cellu-
lar products generated in terms of epigenetics, marker expression, and
functionality.

5. Integrated 3D Bioprocessing for Lung Cell
Production

The traditional ESC culture process is fragmented, consisting of a main-
tenance/expansion phase, an embryoid body (EB) formation phase,
followed by terminal differentiation to the desired cell lineage. Each
phase presents obstacles that need to be overcome before widespread
clinical application becomes standard practice. Specifically, during main-
tenance/expansion ESCs are cultured (especially hESCs) on feeder cells,
such as mouse embryonic fibroblast (MEF), or feeder-free culture, in
order to retain their undifferentiated state. We have developed protocols
for the generation of pneumocytes, from murine and human ESCs that are
amenable to scale-up and automation in a bioreactor using encapsulation
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techniques. Specifically, we have demonstrated a 3D feeder-free system for
hESCs that retains them undifferentiated for up to 260 days in culture.'*
Furthermore, we have shown that encapsulated murine ESCs in alginate
hydrogels and cultured in a rotating wall bioreactor system (HARV) were
able to differentiate into endoderm and specifically type I and II pneumo-
cytes (Fig. 3) with a yield of differentiation for type II pneumocytes being
50%."5"¢ This work demonstrates the feasibility of an integrated bio-
process within a bioreactor system that is amenable to scale-up,
automation, and control, as a novel example of stem cell bioprocessing for
the differentiation of ESCs and the generation of physiologically and

© ' )

Figure 3: Results obtained from the 3D integrated bioreactor culture system.
(a) Photomicrograph of the mESCs (arrow) encapsulated within the alginate hydrogels at
day 10 of culture; (b) Transmission Electron Microscopy (TEM) of the encapsulated cells at
day 18 of culture showing type I cells with their typical microvilli structures (arrow); (c) TEM
of the encapsulated cells at day 18 of culture showing type Il cells with their typical lamel-
lar bodies (arrow); (d) immunocytochemistry staining type Il pneumocytes at day 18 of
culture (green staining for SPC, red for cytokeratin and blue nuclear staining for DAPI);
(e) H&E staining of paraffin thin-sections at day 18 of culture.
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phenotypically pneumocyte-like cells. Encapsulation enables a 3D growth
configuration without any mass transport limitations where type I pneumo-
cytes occupy the outer layer of the hydrogel beads close to the gas—liquid
interface. Furthermore, the use of a bioreactor allows control of oxygen sup-
ply within the culture system, thus mimicking the in vivo conditions
encountered in the lung. To our knowledge, this study is the first attempt to
use bioreactors to produce pulmonary epithelial cells from ESCs.

6. Conclusions and Future Prospects

Bioprocessing and commercialisation of stem cell/tissue engineered
products in regenerative medicine can translate breakthroughs from bench
to bedside. Though many of these tasks cannot be readily addressed and
may require long-term commitment, some of the current challenges must
remain the primary focus of our research and development. Process charac-
terisation and optimisation is the key for any bioprocess startup operation.
Standardised operating procedures and know-how must be made possible
for a process to be translated into a manufacturing operation. Improvements
in the currently available process monitoring systems for bioreactors should
be made for nutrients and metabolites, so that these key culture parameters
can be monitored continuously and in real-time for good process control.
Future challenges in bioprocessing and manufacturing will include
advanced and sophisticated monitoring platforms that allow monitoring
at the cellular level. Completely integrated, modular, automated, and
controlled systems in a fully enclosed bioprocess operation from harvest to
delivery will need to be considered. Ultimately, scale-up of stem cell/tissue
engineered bioprocesses, in the view of the authors, can be achieved by
small-scale, modular systems operating in an “in-series and in-parallel”
mode, where over-capacity is considered and the whole process is addressed
as a supply chain model. Scale-up can be delivered by lower infrastructure
cost systems where the integration, modularity, and parallel operation are
the keys to the problem.
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Chapter 7

Lung Repair and Regeneration —
Animal Models

Hiroshi Kubo

Two animal models, alveolar regeneration in lung emphysema and
compensatory lung growth after pneumonectomy, are well established
and characterised models for lung regeneration. Several promising
reagents for lung regeneration were reported. Bone marrow-derived
cells and lung endogenous stem cells are both thought to be contributors
in experimental lung regeneration. The degree of lung regeneration
differs among animal species and among ages. Small animals, such as
rodents, have a better capacity for lung regeneration because its somatic
growth continues throughout their lifespan. In spite of these limitations,
studies in animal models are essential to understanding the pathophysi-
ology of lung regeneration and the development of novel therapeutic
strategies for human intractable lung diseases.

Keywords: Emphysema model; compensatory lung growth; lung injurys;
bone marrow-derived cells; lung endogenous stem cells.
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1. Lung Regeneration

Two animal models, alveolar regeneration in lung emphysema and
compensatory lung growth after pneumonectomy, are well established and
characterised models for lung regeneration research.

1.1. Lung emphysema model

Chronic obstructive pulmonary disease (COPD) is becoming a major
cause of death worldwide.! Pulmonary emphysema, one of the main
features in COPD, is characterised by the progressive and irreversible loss
of pulmonary alveoli. Despite recent advances in new drugs and the
understanding of this disease, its treatment remains palliative and no therapy
can reverse the destroyed alveoli. Therefore, COPD is the most important
target in lung regeneration research.

Several animal models have been developed to study COPD;** the
elastase model; cigarette smoke exposure model;>° calorie restriction
model;”® vascular apoptosis model;’ genetic model;'® and others (Table 1).
The elastase-induced emphysema model is the most frequently used to
study lung regeneration (Fig. 1). Intratracheal administration of elastase
induces acute inflammation, neutrophil accumulation, and an increase in
permeability. Three weeks after elastase instillation, the acute inflammation
is over, and the remains are the destroyed lung parenchyma. Regenerative
studies are performed after the development of the emphysematous change.

1.1.1. Reagents for lung regeneration
Retinoic acid (RA)
(See also Chapter 13)

RA is known to be involved in lung development, especially alveologe-
nesis."! RA regulates embryonic branching morphogenesis'> and genes
involved in lung development, and promotes alveolar septation. Deletion
of RA receptors in mice demonstrates the failure of alveologenesis, the
formation of normal alveoli and alveolar elastic fibres.'* RA synthesizing
enzymes and endogenous RA exist in post-natal lungs.'* Elastin synthe-
sis in lung fibroblasts is increased by RA treatment."”> RA-receptor and



Table 1:

Lung regeneration in pulmonary emphysema models.

Treatment Route Animal (Strain) Model Summary
All-trans retinoic Rat (Sprague-Dawley)  Elastase 14 days of RA treatment restored
acid Lm., 82627
1.p. Mouse (tight-skin/ Genetic 12 days of RA treatment increased the
C57BL/6) number and reduced the size of
alveoli."”

ip. Guinea pig Cigarette smoke RA treatment failed to reverse cigarette
smoking-induced emphysematous
changes.”

i.p. Rabbit (NZW) Elastase 14 days of RA treatment had no effect
on lung compliance and surface
area.®

ip. Mouse (FVB) Elastase 14 days of RA treatment did not restore
Lm, or elastin mRNA expression.”!

in. Rat (Fischer 344) Elastase 3 weeks of RA inhalation did not
improve Lm and alveolar
surface area.”

i.p. Mouse (C57BL/6) Elastase 14 days of RA treatment restored
Lm. Bone marrow-derived cells
contributed in the newly
regenerated alveoli.”!

i.p. Mouse (N/A) Dexamethasone  RA treatment restored Lm.'¢

i.p. Mouse (TO) Dexamethasone 10 days of RA treatment restored

Lm and alveolar surface area.?

(Continued)
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Table 1: (Continued)

Treatment Route Animal (Strain) Model Summary
in. or i.p. Mice (B6C3F1 or A/J)  Cigarette smoke 3 weeks of RA treatment did not
improve Lm and alveolar
surface area.”
i.p. Mouse (TO, NIHS, Dexamethasone 10 days of RA injection restored
or ICR) Lm and surface area of the lungs.?**

G-CSF ip. Mouse (C57BL/6) Elastase 14 days of murine G-CSF treatment
restored Lm. Circulating endothelial
progenitor cells increased.”

M-CSF i.p. Mouse (C57BL/6) Elastase 3 weeks of human M-CSF injection
aggravated Lm.%

HGF i.p. Mouse (C57BL/6) Elastase 14 days of RA treatment increased
circulating endothelial progenitor
cells, and restored Lm.*®

in. Mouse (C57BL/6) Elastase Intranasal inhalation of HGF twice
a week for 2 weeks improved Lm
and lung static compliance. Lung
endogenous stem cells were
involved.”!
i.v. (gene transfer Rat (Sprague-Dawley)  Elastase Intravenous injection of HGF expression

using HVIJ)

vector with HVJ-envelope increased
pulmonary vasculature, and improved
lung function.®

(Continued)
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Table 1: (Continued)

Treatment Route Animal (Strain) Model Summary
i.v. (HGF-secreting Rat (Sprague-Dawley)  Elastase Intravenous injection of cultured ASCs
adipose tissue- improved Lm.>
derived stromal cells)

FGF-2 microsphere it Dog (Beagle) Elastase 4 weeks after the intrabronchial
administration of FGF-2 microsphere,
enhanced Lm.'®®

Adrenomedullin S.C. Mouse (C57BL/6) Elastase 14 days of continuous infusion
improved Lm and lung static
compliance.®®

Simvastatin i.p. Mouse (C57BL/6) Elastase 12 days of simvastatin treatment

restored Lm.”

RA: Retinoic acid; Lm: mean linear intercept; G-CSF: granulocyte colony-stimulating factor; M-CSF: macrophage colony-stimulating factor; HGF: hepato-

cyte growth factor; HVJ: haemagglutinating virus of Japan; ASC: adipose tissue-derived stromal cell; FGF: fibroblast growth factor.
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Figure 1: Alveolar regeneration in lung emphysema model.

RA-binding protein are also present in the developing lungs.'®!” These
suggest the importance of RA in developing lung morphology.

In 1997, Massaro et al. showed that all-trans-retinoic-acid (ATRA)
reversed the anatomic and functional signs in a rat pulmonary emphysema
model." Since then, many studies were performed in this area.'*?
Fourteen studies using RA in emphysema models have been reported;
interestingly, eight of these successfully observed lung regeneration after
RA treatment,'®!9?!1222628 and the remaining six reported the failure
of RA-induced lung regenerative capacity.”**** The reasons for this
discrepancy might be 1) the difference in animal species, and 2) the
difference in RA dose threshold. As described in the compensatory lung
growth section, small animals, such as rodents, have a better capacity for
lung regeneration because its somatic growth continues throughout the
lifespan. This may affect the results of RA treatment. Another factor
is the required RA dose for lung regeneration. Stinchcombe et al. evaluated
the effect of RA on three different strains of mice, TO, ICR, and NIHS,
and found that the RA dose threshold for inducing alveolar regeneration
differed for each strain.”

Based on these animal studies, two clinical studies using RA in
patients with pulmonary emphysema were performed.***> Although oral



Lung Repair and Regeneration — Animal Model 205

administration of RA modulated protease/antiprotease balance, matrix
metalloproteinase-9/tissue inhibitor of metalloproteinase-1, in COPD
patients,* no statistical change was observed in lung function or CT
density.*** Since most COPD patients are elderly and their lungs are
mature, they may have a low number of stem cells, and only low capacity
for regeneration.

Hepatocyte growth factor (HGF)

HGF was originally isolated as a potent mitogen for mature hepatocytes
in primary cultures.””*® HGF is a pleiotropic growth factor that has been
shown to have mitogenic, morphogenic, and protective effects via tyro-
sine kinase phosphorylation of its receptor, c-Met, after pulmonary
injuries***' or during lung development.*> In particular, it is a potent
mitogen for alveolar type II epithelial cells in vivo® and in vitro.** In
addition, HGF also activates migration and proliferation of endothelial
cells and induces angiogenesis. The angiogenic activity of HGF is
mediated through its direct actions on endothelial cells,**® and its
indirect actions that occur through an increase of endothelial cell
mitogens.**4’

Because of the above potential, the effect of HGF in lung regener-
ation has been extensively studied. Intraperitoneal administration of
HGEF significantly increases the Sca-17/Flk-1* fraction in peripheral
mononuclear cells in mice, and induces proliferation of both bone
marrow-derived and resident endothelial cells in the alveolar wall,
resulting in a reversal of elastase-induced pulmonary emphysema in
mice.* Transfection of cDNA encoding human HGF demonstrated an
efficient expression of HGF in alveolar endothelial and epithelial cells,
and resulted in a more extensive pulmonary vasculature and inhibition
of alveolar wall cell apoptosis in a rat emphysema model.* Intravenous
injection of adipose tissue-derived stromal cells, which secrete HGF,
improved the emphysematous condition in rats.”® Hegab et al. reported
that twice-weekly inhalation of HGF for two weeks significantly
ameliorated elastase-induced enlargement of airspaces and alveolar wall
destruction (Fig. 2), and the elevated static lung compliance returned to
normal levels.”!
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Figure 2: (A) Normal lung. (B) Elastase administration induced emphysematous changes
in murine lungs. (C) HGF treatment markedly improved the emphysema. Magnification x40.

Granulocyte-colony stimulating factor (G-CSF)

G-CSF has been reported to enhance tissue regeneration and improve
survival after myocardial infarction by mobilizing stem cells from bone
marrow into peripheral blood.”>>* G-CSF also induces angiogenesis in
post-ischemic tissues, such as brain,” and hindlimb.>® In a murine emphy-
sema model, G-CSF treatment alone provides a significant reduction in
emphysema. In G-CSF-treated mice, the alveolar mean linear intercept
(Lm), used as a morphometric parameter of emphysema, showed a reduc-
tion, when compared to vehicle-treated mice. This was the same degree of
reduction as observed in RA-treated mice. G-CSF increases circulating
endothelial progenitor cells from the bone marrow. A combined treatment
with G-CSF and RA exhibits an additive effect with increased reduction
in Lm.?" Bone marrow-derived cells were shown to partially contribute to
G-CSF-induced lung regeneration. These results suggest that the lack of
circulating stem cells could be a limiting factor in elderly COPD patients.

Macrophage colony-stimulating factor (M-CSF)

M-CSF is a multifunctional proinflammatory cytokine that regulates the
differentiation, proliferation, and survival of monocytic progenitor cells.”’
Some reports suggest that M-CSF also induces mobilisation of endothelial
progenitor cells from the bone marrow, and enhances neovascularisation.*®
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Intraperitoneal injection of M-CSF was carried out in an elastase-induced
murine emphysema model, but it increased Lm and decreased alveolar
surface area.” Alveolar macrophage expressing MMP-9 and MMP-12
increased in the lungs, suggesting M-CSF administration enhanced
inflammation induced by elastase, resulting in a worsening of the emphys-
ematous changes.

Keratinocyte growth factor (KGF)

The KGF receptor is expressed in alveolar type Il epithelial cells. KGF
is known to promote survival, proliferation, and migration of type II
cells.” Intratracheal instillation of KGF induces alveolar type II hyper-
plasia.®’ Although pre-treatment with KGF prevented elastase-induced
emphysema, post-treatment of KGF (three weeks after the elastase instil-
lation) did not reverse alveolar enlargement.®* These results suggest that
KGF has only an anti-inflammatory effect and does not induce alveolar
repair.

Adrenomedullin

Adrenomedullin is a multifunctional regulatory peptide originally isolated
from a human pheochromocytoma,® and is reported to induce cyclic AMP
production, bronchodilation, cell growth regulation, survival from apoptosis,
angiogenesis and to have antimicrobial activity.*® The adrenomedullin
receptor is strongly expressed in the basal cells of the airway epithelium and
alveolar type II epithelial cells, both of which are involved in epithelial
regeneration of the lung.”” Continuous infusion of adrenomedullin by a
subcutaneous osmotic pump increases Sca-1* cells in peripheral blood, and
regenerates alveoli and vasculature in an elastase-induced emphysema
model in mice.®

Simvastatin

In addition to a cholesterol lowering effect, 3-hydroxy-3-methylglutaryl
coenzyme A reductase inhibitors (statins) are know to have various pharma-
cological effects, such as an anti-inflammatory effect, improving endothelial
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function, among others. Statins also seem to have a beneficial effect in
tissue regeneration.”””" Intraperitoneal injection of simvastatin was per-
formed in an elastase-induced murine emphysema model, and a reduction
of the mean linear intercept and an increase in proliferating (PCNA+)
cells was observed.”

1.1.2. Source of stem cells

Stem or differentiated cells are needed for alveolar regeneration.
Exogenous and endogenous progenitor cells are thought to participate in
alveologenesis.

Exogenous progenitor cells

The main source of exogenous progenitor cells is the bone marrow. Rojas
et al. have shown that injured lung cells induce proliferation and migra-
tion of bone marrow-derived stem cells.”? Contribution of bone marrow-
derived cells in alveolar regeneration after elastase-induced emphysema
has been demonstrated in several reports described above. Instillation of
G-CSE?! HGE*®"! and adrenomedullin® induces an increase in bone
marrow-derived endothelial cells within the lung capillary walls during
alveologenesis in a murine emphysema model. After treatment, the
number of bone marrow-derived cells seen in the alveolar walls gradu-
ally decreases. It is still an open question whether bone marrow cells
differentiate into alveolar cells or simply fuse with the resident stem
cells.

Because most of the reagents employed in lung regeneration studies
increase circulating bone marrow-derived cells, there is a possible impor-
tant role for these cells. In regeneration, however, exogenous infusion of
bone marrow cells had no effect on alveolar regeneration (Fig. 3). This
suggests that additional mediators, such as chemokines, adhesion molecules,
growth stimulators, and extracellular matrix remodelling, among others, are
needed for the bone marrow-derived cells to migrate, differentiate, and
induce lung regeneration.
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Figure 3: Administration of bone marrow-derived cells did not ameliorate emphysematous
changes in mice. Bone marrow-derived cells were intravenously instilled in elastase-
induced emphysema model. Representative pictures after three weeks of bone marrow
cells instillation.

Endogenous progenitor cells

Based on experiments using green fluorescent protein (GFP)-chimera mice
(Fig. 4), the regenerated alveoli were composed of bone marrow-derived
(GFP-positive) cells and cells of non-bone marrow origin (GFP-
negative).?'*¥1% This suggests that lung resident cells, including
endogenous stem cells, contribute to alveologenesis. It is known that alve-
olar type II epithelial cells can repair damaged alveolar epithelium.” Kim
et al. reported a new resident stem cell population, bronchioalveolar stem
cells (BASCs), which differentiate into Clara cells and alveolar type II cells
in adult mouse lung after injury.”” Hegab er al. reported that elastase-
induced lung injury alone increased cells with stem cell markers, like Sca-1,
CD34 and c-Kit, within lungs before the HGF administration.’ The num-
bers of Sca-1"/SP-C* cells were markedly increased in response to either
HGEF or elastase, with a maximal increase in the elastase and HGF groups.
Most were Sca-1* cells lung endogenous stem cells, while most of the c-Kit*
cells were of bone marrow origin. This may suggest an important role of
HGEF in differentiation and regeneration, leading to lung healing.
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Figure 4: GFP-chimera mice. Foetal liver cells from day-13.5 GFP embryos or bone
marrow cells obtained from GFP-transgenic mice were intravenously injected to recipient
mice. Recipient mice were irradiated using doses of 8 Gy and 4 Gy, separated by three
hours. At three weeks after transplantation, 89.5 + 2.0% of peripheral blood mononuclear
cells, 92.5 + 2.0% of splenic lymphocytes and 85.6 + 2.6% of bone marrow cells from recip-
ient mice were positive for GFP.

1.2. Compensatory lung growth

Compensatory lung growth has been observed after pneumonectomy in
children’’® and in experimental animal models.”””** Pneumonectomy is
widely used to evaluate post-natal lung growth, because the remaining
lung can be kept intact and the volume loss is easily controlled. In the
pneumonectomised animal and even in aged humans, adequate gas
exchange is maintained after lung resection. This physiological compen-
sation is provided by an increase in diffusion capacity and blood flow
within the remaining lung with/without compensatory lung growth.
Mechanical stresses and a variety of growth factors and hormones are
thought to be the key inducers to initiate post-pneumonectomy lung growth.

1.2.1. Mechanical stresses

It is well known that mechanical stress changes cell function. Stretch
stimulation on lung cells induces cell proliferation,”®' growth factor
production,”® and changes in gene expression. In contrast, decreased
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mechanical stress attenuates lung development, causing lung hypoplasia.”
Positive airway pressure induces cell proliferation and extra-cellular
matrix remodelling.”>* Taken together, these results indicate that mechan-
ical stress plays an important role in lung development and growth.

Pneumonectomy induces many anatomical changes in the remaining
lung and the thoracic cavity. The shift of the mediastinum toward the vacated
thoracic compartment raises mechanical stress to the remaining lung, and
these stresses induce gene expression such as early growth response gene-1°7
and cell proliferation. The remaining lung inflates more in the increased
space of the thoracic cavity. This stretch signal enhances cAMP expression
that plays a role in the early phase of the lung growth response.”'®

In addition, loss of the vascular bed by pneumonectomy increases
pulmonary perfusion per unit of remaining lung tissue.'”" Chronic capil-
lary distension and increased shear stress induce endothelial cell growth
and septal remodelling. This increased blood flow and shear stress also
enhance alveolar growth.'®?

1.2.2. Growth factors and hormones for compensatory
lung growth

Retinoic acid (RA)

As in the lung emphysema model, the role of RA was extensively exam-
ined in compensatory lung growth. RA treatment enhances compensatory
lung growth® and alveolar capillary formation after pneumonectomy.*
However, RA does not improve lung function in mature pneumonec-
tomised dogs.'” Hsia et al. demonstrated that 55% resection of the lungs
by right pneumonectomy induces compensatory growth and increased
lung function.”** RA enhances this compensatory lung growth in dogs.
45% resection by left pneumonectomy, however, did not induce lung
growth.'*!% These suggest that RA is a promoter of existing alveolar
growth but not an initiator of alveolar growth.'®

HGF

HGF is well known as a mediator of compensatory growth in liver.” HGF
activates migration and proliferation of endothelial cells'® and alveolar
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epithelial cells.”**!1971% After pneumonectomy, HGF increases in the
remaining lung, and also in liver and kidney.*' c-Met, the HGF receptor,
is transiently upregulated in alveolar type II cells. Neutralisation of
endogenous HGF suppresses the compensatory DNA synthesis in lung
epithelial cells, suggesting that HGF has a role in post-pneumonectomy
compensatory lung growth.

Epidermal growth factor (EGF)

EGF is known to play an important role in prenatal and post-natal lung
development. Alveolar type II epithelial cells express the EGF receptors,
and EGF induces epithelial maturation and regeneration. In EGF receptor-
deficient mice, lungs are immature and show impaired branching and
deficient alveolisation.'” Kaza et al. reported that EGF administration in
pneumonectomised rats induces significant increases in lung volume and
weight in the remaining lung.'"

Growth hormone

The effects of growth hormone on lung volume has been reported.''~'"
Treatment with human growth hormone in children or excessive hormone
in acromegalic adults induces an increase in lung volume. This increase is
correlated with the standing height, suggesting that the effect of growth
hormone is systemic growth,'" including the enlargement of the thoracic
cavity, rather than a direct effect on lung growth. Growth hormone did not
induce lung growth in rats."*

Other factors

Alveolar hypoxia induces the expression of many genes, such as vascular
endothelial growth factor (VEGF) and hypoxia-induced mitogenic factor
(HIMF). Along with the neo-alveolisation, proper vascular growth should
occur to avoid a V/Q mismatch. During lung development, VEGF is
known to be deposited in the subepithelial matrix at the leading edges of
branching airways, suggesting its stimulus effect of angiogenesis."” After

pneumonectomy, alveolar type II cells express VEGF protein,'® and
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VEGF and its receptor, flk-1, increase within the lungs."” Sakurai et al.
demonstrated that administration of VEGF accelerated angiogenesis and
lung growth after pneumonectomy.®” HIMF, another protein induced under
hypoxic condition, upregulated in the lung during the early hyperplastic
period of the compensatory lung growth. In addition, intratracheal instil-
lation of recombinant HIMF protein induced epithelial, endothelial, and
muscular proliferation in the lungs.'"®

These data suggest that alveolar hypoxia and related proteins also
play a role in compensatory lung growth, %!

1.2.3. Animal models of compensatory lung growth

The degree of compensatory lung growth differs among species and varies
with age. Small animals, such as rodents, have a better capacity for com-
pensatory growth than larger animals. Post-pneumonectomy compensation
usually occurs very rapidly and completely in rodents. For example, the
weight of the remaining lung doubles within 14 days after the pneu-
monectomy in rats® while 28 days are needed in rabbits,'*
months in dogs.® Age is another factor for the capacity for lung growth.
In the adult dog lung, compensatory lung growth is slow and incomplete,
but extensive lung resection in an immature dog stimulates a rapid and
vigorous compensatory growth resulting in complete normalisation of
lung function at maturity.®® This suggests that post-pneumonectomy lung
growth is maturity-dependent. Since somatic growth in rodents continues
throughout their lifespan, lung can grow throughout the experiments.

It is believed that compensatory lung growth occurs only in alveoli but
not in respiratory bronchioles. However, Hsia et al. reported that the

number of respiratory bronchiole segments and branch points increases in
121

and five

immature lungs.

1.2.4. Cell sources for lung growth

It is reported that circulating progenitor cells do not contribute to
compensatory lung growth.'? Recently, Nolen-Walston et al. evaluated
the response of lung endogenous stem cells, BASCs and alveolar type II
cells during compensatory lung growth after pneumonectomy in mice.'*
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They found that the number of BASCs and alveolar type II cells increased
during compensatory growth, and peaked at 220% and 124% of the base-
line, respectively. However, the contribution of BASCs in compensatory
lung growth was 0-25%, while alveolar type II cells are necessary for
regrowth, based on a cell kinetic model.

Kenzaki et al. implanted foetal lung tissue fragments into adult rat
lungs. The implanted lung tissue was connected to the pulmonary circula-
tion, and its alveolar spaces were opened. These changes were enhanced
when the recipient lungs were partially resected. However, lung fragments
obtained from adult rats did not expand after implantation.'** These sug-
gest that mechanical forces and premature lung cells and/or growth factors
produced from premature cells are key elements for lung regrowth.

Recently, a curious case of living-donor lobar lung transplantation in
a child was reported. A ten-year-old boy with idiopathic pulmonary arte-
rial hypertension received a right single lobe transplantation from his
mother (38-year-old).'* Toyooka er al. followed the child’s pulmonary
function for six years after transplantation.'*® It is generally believed that
the increase in lung volume after lung transplantation in immature recipi-
ents is the result of alveolar dilation (lung dilation) rather than
alveolisation (lung growth), because the diffusing capacity of the lung for
carbon monoxide adjusted for lung volume (DLco/VA) decreased after the
transplantation.'”” During the follow-up for this ten-year-old boy, the
patient grew 27 cm in height. At the same time, his vital capacity (VC)
and forced expiratory volume in one second (FEV1.0) had nearly doubled,
and the ratios of perfusion and ventilation to the transplanted lung were
stable, suggesting the transplanted mature lung can grow in the growing
recipient. Similar adult lung growth was reported in an animal model.'*®
These reports suggest that the mature and growth-stopped lung can reini-
tiate quiescent pathways of growth in certain circumstances.

2. Repair Process after Acute Lung Injury

Acute lung injury/acute respiratory distress syndrome is characterised by
severe alveolar damage, including apoptosis and necrosis of alveolar
epithelial and endothelial cells. Newly differentiating and proliferating
cells are required for lung repair and replacement of damaged cells.
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Alveolar type II cells can proliferate and are thought to be the source of
type I cells. Even if the type II cells are damaged, two candidate
sources of newly differentiating cells can undertake the repair process:
circulating bone marrow-derived progenitor cells and lung endogenous
stem cells.

2.1. Engraftment of bone marrow-derived cells

Bone marrow-derived progenitor cells (BMDCs) have the capacity to dif-
ferentiate into several phenotypes, including endothelial cells,'® epithelial
cells,*%2 myocytes,”'** and neurons."**'* In patients with bacterial
pneumonia'* or acute lung injury,"*’ the number of circulating endothelial
progenitor cells (EPCs) increases, and this correlates to the outcome of the
diseases. This suggests that BMDCs are released to the circulation by
inflammatory stimuli, and facilitate resolution and repair of the inflam-
matory process.

Many studies have been performed to evaluate the role of BMDCs
in lung injury models.”*!3"-138-140 Several techniques have been utilised to
track bone marrow cells: bone marrow reconstitution with GFP or LacZ-
transgenic cells; bone marrow reconstitution with sex-mismatched
donor cells; parabiotic mice. GFP-transgenic mice were surgically
joined with wild type, or direct instillation of labelled progenitor cells
into the lungs.

Intratracheal instillation of inflammatory stimuli, such as LPS, is
known to induce a rapid and massive release of inflammatory cells from
the bone marrow.'*! At the same time, the number of cells expressing Sca-1
and Flk-1, marker of bone marrow-derived circulating EPCs, also
increases in peripheral blood, suggesting that circulating progenitor cells
increase after LPS administration.'*® These data indicate that the signals
produced by inflammatory stimuli promote the release of EPCs, and
presumably all BMDCs. Therefore, LPS induces a rapid release of not
only inflammatory cells but also progenitor cells from bone marrow to the
circulation.

LPS administration induces severe damage to lung parenchymal cells,
resulting in apoptosis and necrosis.'** Because these dead cells are not
able to divide, other cells must replace them to repair the tissue and keep
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organ homeostasis. Seven days after LPS-administration in GFP chimera
mice, thin and flat shaped GFP-positive BMDCs appear in the alveolar
walls. These cells stain positive for cytokeratin as a marker of epithelial
cells or CD34 as a marker of endothelial cells.'*® This suggests that
BMDC:s differentiate or fuse with alveolar epithelial or pulmonary capillary
endothelial cells, suggesting a possible involvement of BMDCs in lung
repair. However, the frequency of BMDCs gradually and significantly
decreases over a prolonged period of time (Fig. 5)."'* These results sug-
gest that BMDC:s initially migrate to the injured organ, and differentiate
into or fuse with the parenchymal cells of the organ. However, once
BMDCs reach the damaged organ, they have little or no capacity to
proliferate or to develop into new cells.
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Figure 5: Presence of thin, flat bone marrow-derived cells in the alveolar walls as a func-
tion of time after LPS instillation. (A-E) Representative mouse lung sections immunostained
for GFP at 0 (A), 7 (B), 30 (C), 60 (D), or 180 (E) days after intranasal LPS administration.
Arrowhead indicates thin, flat GFP-positive cells. Scale bars, 50 um. (F) The number of thin,
flat GFP-positive cells in the alveolar walls of mouse lungs at the indicated time points after
intranasal LPS administration. *Significantly smaller than day 7 group (p < 0.05).
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These BMDCs appear in the lung parenchyma only when there is tissue
damage."**!**147 This may suggest that chemokines and proper adhesion
molecules expression are needed in damaged tissue. Hashimoto et al.
reported that SDF-1/CXCR4 axis contributes to the migration of the bone
marrow-derived fibrocytes to bleomycin-injured lungs.'*® It is unclear
whether the same mechanisms occur in bone marrow-derived endothelial
and epithelial cells.

2.2. Possibility of immunomodulation or other beneficial
effect rather than “stemness” by bone marrow cells

Recently, many studies demonstrated the beneficial effect of administer-
ing BMDCs, EPCs, and mesenchymal stem cells (MSCs) into the injured
lungs either intravenously or intratracheally. Intravenous'?® or intratra-
cheal'® administration of bone marrow cells or bone marrow-derived
MSCs'**ameliorated the LPS-induced lung injury in mice, while bleomycin-
induced inflammation, collagen deposition, and fibrosis were reduced by
intratracheal or intravenous infusion of MSCs.”!'*° Intratracheal administra-
tion of alveolar type II cells also reduced the severity of bleomycin-induced
pulmonary fibrosis in rats."'

The percentage of engrafted BMDCs in lung parenchyma is very low.
This may suggest that BMDCs and MSCs have anti-inflammatory effects
rather than the capacity to differentiate into lung cells."”*'* MSCs are
known to produce many cytokines and growth factors."* In addition,
LPS-treated lung cells co-cultured with MSCs reduced proinflammatory
cytokine production,'® suggesting that the inflammatory responses are
reduced by soluble factors produced by MSCs and/or by direct contact
with MSCs. MSCs also have an immunomodulatory effect on immune
cells, including T cells, B cells, and natural killer cells.'*>!*® Interestingly,
Spees et al. reported that mitochondrial DNA can transfer from MSCs to
other cells, and rescue mitochondrial function in the recipient cells."’

2.3. Pulmonary hypertension

The most promising bench-to-bedside cell therapy to come from the
animal model is the clinical trial with autologous EPC administration for
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idiopathic pulmonary arterial hypertension (IPAH) (see also Chapter 12).
EPC has recently been explored as a potential source for neovascularisa-
tion and increased pulmonary circulation in patients with pulmonary
hypertension. EPC is known to home to the injured organ'*!%15% and
induce the release of several growth factors, such as vascular endothelial
growth factor and HGE.'®® An administration of EPCs ameliorated monocro-
taline-induced pulmonary arterial hypertension in rats and dogs.'®'~'% A pilot
study in 31 patients with IPAH found improvement in six-minute walk
distance and haemodynamics, including mean pulmonary arterial pres-
sure, pulmonary vascular resistance and cardiac output, 12 weeks after
administration of autologous EPCs.'"” A phase II clinical trial in Canada
known as PHACeT (Pulmonary Hypertension: Assessment of Cell
Therapy) using autologous EPCs with a plasmid carrying the endothelial
nitric oxide synthase gene is also underway.'®®

2.4. The role of lung endogenous stem cells

As in the lung regeneration and the compensatory lung growth models,
endogenous stem cells contribute to lung repair. The administration of
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Figure 6: Lung endogenous stem cell populations (Sca-17/CD45~/PECAM-1-) increase
after lung injury.
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inflammatory stimuli, such as LPS and bleomycin, within lungs results an
alveolar type I epithelium injury. Alveolar type II cells appear to prolifer-
ate and subsequently differentiate to replace the injured type I cell.
A portion of the type II cell population is known to become hypertrophic.
Both of these events are frequent findings in the diseased or damaged
lung.

Recently reported BASCs, which have the potential to differentiate into
alveolar type II cells, become hypertrophic during lung injury (Fig. 6),>"'2*1%
suggesting an important role of BASCs in alveolar repair after lung injury.
Hence, it is not only bone marrow-derived stem cells that migrate to the lung
and participate in the healing process: endogenous lung stem cells can also
proliferate in response to injury and participate in the repair process.

3. Conclusion and the Way Forward

Our knowledge of lung regeneration and repair has been expanded by the
development of suitable animal models. Regenerative medicine has become
one of the most promising strategies to cure or treat intractable lung dis-
eases. However, many challenges remain. Differences in the animal species
used and changes in age are closely associated with the responses observed
to the regenerative reagents or stimuli. Most of the successful experiments
were performed in rodents. The rodents’ lungs and thorax continue to grow
throughout their entire life. Therefore, extrapolation to mature human lungs
is difficult. In addition, in contrast to the murine lung, the knowledge for
endogenous stem cells in human lung is more limited.

In spite of these limitations, studies in animal models are essential to
understand the pathophysiology of lung regeneration and the development
of novel therapeutic strategies for intractable lung diseases. Careful inter-
pretation of animal model results must be taken into consideration.
However, these studies provide valuable knowledge for the regenerative
therapy of human lungs.
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Chapter 8
Fibrocytes (Reactive or Reparative)

Alberto Bellini and Sabrina Mattoli

Human fibrocytes exhibit mixed phenotypic characteristics of
haematopoietic stem cells, monocytes and fibroblasts, and originate
from a precursor of the monocyte lineage. They constitutively produce
chemokines and growth factors that are known to modulate inflammatory
reactions or promote angiogenesis and the deposition of extracellular
matrix molecules. Upon exposure to transforming growth factor-§; and
endothelin-1, fibrocytes produce large quantities of extracellular matrix
components and acquire a contractile phenotype. Such differentiation of
fibrocytes into myofibroblast-like cells occurs at the tissue sites during
repair processes and has been found to contribute to wound healing
in vivo. Fibrocytes and fibrocyte-derived myofibroblasts are also involved
in the pathogenesis of lung disorders characterised by chronic inflam-
mation and extensive remodelling of the bronchial wall, like asthma, or
progressive fibrosis with destruction of the pulmonary architecture, like
idiopathic pulmonary fibrosis. They participate in tumour-induced
stromal reactions and may either promote or inhibit the metastatic
progression of cancers. Prevention of excessive extracellular matrix
deposition and detrimental tissue remodelling in pulmonary diseases
may be achieved by inhibiting the accumulation of fibrocytes in the
lungs. Moreover, in vitro expanded fibrocytes may serve as vehicles for
the delivery of gene constructs to improve ineffective lung repair or be
used in anti-cancer cell therapy.

Keywords: Fibrocytes; fibrosis; myofibroblasts; stem cells; tissue

repair.
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1. Introduction

Fibrocytes' are bone marrow-derived cells®” that co-express haematopoi-
etic stem cell antigens, markers of the monocyte lineage and fibroblast
products.'*!%!" They constitutively release chemokines and growth
factors that are known to modulate ongoing inflammatory reactions or to
induce the formation of new vessels and the deposition of extracellular
matrix (ECM) molecules.>'*!* Under permissive conditions, human fibro-
cytes themselves produce large quantities of ECM components as well as
ECM-degrading enzymes"*>!" and further differentiate into contractile
cells, expressing the myofibroblast marker o-smooth muscle actin
(-SMA).**!" Converging evidence from several studies suggests that
fibrocytes contribute to the new population of fibroblasts and myofibrob-

1,36 in ischemic or

lasts that emerge at the tissue site during wound healing,
inflammatory fibrotic processes,**!'?® and in the stromal reaction to tumour
development.'>?3* This chapter will focus on the mechanisms and func-
tional consequences of fibrocyte accumulation and differentiation in some

lung disorders and on the possible implications for cell therapy.

2. Mechanisms of Fibrocyte Development
and Differentiation

Human fibrocytes arise from a small subset of CD14" mononuclear
cells,>>102535 which seems to represent a source of bone marrow-derived
progenitors with multidifferentiation potential.***® Like their precursors,
human fibrocytes express the common leukocyte marker CD45, many
markers of the monocyte lineage, the class I and II major histocompatibility
complex (MHC) molecules, the co-stimulatory molecules CD80 and
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CD86 and several CC chemokine receptors (CCRs) and CXC chemokine
receptors (CXCRs), including CCR7 and CXCR4*® (Table 1). The
phenotypic changes occurring during the development of fibrocytes from
the CD14" precursors are summarised in Table 1 and include an early
upregulation of the expression of the haematopoietic stem cell/progenitor
markers CD34% and CD105° on the surface of the cells and the loss of
pluripotency-associated features (expression of nanog and octamer-binding
factor 4A) (Table 1). The acquisition of fibroblast markers is associated
with a marked downregulation of CD14 and CCR2 expression and
reduced ability to proliferate.>~>!*>* The magnitude of these phenotypic
changes in vitro largely depends on the media and supplements used in
culture >335 A cell sharing many morphological characteristics and
surface markers with the fibrocyte, but expressing high levels of CD14 in
conjunction with fibroblast products under certain culture conditions, is
known by the name of monocyte-derived mesenchymal progenitor,™ and
may represent a more immature progenitor along the pathway that leads
from the CD14" multipotent precursor to a mature mesenchymal cell.
Several factors affect the development of fibrocytes from the CD14*
precursors and the further differentiation of fibrocytes into mature
mesenchymal cells®*>'%'%23% (Fig, 1). Direct contact between peripheral
blood CD14* mononuclear cells and T lymphocytes in co-cultures® and
stimulation of peripheral blood CD14* mononuclear cells with transforming
growth factor-B, (TGF-B,) increase the yield of fibrocytes.** Platelet-
derived growth factor (PDGF)* and cytokines produced by helper type 2
T lymphocytes (Th2 cells), such as interleukin (IL)-4 and 1L-13,% also
promote the differentiation of the CD14" precursors into fibrocytes. By
contrast, exposure of the CD14" precursors to immune complexes or to
serum amyloid P (SAP) inhibits the development of fibrocytes.'” SAP is a
constitutive serum protein that belongs to the pentraxin family of
autacoids. It may be present in elevated concentration at tissue sites
during the early phase of inflammatory reactions, as a consequence of the
extravasations of serum proteins, but it is likely cleared or inactivated at a
later stage.>' Two cytokines normally associated with inflammatory
responses mediated by helper type 1 T lymphocytes (Thl cells), interferon
(IFN)-y and IL-12, inhibit the differentiation of fibrocytes from CD14*
mononuclear cells.” IL-1B does not affect the development of fibrocytes
from the CD14" precursors, but it reduces the release of collagens from
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Table 1: Phenotypic changes occurring during the development of fibrocytes and their
differentiation into fibroblast- and myofibroblast-like cells in vitro.

Fibroblast/

Fibrocyte Myofibroblast-
Markers Precursors Fibrocytes Like Cells
Stem cell markers
e Flkl1 +/— - -
e Oct-4A ++ +/— -
e Nanog ++ - -
Hematopoietic progenitor markers
e CD34 +— + +-
e CD105 +— + NA
Leukocyte markers
e CD45 ++ ++ +, +—
Markers of cells of the monocyte lineage
e CDI11b ++ ++ +, +/—
e CDI13 ++ ++ +, +—
e CD14 ++ +/— -
e CD31 + +/— -
MHC and co-stimulatory molecules
e MHC class I ++ ++ NA
e MHC class II ++ ++ NA
e CD80 + + NA
e CD86 ++ ++ +—
Chemokine receptors
e CCR2 ++ +/— -
e CCR5 + + NA
e CCR7 + + +
e CXCR4 ++ + +
Mesenchymal products
e Fibronectin - + ++
e Proteoglycans - + ++
e Collagens - + ++
e 0-SMA - - +

The fibrocyte precursor was isolated from a specific CD14" light-density fraction of peripheral blood
mononuclear cells (containing immature cells) using a validated technique, based on a modification
of the standard discontinuous Percoll gradient method. The symbols represent no expression (—), mar-
ginal or no expression (+/—) and increasing level of expression (+, ++). Abbreviations: o-SMA,
a-smooth muscle actin; CCR, CC chemokine receptor; CXCR, CXC chemokine receptor; MHC,
major histocompatibility complex; NA, not assessed; OCT-4A, octamer-binding factor 4A.
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Figure 1: Signals that may promote (green arrows) or inhibit (red lines with blunt ends)
the accumulation of fibrocytes at the tissue site and their effects on inflammatory responses
and tissue remodelling. BM, basement membrane; CCL, CC chemokine ligand; CXCL, CXC
chemokine ligand; CTGF, connective tissue growth factor; ET-1, endothelin-1; ECM, extracel-
lular matrix; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-y, interferon-y;
GRO, growth-related oncogene; IC, immune complexes; IL, interleukin; LTD,, leukotriene D,;
MCP-1, monocyte chemoattractant protein-1; M-CSF, monocyte-macrophage colony-stimu-
lating factor; MIP, macrophage inflammatory protein; MMP-9, matrix metalloproteinase-9;
PDGF, platelet-derived growth factor; SAP, serum amyloid P; TGF-B,, transforming growth fac-
tor-B,; VEGF, vascular endothelial growth factor. (Designed with the use of the ScienceSlides
2005 software, VisiScience Corporation, Chapel Hill, NC, USA.)

mature fibrocytes.” Both this cytokine” and leukotriene D,** induce a weak
proliferative response in mature fibrocytes (Fig. 1).

The maturation of fibrocytes from their CD14" precursors may
conceivably occur in the bone marrow, in the peripheral blood or at the tissue
site, depending on the balance between factors that promote or inhibit such
maturation process in these compartments. However, at least five studies
suggest that the development of fibrocytes from CD14" mononuclear cells,
as well as their further differentiation into myofibroblasts, predominantly
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occurs in peripheral organs or in the arterial walls. In one of these studies,’
fibrotic cardiomyopathy was induced in mice by multiple daily episodes of
transient coronary artery occlusion. The development of the fibrotic
changes was associated with the recruitment of CD45" cells of the monocyte
lineage from the peripheral blood, some of which subsequently expressed
CD34, cardiac fibroblast markers and the myofibroblast marker o-SMA. In
another study,” administration of granulocyte colony-stimulating factor
after myocardial infarction in mice, enhanced the accumulation of bone
marrow-derived fibroblasts and myofibroblasts in the ischemic area, and
these cells were found to arise from the mobilised subset of CD14* mononu-
clear cells. In a third study,” the possible role of fibrocytes in the
pathogenesis of chronic pulmonary hypertension was evaluated by using an
animal model of hypoxia-induced pulmonary vascular remodelling.
Circulating cells of the monocyte/macrophage lineage from the chronically
hypoxic rats were selectively labelled in vivo and the labelled cells were
subsequently identified in the remodelled adventitial layer of the pulmonary
arteries. Many of the labelled CD14" cells taken up from the circulation pro-
gressively acquired the ability to synthesise new collagen while retaining
expression of CD45 and CD11b. A substantial proportion of the labelled
cells also showed o-SMA immunoreactivity. In a fourth study,” the inves-
tigators labelled peripheral blood leukocytes to evaluate the possibility that
circulating cells contributed to vascular remodelling in an ovine model of
carotid artery intimal hyperplasia. A small fraction of the labelled circulat-
ing leukocytes that infiltrated the intima in vivo progressively acquired the
fibrocyte phenotype and showed o-SMA immunoreactivity during the
ongoing remodelling process. Finally, in another study in humans,* cells of
the monocyte lineage were found to transform into fibroblasts and myofi-
broblasts in the fibrous cap of atherosclerotic plaques.

Several groups have used various murine models of organ injury to
evaluate the dependence of fibrocyte accumulation on the functional
chemokine receptors expressed by these cells, and have demonstrated
a significant involvement of CCR2,* CCRS5,* CCR7* and CXCR4."
While CCRS, CCR7 and CXCR4 are expressed to various extents by both
fibrocytes and their CD14" precursors, the expression of CCR2 is
markedly downregulated during the development of fibrocytes from the
CD14* mononuclear cells (Table 1). In this respect, there seems to be no
major differences between murine and human cells.>>* Therefore, taken
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together, the findings of these studies add support to the hypothesis that
the development of fibrocytes from their precursors mainly occurs at
tissue sites.*

In vitro, the differentiation of fibrocytes into cells ultrastructurally
and phenotypically similar to mature fibroblasts and myofibroblasts is
promoted by stimulation with TGF-B,*!' and endothelin-1 (ET-1)." The
resulting cell population produces much more collagens and fibronectin
than fibrocytes™!" and loses or markedly downregulates the expression of
CD34, CD45 and most markers of the monocyte lineage™!"'* (Table 1).
Spontaneous differentiation of cultured fibrocytes into o-SMA* cells
may also occur to a lesser extent in absence of exogenous stimuli,*>'*!!
particularly in certain serum-free media,'™'" and may be due to the con-
stitutive release of TGF-B, from fibrocytes.” Phenotypic changes similar
to those observed during the differentiation of fibrocytes into cells
resembling mature fibroblasts and myofibroblasts in vitro have also been
detected in vivo in an animal model of wound healing® and in a murine
model of human asthma with airway remodelling." Under certain
permissive conditions, the fibrocytes have the potential to differentiate
into mesenchymal cells different from fibroblast- and myofibroblast-like
cells. The transformation of fibrocytes into adipocyte-like cells in vitro is
associated with the re-expression of CCR2 and is inhibited by stimulation
with TGF-f3,.*

3. Functional Consequences of Fibrocyte Accumulation

Fibrocytes contribute to wound healing by providing a renewable source
of lesional fibroblasts and myofibroblasts.*® Increasing the accumulation
of fibrocytes at the wounded sites accelerates wound repair,* and blocking
the development of fibrocytes from their precursors by exogenous
SAP inhibits the healing process.”® These effects are associated with
a corresponding increase or reduction in the emergence of new myofi-
broblasts in the wounded tissue.**® Evidence of a causal link between the
accumulation of fibrocyte at injured sites and ongoing tissue fibrogenesis
or vascular remodelling has also been provided in various animal models
of pulmonary,"-"**'47 renal* and vascular diseases*** and in the model of
ischemic cardiomyopathy mentioned earlier.’ In these models, the fibro-
cytes appeared to contribute to the new population of collagen-producing
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cellg? 11921222425 and/or a-SMA* cells®!!2!#2% that emerged at the injured
tissue sites during the reactive/reparative fibrotic process. Inhibition of
fibrocyte accumulation by different means resulted in reduced collagen
deposition®'??'?##23 and reduced accumulation of myofibroblasts,”!**#*%
supporting the hypothesis that such myofibroblasts derive at least in part
from fibrocytes. However, fibrocytes are immature mesenchymal cells
that do not produce large amounts of collagenous proteins or other
ECM components'” until they differentiate into mature fibroblast- and
myofibroblast-like cells."" Instead, they are an important source of ECM-
degrading enzymes, primarily matrix metalloproteinase-9 (MMP-9)"
which increase the disruption of basement membranes and favour the
migration of resident fibroblasts (Fig. 1). In addition, fibrocytes them-
selves produce pro-fibrotic growth factors, such as connective tissue
growth factor (CTGF) and TGF-f,.>'* CTGF can induce the proliferation
of resident fibroblasts, while TGF-3, can promote the differentiation of
these cells into resident myofibroblast and the release of ECM molecules
from such cells'? (Fig. 1). Therefore, the observed correlations between
fibrocyte accumulation and ongoing tissue fibrogenesis may also reflect
the pro-fibrotic activity of these cells.

In addition to representing a source of new collagen-producing cells,
fibrocytes may also contribute to normal tissue repair, aberrant tissue
remodelling or cancer progression through the release of angiogenic fac-
tors like angiogenin, basic fibroblast growth factor (bFGF), PDGF and
vascular endothelial growth factor (VEGF)" (Fig. 1). Moreover, other
often overlooked properties of fibrocytes may greatly affect the nature and
outcome of local inflammatory reactions. Fibrocytes express the class I
and II MHC molecules and the co-stimulatory molecules CD80 and CD86
(Table 1)."!° They exhibit antigen-presenting activity*® but lack specific
markers of monocyte-derived dendritic cells such as CDla, CD10 and
CD83above.' Fibrocytes are capable of priming naive T cells both in vitro
and in vivo* and may be involved in the initiation of adaptive immune
responses (Fig. 1). Moreover, they may stimulate the cytotoxic activity of
CD8' T cells* and may therefore exert a beneficial effect on the immune
surveillance against viruses and tumours. Fibrocytes also constitutively
release a number of chemokines and growth factors® that are able to
affect the migration and survival of various inflammatory cells (Fig. 1).
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The chemokines produced by fibrocytes include the CXC ligand (CXCL)
8 and CXCL1, which respectively bind to the CXCR1 and CXCR2
expressed by granulocytes;** the CC ligand (CCL) 2, which binds to
the CCR2 expressed by monocytes, natural killer (NK) cells, basophils,
immature dendritic cells B lymphocytes and activated T cells;*>* CCL3
and CCL4, which bind to the CCR5 expressed by fibrocytes themselves,*?
monocytes, macrophages, Thl cells, activated T lymphocytes and NK
cells.”*™ Through the release of monocyte-macrophage colony-stimulating
factor (M-CSF) and granulocyte-macrophage colony-stimulating factor
(GM-CSF), fibrocytes may promote the survival of eosinophils, granulo-
cytes and macrophages at the tissue sites. Following stimulation with
IL-1B,? fibrocytes produce substantial amounts of the pro-inflammatory
cytokines IL-6 and TNFa as well as the deactivator of macrophage and
dendritic function IL-10.

4. Involvement of Fibrocytes in Lung Diseases
4.1. Airway remodelling in asthma

Bronchial asthma is a common® and heterogeneous® inflammatory
disorder, characterised by recurrent episodes of wheezing and shortness of
breath and persistence of bronchial hyper-reactivity to a variety of
inhalants in the remission phases. In most forms of asthma, the bronchial
mucosa shows alterations of the epithelial structure or integrity and an
inflammatory infiltrate mainly composed of Th2 cells, CD14" monocytes,
eosinophils and mast cells.’*%* The bronchial wall usually shows signs of
a continuous remodelling of the normal structure.®"* Peculiar aspects of
the ongoing remodelling process include the accumulation of fibroblasts
and myofibroblasts under the epithelial basement membrane, thickening
of the lamina reticularis as a result of an excessive deposition of ECM
molecules, angiogenesis, and bronchial smooth muscle cells hyperplasia/
hypertrophy.®'~% Repeated cycles of airway inflammation and repair, with
incomplete healing, likely represent the driving force for most of these
structural alterations.”"** The remodelling process leads to thickening of
the airway wall and may contribute to the irreversible decline in lung
function detectable in many patients with long-standing disease.*%
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In atopic patients who suffer from the allergic form of asthma, every
exposure to the relevant allergens triggers an increased production of
chemokines and growth factors, including CCL2, ET-1 and TGF-$,, and
further recruitment of CDI14* monocytes, Th2 lymphocytes and
eosinophils into the bronchial mucosa.’®*"-" Because epithelial cells are
a major source of chemokines and growth factors,”* the inflammatory
infiltrate is particularly abundant in the sub-epithelial area.®™ It is asso-
ciated with the emergence of new myofibroblasts below the epithelial
basement membrane within 24 hours after allergen exposure’' and is
followed by an excessive deposition of ECM molecules in the lamina
reticularis, which may persist for days.”” Fibrocytes contribute to the
emerging myofibroblast population and localise to areas of new ECM
deposition below the epithelial basement membrane.!! The allergen-
induced accumulation of fibrocytes in the bronchial mucosa of these
patients is paralleled by an increased production of ET-1 from epithelial
and endothelial cells and increased release of TGF-f3, from epithelial cells
and eosinophils.® The high levels of TGF-B, at the tissue site may
promote the differentiation of fibrocytes from the CD14" monocytes
recruited at an earlier stage, as a result of the increased production of the
CCR2 ligand CCL2. Other cytokines produced by inflammatory cells®%
may also contribute to promote the development of fibrocytes from their
precursors (Th2 cell-derived IL-4 and IL-13) and induce fibrocyte prolif-
eration (macrophage and dendritic cell-derived IL-1f3). The peak increase
in the release of ET-1 and TGF-p3, in the bronchial mucosa is observed at
24 hours following allergen inhalation, and may favour further differenti-
ation of fibrocytes into new myofibroblasts at this stage.'%®

Fibrocytes also populate the bronchial mucosa of patients with mild
asthma, even in the absence of an acute exacerbation of the disease."”
Their density increases in the bronchial mucosa of patients with more
severe disease, particularly in subjects with refractory asthma.” Some
of these fibrocytes acquire the myofibroblast phenotype, because they
express 0-SMA, and can be found in clusters in the lamina propria, close
to the epithelial basement membrane, and in the airway smooth muscle
bundle.'””® Their density correlates with the thickness of the lamina retic-
ularis,'” supporting the hypothesis that fibrocyte-derived myofibroblasts
contribute at least in part to the excessive deposition of ECM components
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in that area. Moreover, similar cells spontaneously emerge in cultures of
bronchioalveolar mononuclear cells from asthmatic patients,'” indicating
that there are fibrocyte precursors in the inflammatory infiltrate. The
results of one recent study’* suggest that CXCR4*CCR7* fibrocytes can be
detected in the peripheral blood of more severe asthmatic patients with
chronic airflow limitation, who also have elevated levels of serum TGF-J3;.
The CCL19/CCR7 axis may play an important role in the recruitment of
these cells to the bronchial mucosa.'®

The accumulation of fibrocytes below the epithelial basement mem-
brane in asthmatic airways may cause either beneficial or detrimental
effects. The excessive deposition of ECM molecules in the lamina reticu-
laris by fibrocyte-derived myofibroblasts increases the thickness of the
airway wall and may contribute to generate chronic airflow limitation.
However, both the fibrotic process and the contractile force generated by
myofibroblasts may enhance the resistance to mechanical stress of a
bronchial wall weakened by the inflammatory process, thereby preventing
further damage during broncho-constrictive episodes. Fibrocytes also
produce pro-angiogenic factors that would facilitate normal wound
healings."® On the other hand, fibrocytes may be involved in the capture
of the antigens that cross the epithelial barrier and present them to the
CD4" and CD8" T lymphocytes residing in the lamina propria. Because of
these antigen-presenting properties and the ability to release a number of
pro-inflammatory chemokines and growth factors, fibrocytes may work in
concert with dendritic cells to amplify the allergic inflammatory reaction
after every exposure to the relevant allergens.®®® In this respect, it is
however worth noting that the differentiation of fibrocytes into more
mature mesenchymal cells occurs relatively quickly in the airway
mucosa'' and that fibrocyte-derived myofibroblasts may lose most of the
functional properties of the cells of the monocyte lineage from which they
originate.

4.2. Idiopathic interstitial fibroses

Idiopathic interstitial pneumonias constitute a heterogeneous group of
rare chronic pulmonary diseases of unknown etiology, characterised by
varying degrees of lung inflammation and interstitial pulmonary fibrosis.”
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Idiopathic pulmonary fibrosis (IPF)/usual interstitial pneumonia (UIP) is
the most common form.” It is characterised by extensive epithelial
damage, excessive deposition of collagens and other ECM proteins in the
interstitium and fibrotic replacement and distortion of the normal lung
structure.”*"® The progressive loss of functional parenchyma ultimately
results in respiratory failure. The disorder is often fatal within five years
of diagnosis because it is poorly responsive to currently available thera-
peutic options.”*”#° The chronic fibro-proliferative process is apparently
limited to the lung and is characterised by the presence of clusters of
fibroblasts and myofibroblasts demarcated from surrounding cells.”®8!:%>
These fibroblastic foci are usually indicative of active fibrogenesis.
Myofibroblasts are considered the main source of interstitial collagens,
and their persistence at the sites of active fibrogenesis is associated with
poor prognosis.®!

Three studies®® have evaluated the possibility that fibrocytes are
involved in the pathogenesis of idiopathic interstitial pneumonias. The
first study® was conducted in patients with IPF/UIP, non-specific interstitial
pneumonia and respiratory bronchiolitis-associated interstitial lung
disease and demonstrated the presence of cells co-expressing CCR7 and
CD45 predominantly in the lung tissue specimens from patients with
IPF/UIP. These cells did not express CD34 or o-SMA and were not
specifically present in areas of active collagen deposition. A diffuse
pattern of CXCR4 expression was seen in all tissue specimens and most
of the CXCR4* cells appeared to be infiltrating monocytes. In the second
study,® increased expression of the CXCR4 ligand CXCL12 was observed
in lung biopsies from patients with IPF and non-specific interstitial pneu-
monia. The investigators did not examine the lung tissue specimens for
the presence of fibrocytes. They observed peripheral blood monocytosis
in the patients with lung fibrotic diseases and could isolate a higher num-
ber of CXCR4" CD45" collagen I* fibrocytes from the peripheral blood
mononuclear cells of these patients than from the peripheral blood
mononuclear cells of normal donors. In the third study,® cells showing the
phenotypic markers of fibrocytes and fibrocyte-derived myofibroblasts
were identified in the lungs of eight out of nine patients with IPF/UIP.
Similar cells were absent in the lungs from control subjects. In the tissue
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specimens from patients with IPF/UIP, fibrocytes were often present in
proximity of fibroblastic foci and there was a significant correlation
between the density of fibrocytes and the number of fibroblastic foci in
the lungs. Fibrocytes and fibrocyte-derived myofibroblasts actively
synthesised collagen at the tissue site, as demonstrated by the expression
of prolyl-4-hydroxylase, an enzyme critically involved in collagen
synthesis. Fibrocytes and fibrocyte-derived myofibroblasts showed
CXCR4 immunoreactivity and there were elevated levels of the CXCR4
ligand CXCL12 both in the plasma and in the bronchioalveolar lavage
fluid of patients with IPF/UIP. The results of the latter study suggest that
fibrocytes may contribute to the fibrotic process in this disease and that
the CXCR4/CXCL12 axis may play an important role in the intrapul-
monary recruitment of fibrocytes or their precursors.

4.3. Cancer-induced stromal reaction and lung metastasis

Immature monocytes released from the bone marrow are actively
recruited into solid tumours from the peripheral blood and represent a
prominent component of the leukocyte infiltrate, particularly in malignant
lesions.*® A substantial proportion of the mesenchymal cells that con-
tribute to the development of cancer-induced stroma in mice also appear
to originate from bone marrow-derived precursors.*”¥° CD45*CD34"
0o-SMA™ cells of bone marrow origin have been identified as an important
component of cancer-induced stroma in the advanced stage of develop-
ment of an implanted carcinoma in bone marrow chimeric mice,*” and
such cells show the phenotype of fibrocytes undergoing further differen-
tiation into mature myofibroblasts.

In addition, the CCRS5/CCL3 axis seems to regulate the development
of the lung metastasis of invasive carcinomas in mice, and deficiency of
the CCRS5 or CCL3 gene markedly reduces the number of metastasis
foci and the intratumoral accumulation of macrophages and fibrocytes.”
The ability of fibrocytes to release ECM-degrading enzymes and growth
factors that promote tumour invasion and angiogenesis also supports the
hypothesis that these cells may potentially contribute to the metastatic
progression of invasive tumours.” Nonetheless, cells co-expressing



250 A. Bellini and S. Mattoli

monocyte markers and collagen I have been shown to encapsulate the
peritoneal implants of a mammary carcinoma in mice and prevent tumour
growth, particularly in the presence of T lymphocytes.”!

Concerning the potential involvement of human fibrocytes in cancer
development, several studies have demonstrated the presence of CD34*
fibroblasts in the stroma of various human benign and invasive
tumours.>*** CD34*a-SMA" fibroblasts, resembling fibrocytes, are usually
found in the stroma encapsulating benign tumours while CD34-a-SMA*
fibroblasts are particularly frequent around invasive carcinoma. These
data would suggest that human fibrocytes are not an important component
of cancer-induced stroma. However, cancerous cells and the cells at the
interface of malignant lesions produce high amounts of TGF-f,,** and
hypoxic regions of cancers contain elevated levels of ET-1.% Therefore, the
apparent loss of CD34* fibrocyte-like cells and the concomitant increase
in the number of o-SMA™ CD34" cells in the stroma surrounding malig-
nant lesions®****? may reflect an increased differentiation of CD34*
fibrocytes into mature CD34~ myofibroblasts as a result of the exposure
to elevated concentrations of TGF-f3;, and ET-1 in the micro-environment.
More studies are needed to understand the functional role of fibrocytes
and fibrocyte-derived myofibroblasts in cancer-induced stromal reaction.

5. Conclusions and Implications for Therapy

The numerous studies conducted over the last decade have revealed that
human fibrocytes may serve as an important source of fibroblast- and
myofibroblast-like cells during normal or aberrant reparative processes
and in fibrotic disorders or stromal reactions to tumour development.
Signals that may promote or inhibit the maturation of fibrocytes and
their differentiation into lesional fibroblasts and myofibroblasts in those
conditions have been at least in part defined (Fig. 1) and may serve as
therapeutic targets. Inhibitors of IL-4 and IL-13, TGF-B antagonists and
ET-1 receptor antagonists are currently under development for the treat-
ment of asthma™ or IPF/UIP.”? In the murine model of bleomycin-induced
pulmonary fibrosis, the administration of exogenous SAP, either before or
following the intra-tracheal injection of bleomycin, markedly reduces the
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accumulation of fibrocytes in the lungs, and this effect is associated with
reduced deposition of collagen in the interstitium and reduced loss of
functional parenchyma.”* SAP is a protein normally present in human
serum and may represent a promising therapeutic option for human
fibrotic disorders, particularly IPF/UIP. Fibrocytes express the chemokine
receptors CCRS, CCR7 and CXCR4 and migrate in vitro in response to
the corresponding ligands CCL3-CCLS5, CCL19-CCL21 and CXCL12.
Inhibition of signalling through these receptors has resulted in the pre-
vention of injury-induced fibrotic reactions in various animal models of
pulmonary or renal fibrosis.'”?*** Unfortunately, such receptors are
expressed by many cell types, and some of these cells play a critical role
in adaptive immune responses, host protection against infections, killing
of intracellular pathogens and tumour resistance.’*>>%> Therefore, the
selection of these receptors as therapeutic targets for inhibiting or facili-
tating fibrocyte accumulation and differentiation at tissue sites may not
represent a sufficiently safe approach.

Fibrocytes can be easily developed from circulating CD14* mononu-
clear cells and expanded ex vivo. Tracking experiments in murine models
of wound healing® and chronic allergic asthma'' have demonstrated that
intravenously injected fibrocytes rapidly migrate to wounded or chroni-
cally inflamed sites and localise to areas of ongoing ECM deposition. ™"
Given this propensity of intravenously injected fibrocytes to migrate into
inflamed tissues, the use of autologous fibrocytes for cell therapy seems
to be an attractive approach for certain conditions that do not require
many repeated interventions. In particular, expanded autologous fibro-
cytes may be used for accelerating the healing of acute tissue injuries,
such as extensive burns or lung tissue damage resulting from the inhala-
tion of toxic agents. Expanded autologous cells may also serve as vehicles
for the delivery of therapeutic gene constructs to improve ineffective lung
repair processes. Fibrocytes are present in the stroma encapsulating
benign tumours but also participate in the cancer-induced stromal reac-
tions. It is still unclear if these cells inhibit or promote cancer progression.
However, expanded fibrocytes could potentially be used in anti-cancer
cell therapy to encapsulate tumours and prevent their invasion, as well as
for the delivery of cytotoxic compounds.
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Chapter 9

Three-Dimensional Pulmonary
Constructs

Christine M. Finck, Blair Roszell and Peter I. Lelkes

In this chapter we discuss how to engineer 3D pulmonary tissue

constructs in vitro using primary isolates of foetal mouse distal lung

cells. When cultured in hydrogel-based 3D constructs, the mixed cell

population, comprised epithelial, mesenchymal and endothelial cells,

organised into alveolar forming unit (AFU)-like sacculated structures,

which, in terms of morphology and cytodifferentiation, were reminis-

cent of native distal lung. By using a unique, serum-free medium

supplemented with a cocktail of tissue-specific growth factors, we were

able to induce concomitant alveolisation and neovascularisation when

culturing the cells in the hydrogels, but not in scaffolds composed of

synthetic polymers. Our data suggest that our in vitro model is capable

of recapitulating the parallel morphogenesis of epithelial and endothelial

pulmonary tissue components, which may occur through dynamic

paracrine interactions. These results also stress the importance of the

complex input from co-cultures, tissue-specific growth factors and

integrin signalling for successful tissue engineering in vitro. In a mouse

model in vivo, incorporation of the primary lung cell isolates into

Matrigel plugs, implanted either subcutaneously (s.c.), or under the

kidney capsule, leads to the formation of sacculated AFUs in close prox-

imity to patent capillaries. Effective functional vascularisation, however,

was only observed upon addition of angiogenic growth factors to the

scaffolds and their controlled release over time. Use of a fluorescent cell

tracker confirmed that the neovessels in the constructs comprised

endothelial cells from both the host and the grafts. These data demon-

strate that it is feasible to generate vascularised pulmonary tissue

261
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constructs in vivo with proper epithelial differentiation, and that the
degree of vascularisation may be manipulated by incorporating the
release of an angiogenic factor within the construct.

Keywords: Mouse; distal lung; foetal pulmonary cells; tissue engineering;
collagen; alveoli; endothelial cells; fibroblast growth factor; capillaries.
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1. Introduction

Regeneration and replacement of damaged tissues remains a challenge to
both medicine and bioengineering. One goal for tissue engineers is
to develop biomimetic substitutes that can restore functionality to
engineered tissue. Such a regenerated tissue will allow for maintenance of
cell and tissue architecture with normal mechanical and physiologic
properties.! Some measure of success has been achieved with “simple”
tissues such as cartilage, blood vessels, currently in clinical trials, and skin
that is being sold commercially.>? Using appropriate combinations of
cells, scaffolds and culture conditions, researchers were recently able to
tissue-engineer a functional bladder.> Machiarini et al. recently reported the
successful implantation of a tissue-engineered trachea that was prepared
by seeding a decellularised donor with autologous cells and mesenchymal
stem cell-derived chondrocytes obtained from the recipient patient.*
While the ultimate goal remains full in situ regeneration of whole
organs, such as an entire limb, recent advances in biotechnology might
advance our capability to engineer more complex organ growth in vitro



Three-Dimensional Pulmonary Constructs 263

and then to utilise these engineered tissues for clinical purposes, such
as high-fidelity 3D tissue models for drug/toxicology screening, or for
studying basic mechanisms of tissue assembly in health and disease. The
ability to grow functional three-dimensional lung tissue from cultured
cells for transplantation would be invaluable in ameliorating the
morbidity and/or preventing mortality associated with neonatal
pulmonary hypoplasia or bronchopulmonary dysplasia, both of which are
of significant concern in perinatal medicine. For example, pulmonary
hypoplasia is found in as many as 15-20% of all neonatal autopsies,
contributing to more than 2,800 deaths annually.’ In adults, chronic
obstructive pulmonary disease (COPD) is the fourth highest cause of
death in the USA.° Therefore, restoring functionality to poorly developed
neonatal lungs or damaged adult lungs would be life-saving.

2. Culture of Distal Lung Cells In Vitro

The focus of this chapter is on the distal lung, the formation of which is a
complex developmental process involving distinct inductive cues from (and
heterotypic cross-talk between) cells derived from the different germ lines.
Foetal development and differentiation of the distal lung encompasses a
number of different growth factors, such as FGFs, VEGF and HGF, and
distinct signalling pathways, such as wnt, shh, FGF and VEGE.” Similarly,
multiple steps are required to generate a functionally and anatomically
correct 3D distal lung tissue model in vitro, with increasing difficulty at
each successive iterative step. The cellular composition of the distal airways
is multifaceted, consisting of pneumocytes (type I and type II), endothelial
cells, and mesenchymal cells, in addition to some 40 other cell subtypes.
Hence, expansion of the primary cell isolates, including maintaining the
diverse cellular phenotypes and re-establishing appropriate cell-to-cell
interactions, will be essential to the long-term goal of tissue-engineering a
high-fidelity 3D model of the distal lung (see also Chapter 6).

3. Two-Dimensional Models

Previous attempts at culturing purified populations of (neonatal and adult)
type II alveolar epithelial cells, mostly in two-dimensional monolayers,
provide a basic understanding of pulmonary epithelial transport properties
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and/or function, but yield a less than optimal model for lung tissue engi-
neering.'”" As a caveat, culturing methods for alveolar type II cells differ
depending on the species and age of the donor. Differences in methods of
primary culture have been reported for human and rat foetal cells;'>'?
reagents used to prevent fibroblast overgrowth in human tissue isolates
may not be effective when used in rat pulmonary cell cultures.'® If the
need arises to expand the primary isolates, the cells should be cultured in
a defined medium in which foetal calf serum is replaced with a specific
cocktail of adhesion and growth factors to maintain phenotypic diversity,
avoid epithelial dedifferentiation and prevent overgrowth of the cultures
with mesenchymal cells.

Dame Julia Polak and collaborators have sought to alleviate this issue
by establishing methods to drive embryonic human and mouse embryonic
stem (ES) cells into the distal lung cell phenotype'*'* and then culturing
the ES-derived pulmonary cells on 3D synthetic scaffolds.'® At present
these approaches are hampered mainly by the very low yield and the lack
of functional (and morphologically correct) assembly of the alveolar-like
structures. Cortiella and co-workers'” have used adult ovine somatic lung
progenitor cells to generate a mixed population of distal lung progenitor
cells, which were grown on synthetic scaffolds made of Pluronic 127 and
yielded “identifiable pulmonary structures” upon subcutaneous implanta-
tion, but not in vitro. Another, more recent approach to distal airway
engineering is to utilise mixed populations of foetal pulmonary cells,'®"
based on the well-documented fact that pure populations of type II pneu-
mocytes isolated from either neonatal or adult animals lose many of their
special features, such as the ability to produce surfactant protein.*®?!
Morphological change and lamellar body loss can be demonstrated after
several days of primary culture and suggests that alveolar type II cells in
2D monoculture rapidly dedifferentiate.? Attempts to solve this problem
include altering the physical environment by providing an air-liquid inter-
face,? or, alternatively, using cells from mature foetuses in combination
with plating the cells on physiologic (i.e. less stiff) substrates such as
a gelatin disc, Matrigel™ or collagen.”*2® Rather than attempting to
establish purified monocultures of pulmonary (epithelial) cells, we took
the approach that preserving heterotypic cell populations will facilitate
the maintenance of distinct cellular phenotypes present in the primary
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Figure 1: Immunohistochemical analysis of primary foetal pulmonary cell isolates
following four days of in vitro culture on Matrigel-coated tissue culture chamber slides
with SF-ITS medium (except C with SF-GF medium). (A) Cytokeratin (green) staining of
epithelial cells, bisbenzimide (blue) nuclear counterstain (200x). (B) Prosurfactant protein C
(green) staining, indicative of AE2 cells, rhodamine phalloidin (red) cytoskeletal counter-
staining (400x). (C) GSL Iso B4 (green) staining of endothelial cells, bisbenzimide (blue)
nuclear counterstaining (400x). (D) Vimentin (brown, DAB horse radish peroxidase)
staining of mesenchymal cells, haematoxylin (blue) nuclear counterstaining (400x).'®

isolates. Indeed, mixed populations of foetal pulmonary cells (FPC)
isolated from E17-day mouse embryos and co-cultured on Matrigel™-
coated 2D surfaces maintained epithelial, mesenchymal, and endothelial
differentiation (Fig. 1).

4. Three-Dimensional Growth

It has been shown that maintaining alveolar cell shape in culture preserves
the differentiated state, as evidenced by surfactant synthesis.”’** Thus,
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establishing 3D heterogeneous co-cultures using biomimetic scaffolds
(see below) in combination with optimised media may be a valid approach
to preventing lung cell dedifferentiation. Successful 3D organ growth
requires an environment that facilitates cellular adhesion and provides
tissue-specific growth factors within a 3D scaffold. Ideally, once the
organ-specific morphology is established, degradation of the scaffold over
time would be desirable to leave behind functional 3D lung constructs. In
order to promote proper cell differentiation, the physicochemical charac-
teristics, such as adhesive and mechanical properties of the biomaterial
onto/into which the cells are seeded, are important. The type II alveolar
cell phenotype is attenuated when seeded on plastic in a planar configu-
ration or on bovine corneal endothelial cell matrix, human amniotic
membrane, fibronectin, and type IV collagen.”' When these type II cells
are grown in collagen gels or on complex matrices, this transition is not as
prominent.”? Cross-linked type I collagen films support some respiratory
epithelial cell growth; however, collagen gels may be far superior.! The
basement membrane in the lung is composed of type IV collagen, laminin,
entactin, perlecan, SPARC, and fibronectin.”> The closest available
product to extracellular matrix (ECM) is Matrigel™, a reconstituted base-
ment membrane derived from the Engelbreth-Holm-Swarm (EHS) mouse
sarcoma. Matrigel™ is composed of ECM proteins laminin, collagen IV,
nidogen/entactin and proteoglycan, as well as a large number of growth
factors, such as TGFBs, FGFs, EGF, PDGF and IGF.** Pulmonary type II
cells grown on Matrigel™ retain their differentiated form when compared
with cultured cells on a plastic surface.’*?” Mondrinos et al."® demon-
strated that foetal pulmonary cells (FPC) cultured in 3D Matrigel™
hydrogels assembled into cyst-like structures that displayed branching
morphogenesis (Fig. 2A), in addition to maintenance of epithelial differ-
entiation (Figs. 2C and 2D). Thus these structures histologically resemble
distal mouse foetal (E17) lung in the canalicular stage (Fig. 2B).

The drawback of these gelatinous matrices is that they lack defined
3D architecture and have poor mechanical properties. The natural ECM
of the lung displays a fibrous morphology.** For this reason, we and others
have investigated the use of fibrous scaffolds fabricated by electro-
spinning of natural ECM proteins, such as collagen or elastin, to generate
3D matrices for lung cell growth.''®% The small diameters of the
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Figure 2: Histological and phenotypic analysis of foetal pulmonary cells cultured in
Matrigel hydrogel for one week with SF-GF medium. (A) H&E staining of foetal pulmonary
cell construct (400x). (B) H&E staining of embryonic day-17 mouse lung for histological
comparison (400x). (C) Cytokeratin (red, AEC horse radish peroxidase) immunostaining of
foetal pulmonary cell constructs demonstrating epithelial lining of branching AFU structures
(original magnification 400x). (D) Prosurfactant protein C (red, AEC horse radish peroxi-
dase) staining of foetal pulmonary constructs demonstrating presence of type Il alveolar
epithelial cells (original magnification 400x).'®

electrospun fibres have a large surface-to-volume ratio, which enables
absorption of liquids while facilitating cellular adhesion and cell—cell
contact.*® Recent results suggest that nano-topography is beneficial for
maintaining the function and differentiation of some mesenchymal cell
types.” In line with this notion, culture of FPC on fibrous or porous
scaffolds made of biodegradable synthetic polymers, such as PLGA or
PLLA (Fig. 3A), did not result in histotypic alveolar morphogenesis.
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Figure 3: FPC cultured on synthetic polymer scaffolds. (A) Electrospun PLLA nanofibre
scaffold (3500x). (B) H&E staining of FPC cultured for 14 days on electrospun PLLA
nanofibre scaffolds in SF-GF medium (400x). (C) Transmission electron micrograph of
lamellar bodies in a FPC cultured on an electrospun fibrous PLLA scaffold for four weeks
with SF-ITS medium. (D) RT-PCR analysis expression of the type Il alveolar epithelial marker
surfactant protein C and the mesenchymal marker vimentin following seven days of in vitro
culture in Matrigel hydrogels, porous PLGA foams, and PLLA fibrous scaffolds cultured with
SF-GF medium.'®

Rather, we observed robust mesenchymal proliferation and loss of
epithelial differentiation, as assessed histologically (Fig. 3B) and by
RT-PCR analysis for the expression of mesenchymal and epithelial
markers, vimentin and surfactant protein C (SpC) (Fig. 3D). Interestingly,
in cultures maintained on the fibrous scaffolds for up to four weeks under
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suboptimal conditions (SF-ITS medium; see below) we occasionally
detected lamellar bodies, conventionally thought to be a morphological
hallmark for surfactant synthesis in AEII cells. However, as seen by the
more sensitive RT-PCR analysis, these cultures have ceased production of
SpC."® The reason for the failure to induce/maintain a histotypic differen-
tiated lung cell phenotype on the synthetic scaffolds might be due to their
non-physiological viscoelastic properties (stiffness) and/or the initial lack
of physiologic adhesion mechanisms that would engage integrin
signalling in the cells. Therefore, it is evident that further modification of
synthetic scaffolding is required.

5. Growth Factor Supplementation and Culture
Media Composition

Growth factors secreted from surrounding cells influence pulmonary cell
growth during foetal and post-natal development. Cultured type II
pulmonary cells respond to growth factors in the pulmonary endothelial
extracellular matrix by increasing mitotic activity.*® Interactions of tissue-
derived soluble factors and extracellular matrix components have a strong
influence on type II cell proliferation and differentiation. Such stimulatory
soluble growth factors include epidermal growth factor (EGF), fibroblast
growth factor-7 (FGF7) and fibroblast growth factor-10 (FGF10)."%#
Rat alveolar type II cells grown in the presence of a cocktail of growth
factors and bronchoalveolar lavage fluid form larger aggregates than cells
cultured on the same substratum in a medium containing only rat serum.*
Each of these growth factors appears to be essential for lung branching
and differentiation. For example, neonatal EGF receptor-deficient mice
exhibit lung immaturity and respiratory distress with impaired branching
and deficient alveolarisation and septation. FGF7, or keratinocyte
growth factor, is a paracrine mediator of epithelial cell growth.** FGF7
RNA has been detected in mesenchymal tissues, suggesting a role in
epithelial-mesenchymal interactions.* In cultured adult rat alveolar type I
cells, FGF7 enhances AE II cell proliferation, affects type II cell differen-
tiation and increases mRNA for SPA and SPB.'%*4” On the other hand,
FGF10 is essential for pulmonary epithelial branching morphogenesis and
differentiation distal to the bronchi*® as well as for embryonic pulmonary
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vasculogenesis. In studies of two-dimensional lung culture, addition of
FGF10 can induce generalised budding.*

The formation of histotypic 3D branching structures internally lined
with epithelial cells from cultured FPCs in a complex matrix like
Matrigel™ is not surprising. Importantly, these structures formed in both
a defined medium as well as in a medium containing foetal bovine serum
(FBS), suggesting that morphogenic/differentiative effects of the plethora
of growth factors contained in Matrigel™ may override the well-known
tendency of FBS for preferentially stabilizing mesenchymal differentiation.
Culturing the heterotypic FPS isolates in a better defined 3D environment,
such as a hydrogel made of type I collagen in conjunction with a serum-
free, defined medium (SF), reveals the pivotal role that specific
growth/differentiation factors (GF) play in formation of the distal
alveolar-like structures in vitro."” In emulating the involvement of
multiple growth factors in the development of the distal lung, we chose to
explore in our 3D in vitro model a cocktail of three members of the fibrob-
last growth factor family, namely FGFs 2, 7, and 10. Culturing FPC in 3D
collagen gels in a FBS-containing medium results in the induction of a
round/elliptical cyst (Fig. 4A), while in the absence of FBS, a defined
medium supplemented with ITS (Insulin-Transferrin-Selenium) and a
cocktail of fibroblast growth family members (FGFs 2/7/10), the cells
organise into a elaborate branching structure (Fig. 4B).

The cysts formed in the presence of FBS (Fig. 4A), or in serum free-
medium supplemented only with ITS, are “solid” amorphous epithelial
aggregates, i.e. filled with cytokeratin-positive cells (Fig. 4C). By
contrast, in the presence of optimised medium (SF-GF), the branching
alveolar-like structures are hollow and lined with cytokeratin-positive
epithelial cells (Fig. 4D).

Shown in Figs. 5-7 is the effect of each of the FGFs, alone or in the
various combinations, on both the epithelial and endothelial component in
the 3D constructs. The spherical (epithelial) cysts formed in the basal
media + ITS (Fig. 5A) are somewhat dilated in the presence of either
FGF 7 or FGF 2 (Figs 5C and 5D), while FGF 10 alone induces significant
branching (Fig. 5B). FGF 7/10 seem to enhance the sacculation (Fig. 5E),
while addition of all three FGFs (2/7/10) leads to a complex, sacculated
3D structure, including the formation of clefts (Fig. 5F), as seen in situ in
the canalicular stage of alveolar differentiation in foetal distal lungs.
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Figure 4: Morphology of FPC cultured for seven days in type | collagen hydrogels in
medium supplemented with FBS (A and C) or a cocktail of growth factors (ITS + FGF2, 7,
10, B and D). The cells inside the solid cyst (C) as well as the ones lining the luminal faces
of the hollow branching structures (D) are of epithelial nature, as revealed by immunoflu-
orescent staining for cytokeratin (green). Nuclear counterstaining with bisbenzimide (blue).
(A) and (B): Phase contrast images (original magnification — 100x). (C) and (D): Single
optical slices made by confocal microscopy.'

In addition to studying the role of FGF supplementation on the in vitro
morphogenesis of the 3D constructs, we also evaluated whether the
same FGFs, alone or in combination, might affect the differentiation of
epithelial cells lining the lumen of the alveolar-like cysts. Specifically, the
samples were immunostained for prosurfactant protein C (pro-SpC), a
marker for AE II cells. As seen in Fig. 6, all constructs stain positive for pro-
SpC, indicating that when cultured in permissive 3D hydrogels, the AEII
retain their cytodifferentiation and organise in a histotypic fashion, i.e. they
will line the inner face of alveolar-forming units (AFUs). Semi-quantitative
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Figure 5: FGF supplementation modulates epithelial morphology in 3D constructs
resembling alveolar forming units (AFUs). Representative phase contrast micrographs of
AFUs following seven days of culture in the presence of FGF10, FGF7 and FGF2 alone
and in combination (100x magnification in all panels). (A) 1% ITS, (B) FGF10, (C) FGF7,
(D) FGF2, (E) FGF10/7, and (F) FGF 10/7/2."
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Figure 6: Confocal microscopic visualisation of epithelial morphogenesis and cytodiffer-
entiation. Optical sections through AFUs stained for cytokeratin (red) to visualise epithelial
cells and counterstained with DAPI (blue) for nuclei. Cytodifferentiation was assessed
by prosurfactant protein C (proSpC, green) staining (B, D, F, H and J). (A) 1% ITS, scale
bar = 37.5 um; (B) 1% ITS, scale bar = 54 um; (C) FGF2, scale bar = 37.5 um; (D) FGF2,
scale bar = 75 um; (E) FGF7, scale bar = 37.5 um; (F) FGF7, scale bar = 75 um; (G) FGF10,
scale bar = 37.5 um; (H) FGF10, scale bar = 50 um; (I) FGF10/7/2, scale bar = 37.5 um;
(J) FGF10/7/2, scale bar = 64 um; (K) FGF10/7/2, normal rabbit 1gG, scale bar = 75 um;
and (L) FGF10/7/2, tropoelastin staining of fibroblastic cells, scale bar = 48 um.'®

evaluation of the images shown in Fig. 6 indicates that the strongest staining
(largest number of SpC positive and highest level of SpC expression) is
observed in the samples exposed to the combination of all three FGFs
(Fig. 6J). In addition to epithelial cysts, the interstitial spaces between the
AFUs abound, especially in the case of FGF 2/7/10 supplementation with
tropoelastin-positive mesenchymal cells (Fig. 6L).

Since primary FPC isolates contain abundant endothelial cells (EC;
see Fig. 1), we also investigated the role of FGF supplementation in main-
taining an endothelial phenotype and inducing vascular morphogenesis,
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Figure 7: Modulation of vascular morphogenesis by FGF following seven days of in vitro
culture. The images shown in A-G are 3D z-projections of confocal images (75-100 micron
thick segments) of constructs stained with isolectinB4 for endothelial cells (green).
(A) Distribution of endothelial cells within constructs 24 hours post-isolation, prior to appli-
cation of growth factors (day O of experiment); (B—G) from seven-day cultures; (B) 10% FBS;
(C) 1% ITS; (D) FGF10; (E) FGF7; (F) FGF2; and (G) FGF10/7/2 (scale bar = 150 microns in
all images). (H) Quantitative image analysis of isolectinB4 staining of endothelial network
formation across FGF supplementation conditions.'®

specifically the formation of capillary-like networks, using Griffonia
simplifolica lectin (GSL)-isoform 4 as a specific marker for murine
endothelial cells."

As seen in Fig. 7A, 24 hours post-isolation, the cultures contain large
numbers of GSL-4 positive endothelial cells. Upon seven days in 3D
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culture in collagen gels, the cells cultured in FBS appear
mesenchymal/fibroblast-like (flattened, elongated, disorganised; Fig. 7B),
while most of the ECs maintained in 1% ITS remain rounded (Fig. 7C).
FGF 10 and 7 induce a low degree of endothelial “tubular’” morphogenesis
(Figs. 7D and 7E, respectively). It will be of interest to study the differ-
ential sensitivity of individual EC to these growth factors/morphogens
(endothelial cell heterogeneity). By contrast, in the presence of FGF2,
essentially all EC assemble into a network of thin capillary-like structures
(Fig. 7F). The visual impression can easily be substantiated by quantita-
tive image analysis, confirming that FGF2 and the combination of the
three FGFs generate an essentially similar degree of interconnectivity."
However, the combination of FGFs 2/7/10 yields a much more robust
network of thickened capillary-like structures. Taken together, these data
demonstrate the differential susceptibility of epithelial and endothelial
cells to the morphogenic actions of distinct members of the fibroblast
growth factor family.

6. Importance of Endothelial-Epithelial Interactions
in Heterogeneous Co-Culture

Heterogeneous cultures of cells are capable of maintaining epithelial
differentiation and growth.* In the lung, there is evidence that type II
cell-fibroblast interactions maintain type II cell differentiation.”® For
example, direct contacts between alveolar type II cells and fibroblasts
appear to have a trophic effect on cultured alveolar type II cells, as
evidenced by increasing levels of mRNA for surfactant protein A (SpA).*
Type 1I cell proliferation is enhanced in culture by an ECM with fibrob-
lasts beneath it,*® while in another co-culture system, alveolar type II cells
inhibited fibroblast proliferation, an effect postulated to be mediated
through prostaglandin E2.° Rat lung alveolar type II cells appear to
release a factor that stimulates type I collagen secretion by fibroblasts,
thus demonstrating the communication that occurs between mesenchymal
and epithelial cells.'® The production of laminin o5 has been shown
in vitro to enhance the development of distal airways.”' This laminin is
only produced with epithelial-mesenchymal cell contact.’' Finally, the
pulmonary mesenchyme can act instructively on the tracheal epithelium
to induce a program of type II cell differentiation.’
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There is also evidence that mitogenic factors are stored in the
endothelial extracellular matrix. Organs such as the liver require vasculo-
genic endothelial cells and nascent vessels for early stages of
organogenesis.™ Alveolar cells grown on an endothelial matrix showed
the greatest adherence, cell division and spreading to reach confluence
compared with cells on an epithelial matrix or collagen.’® The results
suggest that some component(s) of the endothelial matrix at the alveolar
basement membrane facilitates epithelial cell growth.

Endothelial-epithelial interactions appear to be reciprocal;
Mondrinos et al."” showed that foetal pulmonary cells stimulated with
epithelial-specific growth factors respond by initiating a program of
vascular network formation characterised by tight interactions with alve-
olar epithelial buds'® (Fig. 8). Under sub-optimal conditions (SF medium
supplemented only with ITS), endothelial cells migrate to the vicinity of
epithelial cell clusters and seem to undergo morphogenic changes when in
close apposition/direct contact with the epithelial clusters (Fig. 8A).

By contrast, under optimised conditions (SF-GF medium), EC capil-
lary-like structures enrobe the sacculated epithelial structures and
penetrate the clefts (Fig. 8B), thus closely representing true “alveolar
forming units”. In addition, the capillary-like vascular networks
surrounding the epithelial alveolar-like structures exhibit true lumen
(Fig. 8C) and expand by “classical” sprouting angiogenesis (Fig. 8D).

Taken together, it seems clear that the cross-talk between the epithe-
lial and endothelial components of the alveolar forming units also occurs
in vitro, similar to what has been reported in vivo. This bidirectional
signalling appears to be pivotal for establishing the proper morphology
(and function) of the emerging alveolar-like structures in vitro, thus
closely mimicking the formation of the blood—air interface that provides
for the gas exchange across the alveoli and capillaries. The capability of
recapitulating the formation of the distal airways in an in vitro model
opens new avenues for studying the mechanisms that lead to the normal
and pathologic development of these structures. Such tissue constructs
representing high-fidelity models of normal and pathological states of distal
lung could accelerate high-throughput drug discovery and/or toxicity
assessments. Moreover, in honing the ability to generate morphologically
correct alveolar forming units, this 3D model might serve as the basis for
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Figure 8: Visualisation of epithelial-endothelial interaction; 75-100 one-micron thick
reconstructed confocal segments of AFU structures in seven-day constructs maintained in
either 1% ITS (A) or FGF10/7/2 (B) with epithelial cells cytokeratin-labelled (red) and
endothelial cells isolectinB4-labelled (green). Note the polarised appearance of the single EC
tightly interfaced with the AFU in (A) (arrow). By contrast the AFU in (B), viz. in the
FGF10/7/2 supplemented medium, is enrobed by interconnected EC (arrow). (C) Formation
of lumen containing endothelial cell lined microvasculature surrounding the cytokeratin
positive “epithelial cyst” single confocal optical section. (D) Sprouting angiogenesis of EC
surrounding epithelial cell containing 75-100 reconstituted segments, as above. Scale bar =
48 um (A, B and C), 75 um (D).

a tissue engineering-based approach for augmenting/repairing/replacing
diseased lungs in neonates and/or adults. For that, however, one has to
show first that the in vitro generated 3D models can also integrate into
host tissue.
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Figure 9: Immunohistochemical staining of alveolar constructs generated for seven days
in vivo. (A) Immunoperoxidase staining for cytokeratin (AEC substrate chromogen reaction
product appears in red) confirms the epithelial phenotype of the abundant ductal structures
observed within Matrigel + FPC + FGF2 constructs (magnification = 400x). (B) Prosurfactant
protein C immunostaining (green) confirms the distal lung differentiation status of the cells
lining the ductal epithelium, the graft origin of which is highlighted by CMTPX CellTracker™
labelling (orange) prior to admixing in Matrigel™ (magnification = 400x). (C)
Immunoperoxidase staining for von Willebrand factor (vWF, AEC substrate chromogen reac-
tion product appears in red) illustrates the presence of VWF-positive endothelial cells (ECs)
within the constructs (original magnification 400x). (D) Confocal optical section (250 nm
thickness) of an isolectinB4 whole mount stained MG + FPC + FGF2 construct, identifying
endothelial cells (green), along with CMTPX labelling to identify ECs derived from engrafted
FPC (orange) reveals mixed graft (arrows) and host (arrowhead) origin of endothelial
structures (scale bar = 18.75 microns).>

As a first step toward this goal, we have implanted in vitro generated
3D distal lung constructs subcutaneously and under the kidney capsule in
a murine model, and demonstrated both continued maintenance of the
differentiated phenotypes of the transplanted EC and AEII cells and rapid
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vascularisation.” This finding is in line with the notion that transplanted
endothelial cells help maintain alveolar differentiation and remain differ-
entiated themselves. In addition to the direct contribution of endothelial
cells to epithelial growth, endothelial cells can also function to connect a
tissue-engineered structure to the host vasculature upon transplantation.
The generation of vascularised bone,”® hepatic tissue,” skeletal
muscle,
cells demonstrates that neovascularisation may be mediated by angiogen-
esis from the host blood supply. Other studies have shown an
enhancement of graft-host neovascularisation when endothelial cells are
engrafted along with parenchymal cells.®! In line with this notion, we also
demonstrated (Fig. 9) that donor-derived endothelial cells can contribute
to implanting vascularisation alongside host-derived vessels.®’ Somewhat
troubling at this stage is the finding that we have to provide a long-term
source of exogenous growth factors (specifically FGF2) to maintain a
healthy level of vascularisation of the implants. The solution might be
simply to increase the number of cells in our constructs, which would then
serve as the missing “natural” source for producing the required angio-
genic growth factors. However this brings up the issue of cell sourcing,
which is a perennial problem in tissue engineering. One possible solution
is to optimise the targeted differentiation of (embryonic) stem cells toward
multiple pulmonary lineages.

and cardiac muscle® by in vivo implantation of parenchymal

7. Conclusions and Future Challenges

Three-dimensional pulmonary growth in vitro is a complex, multifaceted
process. Successful generation of histotypic alveolar forming units
requires the use of a heterogeneous co-culture of progenitor cells, possibly
and preferably foetal pulmonary cells, in conjunction with optimised
three-dimensional culture conditions and the prudent choice of a cocktail
of defined growth factors that promote concomitant epithelial and
endothelial differentiation. At the same time, and in keeping with other
systems,*® these culture conditions have to allow for the presence of, but
avoid overgrowth with, mesenchymal cells (fibroblasts), which contribute
important cues for both epithelial and endothelial cells differentiation.®
The ability to generate complex distal lung tissues in vitro raises the
spectre of being able to repair diseased neonatal and/or adult lungs and aid
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in advancing drug discovery for a plethora of pulmonary diseases in the
not-too-distant future. At this stage, however, there are numerous chal-
lenges that need to be addressed. In terms of the basic understanding of
how a lung develops, our model will allow detailed dissection of critical
steps that are necessary for the “normal” assembly and development of the
distal lung. As a logical next step, our 3D model will also allow us to
study the onset and progression of numerous pulmonary diseases, such as
Pulmonary Hypertension (PH), Bronchopulmonary Dysplasia (BPD), and
Chronic Obstructive Pulmonary Disease (COPD). In terms of clinical
applications, methods still need to be developed for functionally engrafting
in vitro generated pieces (or even entire lobes) of the lung. Alternatively,
this model, like others, might provide an interim solution until the devel-
opment of true regenerative medicine, in which we will be able to apply
what we have learned from this model, the concepts and the tools, to devel-
oping cell/agent-based therapies, which will allow the diseased and
dysfunctional lung to repair and heal itself.
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Chapter 10

Stem Cells as Vehicles for Gene
Therapy in Lung Repair

Shirley H. J. Mei and Duncan J. Stewart

There has been considerable research on harnessing the unique
properties of stem and progenitor cells to develop more effective
therapeutic approaches for respiratory diseases with limited treatment
options. Cell-based gene therapy, combined with genetic engineering to
enhance regenerative cell function, can be a powerful strategy able to
provide additional benefits, and may overcome many of the limitations
of cell or gene therapy alone. This dual strategy not only allows the
direct targeting of cells to the lung for regenerative interventions, but
also provides a site-specific source to release therapeutic proteins to
the lung microvasculature or alveoli. This review discusses relevant
literature on the use of stem/progenitor cells-based gene therapy for
the treatment of acute and chronic pulmonary disorders, including acute
lung injury, pulmonary arterial hypertension, emphysema, cystic fibro-
sis, and cancer therapy for lung metastasis. Different types of stem and
progenitor cells such as mesenchymal stem cells or endothelial progen-
itor cells, which have been used in these therapeutic approaches, will
also be covered.

Keywords: Stem/progenitor cells; gene therapy; acute lung injury;
mesenchymal stem cells; endothelial progenitor cells; pulmonary
arterial hypertension; cystic fibrosis.
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1. Introduction

Gene therapy holds tremendous promise for lung diseases but has proven
difficult to translate into effective clinical treatment strategies,' in part
because of the difficulties in achieving sufficient transfection efficiency
in vivo, as well as the challenges in targeting gene transfer selectively to
the lung. Intratracheal delivery of plasmid or viral DNA vectors has the
advantage of selective gene transfer directly to the lung. However, the
transfection efficiency of these methods is limited by physical and
immunological barriers presented by the epithelium of the lung,"* which
may be exacerbated by excessive edema and mucin production in the
context of acute lung injury or cystic fibrosis.! To some extent, this can be
overcome by the use of adenoviral vectors, for example, which can
produce efficient transfection into lung tissues; however, inherent inflam-
matory responses even to second and third generation viral vectors has
created a major obstacle for its use in clinical trials.’

The combination of cell and gene therapies can be an attractive
approach to overcome certain limitations associated with each individual
strategy.' This dual strategy not only allows the direct targeting of the lung
for clinical intervention, but also provides a site-specific source for the
release of therapeutic proteins and/or other cellular products of interest by
the retained cells.*” In cell-based gene therapy, cells from a given source,
either autologous (isolated from patient’s own tissue) or allogeneic
(isolated from an unrelated donor), are expanded in vitfro and genetically
manipulated to express the therapeutic gene of interest before re-
introduction into the patient (Fig. 1). This process permits the cells to be
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Figure 1: Cell-based gene therapy for pulmonary diseases. In cell-based gene therapy,
cells from a given source are isolated and culturally expanded ex vivo. Culturally expanded
cells are then genetically manipulated to express a therapeutic gene of interest before re-
administration back into the patient.

genetically engineered ex vivo to overexpress a therapeutic transgene
product. Cells can be used to target transgene expression to the lung, even
sub-selectively to specific regions of the lung. For example, cells larger
than circulating blood elements will be efficiently filtered by the lung
after intravenous or intrapulmonary arterial administration, and will lodge
in the distal arteriolar bed, where they can locally express the transgene
to maximise the desired therapeutic effect.*” Similarly, cells can be
administered by intratracheal instillation to be distributed to the distal
airways.® Finally, cells can be injected directly into the lung tissue.'
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Thus even somatic cells, such as fibroblasts, may be useful as passive
carrying vectors for potential therapeutic transgenes. However, given
that stem and progenitor cells have been reported to have the ability to
repair and regenerate damaged tissue in a variety of disease models,'"'?
it is not surprising that the use of genetically engineered stem cells
may enhance their therapeutic efficacy, and may represent the basis
for more effective regenerative interventions. The combination of
stem/progenitor cell therapy and gene therapy can even provide
synergistic benefits, which may not be achieved by using either
therapeutic approach by itself. This review therefore will focus
primarily on studies using this combined strategy of cell-based gene
therapy for respiratory diseases.

2. Types of Stem/Progenitor Cells Used as Vehicles
for Gene Therapy for Lung Diseases

2.1. Mesenchymal stem cells

Marrow-derived stem or progenitor cells are being evaluated for the
treatment of a number of diseases that currently have limited or
no treatment options.”*'® Among the different types of stem and
progenitor cells that have been used as cell therapy in animal and
clinical studies, bone marrow-derived mesechymal stem cells (MSCs)
have emerged as one of the most widely used cell types."”
Mesenchymal stem cells (also referred to as mesenchymal stromal
cells*® or marrow stromal cells) are a type of nonhaematopoietic, adult
somatic stem cells that can be isolated from bone marrow?' and expand
extensively in vitro.*""* In contrast to embryonic stem cells, which are
capable of differentiating into any type of cell in the body, MSCs have
more limited in vivo differentiation and proliferation potentials.”® The
potential efficacy of MSCs has been reported in the treatment of
cardiovascular diseases, pulmonary fibrosis, spinal cord injury, bone
repair, cartilage repair, among many others.'* Clinical trials utilizing
MSCs for acute myocardial infarction®* or for graft-versus-host
disease” have shown various levels of success, even though these
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results need to be confirmed in large and rigorously designed studies.
In addition, recent studies have demonstrated that bone marrow-
derived MSCs can engraft in the injured lung®**’
into lung epithelial cells in vivo.?*?® This unique feature, along with the
putative immunosuppressive/immunomodulatory properties of MSCs,
makes this cell very attractive for the treatment of lung and possibly
other organ injuries.”

MSCs can be isolated directly from a patient’s own bone
marrow, thereby avoiding complications involving the immune rejection
of allogeneic tissue."” However, MSCs may also exhibit immunomodu-
latory properties, and have been suggested to be “immune-privileged”,
potentially permitting their use in allo-transplantation.’** Recent
studies have reported that MSCs lack the expression of class II major
histocompatibility complex (MHC) antigens, and express little or no
co-stimulatory molecules.’® It has been suggested that this may
potentially allow MSCs to be used in an acute setting without HLA
matching.’’?° The absence of co-stimulatory molecules means any
residual engagement of receptor on T cells would result in anergy, during
which T cells become inactivated.*® The possibility of using allogeneic
cells would make it potentially feasible for MSCs to be delivered as an
off-shelf product for the treatment of acute (such as in the case of
ALI/ARDS patients) and chronic disorders.

Genetically modified MSCs have also been used extensively in treating
many non-pulmonary diseases in preclinical animal models, such as for
Parkinson’s disease, stroke, haemophilia A and B, myocardial infarction,
osteoporosis, cancer, and many others.”’ As a therapy for pulmonary
diseases, genetically modified MSCs have been studied in animal models
of pulmonary arterial hypertension,'> acute lung injury,”*' lung tumour
metastasis**** and cystic fibrosis,** as will be reviewed later.

and even differentiate

2.2. Endothelial progenitor cells

Endothelial progenitor cells (EPCs) are cells derived from heman-
gioblasts, which represent the common precursor of haematopoietic and
vascular systems.* These circulating, bone marrow-derived cells were
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first reported by Asahara et al. in 1997,* who identified EPCs by the
surface antigen expression of CD34, expressed on all haematopoietic stem
cells, and Flk-1 (vascular endothelial growth factor receptor 2, VEGFR2),
expressed by both early haematopoietic stem cells and endothelial cells.
However, there is considerable confusion surrounding the definition of
EPCs, and currently there is no agreement on markers that can be used for
the identification of “true” EPCs (as is reviewed in detail in Chapter 12).
Nevertheless, regardless of their origin or method of selection, EPCs
possess many unique properties that make these cells attractive for cell
therapy, or cell-based gene therapy, of lung diseases.

EPCs can be found to localise within pulmonary vasculature after
systemic delivery!' or home to sites of tumours*’ in the context of
metastatic lung disease; properties that allow EPCs to be used as a tool
to target both vascular diseases and cancer. In cancer research, genetic
modification of EPCs to express the suicide gene has been used as a
therapy to reduce lung tumour metastasis.*® Many researchers have also
utilised the neoangiogenic potential of EPCs in pulmonary vascular
disease, such as the case for pulmonary arterial hypertension.' Again,
these and other applications will be discussed in more detail below and
in other chapters.

2.3. Other cell types

Many reports have now described the existence of resident lung and
progenitor cells from various parts of the lung, including proximal
airway, bronchiolar, or alveolar epithelial regions'®* (as is discussed in
greater detail in Chapter 4). Krause et al. were the first to show that bone
marrow-derived cells can differentiate into epithelial cells in lung and
other organs.”® Other studies have shown that mouse embryonic stem
cells can be induced to become cells resembling type II alveolar’ and
tracheal epithelial®® cells. Isolation of adult stem cells from umbilical
cord blood,”>* amniotic fluid,” adipose®® and even placental’’ tissues
have been reported. To our knowledge, genetic modification of these
cells for pulmonary disease has not been described. Nevertheless, these
cells might hold enormous potentials to be utilised for cell-based thera-
pies for lung repair in the near future.
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3. Pulmonary Diseases Targeted by Stem/Progenitor
Cells-Based Gene Therapy

3.1. Acute lung injury

Acute respiratory distress syndrome (ARDS) is a clinically important
complication of severe acute lung injury (ALI) in humans, and is a
significant cause of morbidity and mortality in critically ill patients.*®*!
Infectious etiologies, such as sepsis and pneumonia, are leading causes of
ALI/ARDS.* In humans, ALI/ARDS is characterised by a severe acute
inflammatory response in the lungs and neutrophilic alveolitis.”® It is a
relatively common and potentially lethal clinical syndrome, with an inci-
dence as high as 80 cases per 100,000 population per year.** Despite
decades of research, few effective therapeutic strategies for clinical ARDS
have emerged, and current specific options for treatment are limited.®*
ARDS continues to be an important contributor to prolonged mechanical
ventilation in the intensive care unit, and ARDS-associated mortality
remains high at 30-50% despite optimal supportive care.’6%64+65

To increase the potential efficacy of a cell-based gene therapy strategy,
it is crucial to choose an appropriate transgene with biological activities
that are complementary to the potential therapeutic effects of cells per se.
In the context of ALI, angiopoietin 1 (ANGPT1) may represent a good
example of such complementarity. Although this system is better known
for its effects on vascular development, acting in concert with VEGF to
promote neovasculature stabilisation and maturation during embryonic
development, ANGPT]1 is highly expressed in nearly all post-natal vas-
cular beds, and is thought to act as a homeostatic factor, maintaining
quiescence of vascular endothelium in the adult. ANGPT1 exerts potent
anti-inflammatory, anti-permeable, and endothelial-protective actions by
acting on the endothelial-selective receptor tyrosine kinase, Tie2, whereas
angiopoietin 2 (ANGPT?2) acts as a context-dependent inhibitor of the
Tie2 receptor and has opposite effects. Circulating levels of ANGPT2
were found to be elevated in the plasma of patients suffering from
sepsis,”® and the administration of ANGPT?2 led to a disruption of the
endothelial barrier both in vitro and in a mouse model in vivo.®® Therefore,
we proposed a therapeutic approach to restore the balance between
ANGPT1 and ANGPT?2 expression, which may be useful in modulating
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endothelial activation and inflammation in response to ALI. Some of
the early features of ARDS can be reproduced by administration of the
bacterial endotoxin, lipopolysaccharide (LPS). Using a gene therapy
approach, Witzenbichler et al. reported the first study that employed
systemic pre-treatment with an adenoviral construct containing ANGPT1,
two days prior to intraperitoneal injection of LPS.® Twelve hours after
injury, they found adenoviral ANGPT1 pre-treatment reduced adhesion
molecule expression in the lungs and prolonged survival in mice with
endotoxic shock. A very similar study recently published by Huang et al.
also used an adenoviral construct to overexpress ANGPT1 to examine its
therapeutic efficacy as a pre-treatment (five days prior) or post-treatment
(three hours post) for LPS-induced septic shock in mice.”” Their results
indicated that the pre-treatment strategy improved survival and decreased
pulmonary vascular permeability, whereas post-treatment with adenoviral
ANGPT1 showed no benefit.

Using an intratracheal instillation model of LPS, our laboratory
provided the first demonstration of successful cell-based gene therapy for
ALL" In this study, pre-treatment with syngeneic somatic cells (i.e.
fibroblasts), transfected with human ANGPT1, reduced airspace inflamma-
tion by 60% and markedly decreased the expression of endothelial-selective
adhesion molecules.”! The protective effect of ANGPT1 was further
validated by using a transgenic model. Mice that overexpressed ANGPT]1,
targeted to the vascular endothelium, demonstrated reduced sensitivity to
LPS and showed improved survival.”" These results clearly support the
potential utility of ANGPT1 for cell-based gene therapy in the treatment
of ALI. However, fibroblasts are unlikely to provide any additional
benefits above and beyond the effects of the therapeutic transgene.

We reasoned that MSCs, with their immunomodulatory and regener-
ative properties, might have therapeutic actions in their own right to
modulate lung injury. Therefore, bone marrow-derived MSCs, with or
without ANGPT1 transfection, were administered via the intrajugular vein
to mice 30 minutes after LPS-induced ALIL.’” Administration of MSCs to
the pulmonary circulation partially prevented LPS-induced lung inflam-
mation three days after lung injury. Moreover, treatment with plasmid
ANGPT1-transfected MSCs resulted in a further and near complete
improvement in both alveolar inflammation and permeability (Fig. 2).
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Figure 2: Histological evaluation of therapeutic potential of MSCs and MSCs-pANGPT1 on
LPS-induced lung injury in mice. Representative images of haematoxylin and eosin-stained
lung sections from six experimental groups. Lungs were fixed with 4% paraformaldehyde,
embedded in paraffin, and then cut into 5 pm thick sections before being stained.
Photomicrographs were obtained with a Nikon Eclipse EBOO microscope with a 40x objec-
tive. Scale bar = 20 um. Figure taken from Mei et al. (2007).”

These data demonstrated that bone marrow-derived MSCs can prevent
and rescue ALI when administered into the pulmonary circulation of the
LPS-injured mouse lung, possibly by virtue of their immunosuppres-
sive/immunomodulatory actions. Moreover, this effect was enhanced
when these cells were engineered to overexpress the vasculoprotective
factor ANGPT1, a specific inhibitor of EC inflammation and permeability
(Fig. 3). A similar study by Yu and colleagues also used the therapeutic
combination of MSCs and ANGPTI1 in a LPS-nebulisation model
(20 minutes of exposure per day for seven days).*' MSCs alone, lentiviral
ANGPTI1 alone, or lentiviral ANGPT1 transduced MSCs were intra-
venously administrated to mice two hours after the first dose of LPS
inhalation. They observed a significant effect from MSCs transduced with
lentiviral ANGPT1, but little effect in mice treated with either MSCs or
lentiviral ANGPT1 alone. In addition, several other reports have shown
benefits with unmodified MSCs®"* for the treatment of LPS-induced ALI
in mice or polymicrobial sepsis.” These studies demonstrate the feasibility
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Figure 3: Proposed mechanism for the therapeutic activity of MSCs and MSCs-pANGPT1
on LPS-induced ALI. LPS functions as a potent pro-inflammatory microbial product to cause
acute pulmonary inflammation that progresses to ALI, characterised by pulmonary vascular
leak resulting from pulmonary endothelial dysfunction and alveolar epithelial injury. By
virtue of their immuno-modulatory action, MSCs effectively decrease LPS-induced inflam-
mation but do not completely protect against LPS-induced ALL. The combination of MSCs
and ANGPT1 (MSC-pANGPT1) not only suppresses inflammation but also prevents LPS-
induced ALI by further stabilisation of pulmonary endothelial cell function.

and effectiveness of cell and cell-based gene therapy for experimental
ALI, and may provide a basis for the development of an innovative
approach for the prevention and treatment of ALI/ARDS.

3.2. Pulmonary arterial hypertension

Pulmonary arterial hypertension (PAH) is a disease characterised by
severe remodelling changes to the pulmonary vasculature that results in
narrowing and occlusion of the small pulmonary arteries, particularly at
the levels of the pre-capillary (or intra-acinar) arterioles.”* These abnor-
malities cause a progressive increase in pulmonary vascular resistance,
ultimately leading to right heart failure and death. Even with recent
advances in therapeutic options, the prognosis for many PAH patients
remains poor, with an average survival after diagnosis of only two to five
years.”” Although the precise pathogenesis remains unclear, there is a
general agreement that PAH results from injury to the pulmonary vascular
endothelium, leading to narrowing and ultimately occlusion or degener-
ation of pre-capillary arterioles.”®

It is now widely accepted that EPCs play a critical role in neovas-
cularisation”” and the repair of endothelial injury, in part by participating
in post-natal vasculogenesis.”® Therefore, it is not surprising that EPCs
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have been considered as an attractive cell type for the therapy for PAH,
as is discussed in greater detail in Chapter 12. In particular, Zhao et al.
studied bone marrow-derived EPCs, isolated by differential culture (i.e.
early outgrowth EPCs) that had been engineered to overexpress
endothelial nitric oxide synthase (eNOS) in the treatment of monocro-
taline (MCT)-induced pulmonary hypertension in a rat model."! A
product of the enzyme eNOS, nitric oxide, is a known vasodilator and
mediator for angiogenesis, both of which have potential therapeutic rel-
evance for PAH.” They showed that the delivery of EPCs three days
after MCT-induced lung injury resulted in a near complete prevention
of PAH in rats. These cells were also found to incorporate into arterio-
lar endothelium in some animals. To provide further evidence that this
therapy can be employed clinically, the effects of EPCs, with or with-
out eNOS gene transfer, were studied in the treatment model of
established PAH. Cell therapy was delayed until three weeks after MCT
injury, at which time severe PAH was already apparent, and therapeu-
tic efficacy was evaluated two weeks later. In contrast to the prevention
model, EPCs alone were only partially effective, preventing a further
increase in right ventricular systemic pressure (RVSP) from day 21 to
day 35. However, in those animals that had received eNOS-transfected
EPCs, there was a significant reduction in the measurement of RVSP to
levels not different from normal (sham-treated) controls. Furthermore,
these animals also showed improved survival and micro-vascular per-
fusion.'" A separate study by Nagaya er al. demonstrated that similar
results could be obtained by using plasmid DNA-gelatin complex to
engineer human umbilical cord blood-derived EPCs to express
adrenomedulin, a potent vasodilator.”® Based on these encouraging pre-
clinical data, the first clinical trial using EPC-based eNOS gene therapy
for PAH has been initiated in Toronto and Montreal, and details are
provided in Chapter 12.

MSCs have also been used for cell-based eNOS gene therapy of
experimental PAH."? Treatment with MSCs alone or MSCs transduced
with eNOS one week after MCT injury lowered RVSP compared to
animals not receiving cell therapy; however, only eNOS expressing MSCs
significantly improved survival. Taken together, these studies strongly
suggest that stem/progenitor cell-based gene therapy is both feasible and
effective in treating experimental PAH.
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3.3. Emphysema

Emphysema is a form of chronic obstructive lung disease (COPD), often
caused by long-term exposure to a toxic substance such as tobacco
smoke.*® People with genetic deficiency of alpha,-antitrypsin (AAT) have
a marked predisposition for developing emphysema.’’ The current
standard of care for patients with AAT deficiency and lung dysfunction is
a weekly infusion of AAT protein derived from human plasma,®* a therapy
that is associated with high cost and risk of infection. Therefore, there has
been great interest in developing alternative treatment strategies, in
particular, gene therapy to correct the AAT deficiency. However, the
results of gene therapy alone have been disappointing, mainly due to the
failure to achieve a durable increase in the expression AAT in vivo.3%

A study by Kotton and colleagues provided “proof of concept” using
haematopoietic stem cells (HSCs) transduced with lentiviral vector encod-
ing the human AAT gene.® The lentiviral approach has the potential to
produce stable transfection of self-renewing, circulating HSCs. The
authors transplanted a small number of transduced HSCs into irradiated
mice recipients, which resulted in a sustained increase of AAT in vivo for
31 weeks. Even though the authors concluded that their initial study did
not result in production of sufficient AAT protein to reach the theoretical
threshold for protective levels (800 1g/mL), this report suggests that more
effective strategies to increase transgene protein expression in the lung,
such as cell-based gene therapy, may still be effective in the treatment of
severe AAT deficiency.

Even in the absence of a genetic cause, stem cells and cell-based gene
therapies may be of value in the treatment of common forms of emphy-
sema resulting mostly from tobacco smoke exposure.”® Using surgically
joined parabiotic mice, Abe et al. demonstrated that type I alveolar
epithelial cells and lung fibroblasts can be derived from circulating stem
and progenitor cells and contribute to the repair of lung injury in a radia-
tion/elastase-induced emphysema model.®® As well, a clinical trial using
allogeneic MSCs injected intravenously in patients with acute myocardial
infarction may provide a potential indication of MSCs’ efficacy in
improving lung function.*” In this study, pulmonary function was evalu-
ated as part of a safety analysis, since a significant proportion of the cells
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were retained initially within the lungs. Of interest, patients receiving
MSCs showed a significant improvement in forced expiratory volume in
one second (FEV1), one of the primary indicators of lung function. Based
on these intriguing results, a clinical trial using MSC therapy for patients
with chronic obstructive pulmonary diseases is being planned (see also
Chapters 1 and 11).

3.4. Cystic fibrosis

Cystic fibrosis (CF) is one of the most common genetic diseases in popu-
lations of European descent,*® and is caused by a recessive mutation in the
cystic fibrosis transmembrane conductance regulator (CFTR) gene that
encodes a transmembrane chloride channel expressed on the epithelium.
Cystic fibrosis is a devastating disease affecting multiple organs, but it is
the associated pulmonary complications that account for most of the mor-
bidity and mortality. Therefore, most efforts have been focused on treating
the respiratory system of CF patients, including numerous gene therapy
approaches targeting CF lungs.® Since the CFTR gene was first cloned,
there have been 25 phase I/II clinical trials carried out with either viral and
nonviral gene transfer.*® Most of these expensive and time-consuming
trials were unsuccessful, largely due to low transfection efficiency into
human airway epithelial cells.

Cell-based gene therapy has been an emerging concept in the devel-
opment of new strategies to treat CE,* which might overcome some of the
limitations of the early gene therapy approaches. This approach is partic-
ularly useful for treatment of the later stages of CF disease, in which the
damaged epithelium and accumulation of excess mucus can impair the
efficiency of traditional viral vector-based gene therapy. Using an in vitro
system, Wang and Bunnell first showed that human MSCs have the poten-
tial to differentiate into airway epithelia after MSCs have been co-cultured
with human airway epithelial cells.”’ They went on to demonstrate further
that MSCs from cystic fibrosis patients can be isolated and the genetic
abnormality can be corrected by gene transfer ex vivo, using a viral vector
expressing the functional CFTR gene. These “corrected” MSCs, after
co-culturing with human airway epithelial cells, can contribute to chloride
secretion upon cAMP stimulation, a critical determinant for cell therapy
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in cystic fibrosis. Bruscia et al. used bone marrow transplantation to
deliver Cftr-positive bone marrow-derived cells to Cftr-deficient mice
after receiving different doses of irradiation.”” They provided evidence to
show that in some of the transplanted mice, even with low engraftment
frequency, there was detectable in vivo chloride channel activity in the
nasal epithelium and gastrointestinal track. A separate study by Loi et al.
used two different populations of Cftr-expressed cells (cultured marrow
stromal cells and whole bone marrow cells) into naphthalene-injured,
Cftr-deficient mice.* Naphthalene was used in this study to injure airway
epithelial cells and increase recruitment of cells to the lungs. Even though
they demonstrated that adult marrow cells can be recruited to lungs and
induced to express the Cftr gene, the efficiency of this phenomenon was
so low that the authors concluded these cells were unlikely to contribute
any therapeutic benefit. Nevertheless, these reports provide support in
principle for the concept of cell-based gene therapy for CF, and should
encourage more experimental work to develop more efficient strategies
that could be applied to the treatment of CF.

3.5. Cancer therapy for lung metastasis

Despite the considerable research effort that has been invested into devel-
oping therapy against aggressive or metastatic tumours, the prognosis for
patients with these tumours remains poor.”> The lung is one of the most
frequently targeted organs by metastasizing cancer cells, and most of the
patients with lung metastasis usually have an average survival rate of less
than five years.” Recently, strategies that use stem/progenitor cells to
target gene delivery to tumours are being intensively explored as a means
to overcome toxicity and the lack of efficacy observed in existing gene
therapy approaches. Stem or progenitor cells administered systemically
have been demonstrated to lodge in or home to primary and metastastic
tumours, a necessary property for the purpose of delivering therapeutic
genes. This inherent tumour tropism, particularly exhibited by neural
stem/progenitor cells®® or MSCs,** has been exploited by researchers to
genetically modify these cells to express prodrug-activating enzymes,
apoptosis inducers, cell cycle modulators, anti-angiogenesis factors, and
immune-enhancing agents.”
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Taking advantage of this unique characteristic to migrate to the site of
tumour tissues, Kanehira et al. transduced mouse MSCs with adenoviral
vector encoding for NK4, an antagonist of hepatocyte growth factor.*
Hepatocyte growth factor is a known inducer of tumour growth and
promoter for angiogenesis, both of which are requirements for the metas-
tasis of tumour cells.”” These authors found that overexpression of NK4
by genetically modified MSCs inhibited lung tumour progression and
metastasis, and prolonged mice survival without causing adverse side
effects that can often be seen with the systemic administration of viral
vectors.* Another study by Xin et al. used intravenous injection of MSCs
expressing CX3CL1, an immuno-stimulatory chemokine, to tumour-bearing
mice.”® Their study also showed that treatment resulted in a strong
inhibitory effect on lung metastases, with prolonged survival of the
tumour-bearing mice. Two separate studies by Ren et al. used MSCs to
express interferon-beta® or interferon-alpha,” and both strategies reduced
tumour size and significantly prolonged survival. The lungs of treated
mice showed increased apoptosis and decreased proliferation in tumour
cells, as well as decreases in blood vessel counts.

Endothelial progenitor cells (EPCs) have also been used as cellular
vehicles for cancer gene therapy due to their ability to home to both the
tumour site and the tumour’s supporting vasculature.’” Since most
tumours depend on the development of new vessels to grow and metasta-
sise, a therapy to targeting disruption of these vessels may be particularly
effective in eliminating tumour metastasis. Wei ef al. showed that embry-
onic EPCs, which have been genetically modified with a suicide gene, can
efficiently target lung metastases® by interfering with the development of
the tumour circulation.

4. Conclusion and the Way Forward

Acute and chronic pulmonary diseases can be treated safely and effec-
tively by delivering ex vivo transfected stem or progenitor cells to the
circulation in animal models. Compared to using either the cells or gene
therapy alone, the combination of stem/progenitor cells and gene therapy
has been proven to provide synergistically an often enhanced therapeutic
effect. While certain strategies (such as pulmonary hypertension) are in
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the process of being translated from bench to bedside, more preclinical
studies will be required before other experimental therapies are ready for
clinical testing.

Specifically, a number of issues and challenges will need to be
addressed before cell-based strategies can be used in therapy under an
acute setting, such as in the case of ALI. Although a growing number of
reports have suggested MSCs may be “immune-privileged”, it will be
important to explore whether the use of allogeneic MSCs will be equally
effective in any of these pulmonary disorders. Other issues related to the
potential tumourgenicity of MSCs in vivo'® and the determination of
proper cell dosing during treatment to avoid pulmonary embolism, should
also be carefully considered. Finally, more efficient methods to recruit
stem or progenitor cells to the lung, as well as development of better
protocols to obtain sufficient number of stem or progenitor cells to
achieve therapeutic efficacy will also need to be addressed.
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Chapter 11

Repair of the Lung Epithelium
in Cystic Fibrosis

Viranuj Sueblinvong and Daniel J. Weiss

Cystic fibrosis (CF) remains a devastating and incurable disease. One of
the first targets for lung gene therapy and studies of lung gene transfer,
early promising results were achieved in vitro and in small animal
models. However, studies in primate models and in patients were
discouraging, despite a large number of clinical trials, and gene therapy
approaches for CF have generally fallen out of favour. Newer approaches
with cell-based therapy, utilizing either embryonic stem cells or extra
embryonic-derived adult stem cells (bone marrow or cord blood), have
been investigated recently and may provide viable future therapeutic
options. In parallel, further understanding of the role of endogenous
progenitor cells in CF lungs may also provide both mechanistic under-
standing and potential therapeutic approaches for CF lung disease. In this
chapter, endogenous lung progenitors in CF and the potential use of cell
therapy-based approaches for CF will be considered.
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1. Introduction and Pathophysiology
of Cystic Fibrosis

Cystic Fibrosis (CF) is an autosomal recessive disease caused by
mutations in the gene encoding for the cystic fibrosis transmembrane
conductance regulator (CFTR). In 1989, the gene was localised to
chromosome 7 and found to consist of approximately 250,000 base pairs
that encode an mRNA of 6.5 kb."? Over 1000 mutations have been
identified, resulting in aberrant transcription, translation, cellular traffick-
ing, and/or ion channel function.* At the cellular level, CFTR is an apical
membrane protein, found in several types of lung epithelial cells, that
serves as a regulated chloride channel.’ Through interactions between
CFTR and the amiloride-sensitive epithelial sodium channel (ENaC),
absence of functional CFTR in CF epithelial cells results in both
sodium hyper-absorption and lack of cyclic adenosine monophosphate
(cAMP)-mediated chloride secretion.® Moreover, it is now clear that
CFTR is important for other cellular functions, including post-
translational processing of high molecular weight glycoconjugates and
cell surface receptors, pH regulation of intracellular organelles and airway
surface liquid, regulation of membrane trafficking, secretion of mucus,
and regulation of glutathione transport.”® Further, there is an increasing
amount of data demonstrating that constitutive and stimulated release of
soluble inflammatory mediators is increased from CF airway epithelial
cells.>'® This may reflect, in part, increased basal and stimulated cell
signalling resulting from increased NFxB activity, AMP-dependent kinase
activity, or altered antioxidant homeostasis in cells with defective CFTR."!
Although the mechanisms for many of these effects remain incompletely
understood, they evidence the complexity and multiple cellular effects
that need to be considered with approaches to correct abnormal CFTR.
At the organ level, CFTR in lung is localised primarily in the ciliated
cells of the proximal airways and of the submucosal glands. Whether
CFTR is substantially expressed in other epithelial cell types remains
unclear. Earlier studies suggesting expression in non-ciliated epithelial
cells of the airways and glands, including basal epithelial cells, have been
contradicted by more recent studies demonstrating that, although CFTR
mRNA may be found in these cells, levels of CFTR protein expression are
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low and of uncertain significance.'*"* Moreover, although CFTR can be
detected in type 2 alveolar epithelial cells, expression is generally low
compared to either proximal or distal airways.'® This suggests that target-
ing the ciliated airway epithelial cells and the submucosal glands will
have the most effect on regulation of mucus and airway surface liquid, and
presumably ameliorate the most relevant pathophysiologic respiratory
effects of defective CFTR. However, there is turnover of the differentiated
ciliated epithelial cells, and targeting the underlying basal progenitor
epithelial cells may be a more viable approach to provide for longer last-
ing or even indefinite CFTR correction. As further discussed below,
progress has been made towards identifying endogenous progenitor cells
resident in both proximal and distal airways and also identifying potential
defects in endogenous progenitor cells in CF lungs. Most recently, it has
been demonstrated that recombinant adeno-associated virus vectors may
preferentially target endogenous distal progenitor cells in mice.'"* This
suggests a potential route for intervention but as yet no viable strategy for
specifically targeting these cells in humans has been identified.

It has also become evident that correcting defective CFTR alone may
not fully aid airways disease. This is exemplified by the development of
the ENaC overexpressing mouse.">'® Unlike the CFTR knockout or delta
F transgenic mice, which do not develop substantial airways disease,
increased airway sodium absorption in the airways of the ENaC mice
resulted in airway surface liquid volume depletion, increased mucus
concentration, delayed mucus transport and mucus adhesion to airway
surfaces.”” The mice also developed severe spontaneous lung disease,
comparable to that in patients with CF, including mucus obstruction,
goblet cell metaplasia, neutrophilic inflammation and poor bacterial
clearance. This evidences the important role of ENaC in the development
of many of the clinical manifestations of CF lung disease. Whether replac-
ing defective CFTR will subsequently result in appropriate regulation of
ENaC remains unclear.'”'8

2. Gene Therapy Approaches for Cystic Fibrosis

Isolation of the CF gene led to speculation that the abnormal CFTR gene
could be replaced in situ with gene transfer techniques utilizing either
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viral or non-viral gene transfer vectors to deliver a normal copy of the CF
gene and replace the defective gene.'”** As the pulmonary disease in CF,
characterised by abnormal mucus secretion, chronic bacterial infection,
and airway inflammation, is the major cause of morbidity and mortality,
the lung was the first target organ for gene replacement.” Although initial
demonstrations of successful gene transfer in cultured lung epithelial cells
and in small animal models generated enthusiasm, further studies in
primate models and in patients have been discouraging. In particular,
despite a number of clinical trials, a viable therapeutic strategy has yet to
emerge. This reflects a number of obstacles to successful, sustained, and
repeatable gene transfer in the lung, some of which may only be overcome
with great difficulty'®** (Figs. 1 and 2). As such, research efforts have
largely shifted focus from clinical to more fundamental studies that seek
to delineate the cell and molecular biology of gene transfer to airway
epithelium. Nonetheless, the experience with gene therapy has set the
stage for recent attempts to utilise cell therapy approaches to replace
defective airway epithelial cells in situ with cells containing normal
CFTR.2*

3. Endogenous Lung Progenitor Cells in Cystic Fibrosis

Endogenous tissue stem cells are undifferentiated cells that have been
identified in nearly all tissues and are thought to contribute to tissue main-
tenance and repair. These are rare, highly specialised cells that are often
localised to specialised niches within each tissue and that usually cycle
infrequently. These cells exhibit self-renewal capacity — they can
produce more unspecialised cells — and can also give rise to daughter
cells known as progenitor cells or transit amplifying cells. Progenitor cells
have a finite life span, more restricted differentiation potential, and higher
rates of proliferation compared to stem cells. Both stem and progenitor
cells may give rise to the more specialised, or differentiated, cells of the
organ®~*’ (see also Chapter 4).

The focus in lung has been predominantly on epithelial progenitor cells
but increasing evidence suggests potential vascular and mesenchymal pro-
genitor cell populations as well. Moreover, as the lung is a complex organ,
several airway epithelial stem and progenitor cell hierarchies have been
identified along the tracheobronchial tree in mouse models.”’ In trachea
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Figure 1: Schematics of barriers to gene and potentially also to cell delivery in normal and
injured lungs. Reprinted with permission from Sueblinvong et al. (2007).22

and large airways, a sub-population of basal epithelial cells that express
cytokeratins 5 and 14 has been implicated.”®° In lower airways in mice,
Clara cells exhibit characteristics of transit-amplifying cells following
injury to differentiated ciliated airway epithelial cells. However, unlike
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Figure 2: CFTR-corrected CF-patient MSCs retained their multipotency and responded to
cAMP stimulation by secreting chloride to the apical side. (a) Schematic for CF patient MSC
isolation, expansion, gene-correction and positive drug selection. (b) RT-PCR to verify the suc-
cessful CFTR gene transfer. RT-PCR was performed to amplify wild-type CFTR transcripts but
not AF508 mutant 10 transcripts. The gene corrected CF MSCs and positive control Calu 3 cells
have wild-type CFTR transcription, while non-gene-corrected CF MSCs and the no-RT control
show negative amplification. In the RT-PCR control for the TATA-box binding protein (TBP), all
the samples except the no-RT control show positive PCR products. (c) Phase-contrast micro-
scopic view of the CFTR gene-corrected CF-patient MSCs. (d) Photomicrograph of a
representative CFU-F assay. Purple-stained foci are the MSC 15 colonies. (e) Osteogenesis of
the CFTR gene-corrected CF-patient MSCs. After differentiation in an osteogenic medium, cells
had mineral deposits visualised in red by Alizarin Red staining. (f) Adipogenesis of the CFTR
gene-corrected CF-patient MSCs. After differentiation in an adipogenic medium, cells had lipid
droplet accumulation stained in red with Oil Red O. (g and h) CFTR-gene corrected MSCs from
CF patients contributed to the apical cAMP-stimulated CI- secretion. CFTR-gene 20 corrected
CF-patient MSCs or non-gene corrected CF-patient MSCs were mixed with AF508 CF airway
epithelial cells at different ratios as indicated. After a month in culture at the air-liquid inter-
face, chloride efflux assays were performed. Two-way ANOVA test revealed that co-cultures
with the CFTR gene-corrected CF-patient MSCs®? had a greater chloride secretion in response
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transit-amplifying cells in tissues with higher rates of epithelial turnover,
such as intestine, Clara cells exhibit a low proliferative frequency in the
steady-state, are broadly distributed throughout the bronchiolar epithelium,
and contribute to the specialised tissue function. In more distal airways,
toxin (i.e. naphthalene)-resistant variant Clara cells have been identified as
having stem cell functions and have been termed as bronchiolar stem
cells.”**! Naphthalene-resistant cells are also located within discrete
microenvironments within bronchioles that include the neuroepithelial
body (NEB) and bronchioalveolar duct junction (BADJ).***? Another
population of naphthalene-resistant cells that stain for both Clara cell
secretory protein (CCSP) and pro-surfactant protein C (SPC), termed
bronchioalveolar stem cells (BASCs), has also been described at the BADJ
in mice.® It is possible that toxin-resistant Clara cells, BASCs, and other
cells may represent different interpretations of the same cell population(s)
and highlight the need for both rigorous methods of lineage tracing and
further underscoring the importance of the in vivo microenvironment on
cell behaviour. Most recently, another population of putative progenitor
cells expressing CCSP, stem cell antigen (SCA-1), stage-specific embry-
onic antigen 1 (SSEA-1), and the embryonic stem cell marker Oct-4 have
been identified in neonatal mice.* These cells were able to form epithelial
colonies and differentiate into both type 1 and type 2 alveolar epithelial
cells. Interestingly, these cells were susceptible to infection with the SARS
(severe acute respiratory syndrome) virus, raising the possibility that
endogenous lung progenitor cells may be specific disease targets. The
possibility remains that other endogenous stem or progenitor populations
exist, and there is much to be learned about regulatory mechanisms and
pathways, as have been elucidated in other epithelial progenitor cell popu-
lations, notably skin and intestine.>>~?’ Importantly, the human correlates of
the endogenous airway progenitor populations described in mice are less
well understood. Defining human airway progenitor populations is a
critical step and the focus of intense research activity.

Figure 2: (Continued) to the IBMX and forskolin stimulation than the co-cultures with
non-gene corrected CF-patient MSCs (N = 4, p < 0.05). Figure reprinted with permission
from Wang et al. (2005).52 Copyright (2005) National Academy of Sciences, USA.
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Recent investigations have begun clarifying cell signalling and other
mechanisms regulating putative lung progenitor populations. For exam-
ple, tumorigenic insults, including deletion of MAPK, p18 deletion, and
p27 oncogenic mutation, have been shown to induce an expansion of
CCSP/pro-SPC dual-labelled BADJ cells number and enhance lung
tumorigenesis.*>*’ Most recently, it has been demonstrated that condi-
tional potentiation of beta-catenin signalling in the embryonic lung results
in the amplification of airway stem cells through attenuated differentiation
rather than augmented proliferation.”® However, the precise role of these
and other pathways in endogenous lung progenitor cell homeostasis and
response to injury remains to be determined.

Less information is available on the differences in endogenous stem
and progenitor cells in different clinical lung diseases, including CF. The
airway epithelium in CF patients contains primitive cuboidal cells that
express primitive cell markers including thyroid transcription factor and
cytokeratin 7.% Neuroepithelial cells also express CFTR, which appears to
play a role in neuropeptide secretion.***! CFTR knockout mice also
contain fewer pulmonary neuroendocrine cells during embryonic devel-
opment but increased numbers of these cells are seen postnatally.*” This
suggests that endogenous progenitor cell pathways in CF lungs may be
altered, but this has not been extensively investigated.

Endogenous progenitor cells may also be attractive candidates for
targeting with gene transfer vectors that provide sustained expression.
Using adult transgenic Rosa26-Flox/LacZ reporter mice, Liu and
colleagues have recently demonstrated that airway-based administration
of Cre-expressing recombinant adeno-associated virus vectors
(rAAV1Cre and rAAV5Cre) preferentially transduced type 2 alveolar
epithelial cells and cells in the conducting but not larger airways.'*
Notably, the number of [-gal expressing conducting airway cells,
predominantly Clara cells, and the overall amount of 3-gal activity in lung
homogenates, steadily increased over a six-month period reaching,
respectively for rAAV1Cre and rAAV5Cre, 3% and 5% of total activity
measured in positive control Rosa26-LacZ reporter mice, despite the
absence of detectable Cre in Clara cells. Speculating that this might in part
result from rA AV-mediated transduction of airway progenitor cells, naph-
thalene was administered to the Rosa26-Flox/LacZ mice to selectively
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deplete Clara cells but leave in place toxin-resistant variant Clara cells
that might serve as precursors. Administration of either rAAV1Cre or
rAAVS5Cre along with BRDU identified both Lac-Z positive and negative
label-retaining cells in bronchiolar airways, at bronchioalveolar duct
junctions, and also in some type 2 alveolar epithelial cells. Importantly,
Lac-Z positive label-retaining cells in bronchiolar airways were found
whether the vector was given before or after naphthalene and BRDU
administration. Immunostaining demonstrated that a subset of Lac-Z
positive label-retaining cells in the bronchiolar airways and BADIs
stained for CCSP and that these infrequent cells were associated with
large transgene-expressing patches of cells, consistent with clonal
expansion of the rAAV-transduced stem/progenitor cells in the regenerating
airway epithelium. Furthermore, primary cultures of epithelial cells
obtained from extra-lobar bronchi from rAAV1Cre and rAAV5Cre trans-
duced Rosa26-Flox/LacZ mice demonstrated a 6-7 fold increase in
colony-forming efficiency when cultured at the air-liquid interface. These
results suggest that rAAV1 and rAAVS5 selectively transduce
airway epithelial cells in vivo with higher proliferative capacity and char-
acteristics suggestive of distal airway progenitor cells. These exciting
findings support the possibility of selectively or preferentially transducing
stem/progenitor cell populations in lung. While much further investi-
gation needs to be done, this provides a new potential therapeutic
approach for diseases affecting airway and alveolar epithelium. However,
overall, there remains much to be learned about endogenous stem and
lung progenitor cells including clarification of human counterparts to the
cells identified in mouse models. Furthermore, relatively little is known
about the behaviour of endogenous stem or progenitor cells in clinical
lung diseases or clinical disease models.

4. Cell-Based Therapies for CF Lung Disease

A potential therapeutic approach for CF and other lung diseases has been
stimulated by reports demonstrating in mouse models that several cell
populations derived from adult bone marrow or from umbilical cord
blood, including stromal-derived mesenchymal stem cells (MSCs),
endothelial progenitor cells, and circulating fibrocytes, can localise to
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lung and acquire phenotypic and functional markers of mature lung
epithelial, vascular endothelial, and interstitial cells.**** In humans, lung
specimens from clinical bone marrow transplant recipients demonstrate
chimerism of both epithelial and endothelial cells.***" Similarly, lung
specimens from lung transplant patients demonstrate chimerism of
lung epithelium.*® However, some studies have demonstrated that,
depending on the experimental model and analytical techniques utilised,
some of the apparent engraftment noted in the earlier investigations may
have represented artifacts.*#*4*>° Nonetheless, recent studies with more
rigorous techniques continue to demonstrate that engraftment of airway
and alveolar epithelium, as well as of pulmonary vascular endothelium
and of lung interstitium, with adult bone marrow or cord blood-derived
stem cells, although rare, can occur.’'>® Notably, engraftment of
pulmonary vascular endothelium and stimulation of neo-angiogenesis by
exogenously administered stem cells has fostered recent clinical trials for
treatment of pulmonary hypertension®’*® (see Chapter 12). Further, fusion
of marrow-derived cells with resident organ cells, rather than phenotypic
conversion of the marrow cells, has been demonstrated in several organs,
notably liver and skeletal muscle, but also in lung.*' Nonetheless, even
fusion of normal adult marrow-derived cells with diseased differentiated
adult tissue might conceivably be a therapeutic approach.

For cystic fibrosis, tantalizing data suggest that in situ replacement of
abnormal airway epithelium with bone marrow or cord blood-derived
stem cells may be possible. Human marrow-derived MSCs co-cultured
in vitro with primary human airway epithelial cells were induced to
express several airway epithelial markers including cytokeratin, occludin,
and CFTR® (Fig. 3). Further, MSCs obtained from the bone marrow of
CF patients and transduced ex vivo to express wild type CFTR partly
corrected defective CFTR-mediated chloride conductance when co-
cultured with primary airway epithelial cells obtained from CF patients®
(Fig. 3). These studies suggest that adult MSCs can be induced in vitro to
express functional CFTR and can conceivably be utilised for in situ
replacement of defective airway epithelium.

However, in vivo studies in mice attempting to replace airway
epithelium with either adult mouse marrow or human cord blood-derived
cells have demonstrated only rare engraftment as CFTR-expressing
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Figure 3: Detection of Cftr expression in female Cftr knockout mouse lungs following
transplantation with male GFP marrow stromal cells. Donor-derived (Y chromosome, red),
Cftr positive (green), and cytokeratin positive (blue) cells are indicated by light blue arrows
in airway walls of lungs assessed one week after transplantation. Original magnification
1000x. Figure reprinted with permission from Loi et al. (2006).>" © American Thoracic
Society.

airway epithelial cells.”’*>%¢* Loi and colleagues systemically admini-
stered plastic adherent marrow stromal cells obtained from wild type mice
into CFTR knockout mice and found that only <0.025% of total airway
epithelial cells were of donor cell origin’' (Fig. 4). This was despite
utilizing naphthalene to denude the airway epithelium and conceivably
enhance donor cell engraftment. In parallel, Sueblinvong and colleagues
found that systemic administration of human cord blood-derived MSCs
into immunotolerant mice similarly resulted in only rare engraftment of
airway epithelium.? In both cases, the donor marrow or cord blood cells,
which did not constitutively express CFTR mRNA or protein, could be
induced in vitro to express CFTR and were found to express CFTR
mRNA and protein in vivo when engrafted as airway epithelial cells.
Further, the cord blood cells were easily transduced with a recombinant
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(b)

Figure 4: Human B2-microglobulin and CFTR-positive cells can be detected in NOD-
SCID mice airways following systemic administration of human cord blood-derived MSCs.
(a) NOD-SCID lung section three months following CB-MSC administration. Blue = DAPI
nuclear stain, green = pancytokeratin, red = B2-microglobulin, white = co-localisation of
pancytokeratin and B2-microglobulin. (b) NOD-SCID lung sections one month following
CB-MSC administration. Blue = DAPI nuclear stain, green = CFTR, red = B2-microglobulin.
Original magnifications 40x; 200x. Figure adapted with permission from Sueblinvong et al.
(2008).52 © American Thoracic Society.

CFTR-expressing lentiviral vector. This suggests that cord blood stem
cells obtained from the births of infants with homozygous CFTR defects
can be corrected ex vivo and subsequently utilised for autologous admin-
istration.’” In comparable studies, Bruscia and colleagues found only rare
engraftment of airway epithelium following transplantation of total
marrow into lethally irradiated CFTR KO mice.” Interestingly, despite
only rare engraftment also being found in intestinal epithelium, CFTR
activity was detected by potential difference measurements in the rectal
mucosa of recipient mice. This observation remains unexplained, as it is
difficult to reconcile the rare engrafted cell observed with a physiologic
change in potential difference measurements. Bruscia and colleagues also
found that transplant of whole marrow into one-day-old CFTR KO mice
did not increase the number of donor origin cells engrafted as either
respiratory or intestinal epithelium.*
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These studies demonstrate that the systemic administration of several
different types of adult bone marrow or cord blood-derived cells did not
result in significant structural engraftment as CFTR-expressing cells as
either airway or intestinal epithelium in mouse models. Although not yet
investigated in CF mouse models, several recent studies have also found
only low levels of airway epithelial engraftment following direct airway
administration of donor marrow-derived cells in mice.”>* Overall these
observations suggest that, unless significant advances are made in under-
standing the mechanisms by which cells are recruited to airway
epithelium and induced to undergo phenotypic conversion to functional
airway epithelial cells, correction of CF lung disease by structural engraft-
ment of adult marrow or cord blood-derived stem cells is not likely at
present. Alternatively, it has been established that both mouse and human
embryonic stem cells can be induced in culture to develop markers of lung
epithelium. Further, human embryonic stem cell lines containing the
deltaF508 CFTR mutation have been established, although these have not
yet been comprehensively studied.®*’* However, there has not yet been
convincing evidence of significant structural engraftment of lung epithe-
lium by either systemically or intratracheally administered embryonic
stem cells. Further, investigations utilizing human embryonic stem cells
are currently limited by scientific, ethical and political considerations in
the United States and other countries. Recent studies with induced
pluripotent stem cells (iPS) suggest that these may provide a more feasible
alternative to embryonic stem cells, particularly as autologous iPS can
conceivably be developed from patients with CF or other diseases.”’¢
However, to date no studies have demonstrated development of lung cell
phenotypes from iPS cells. Tissue engineering approaches to grow func-
tional lung tissue ex vivo utilizing either embryonic or adult stem cells
may provide another alternative but this has not yet been investigated
for CE.”"%

Nonetheless, despite rare engraftment of airway or alveolar epithe-
lium, there are an increasing number of studies demonstrating a functional
role of adult marrow-derived cells in mitigation of lung injury. This has
been described in models of acute lung inflammation, emphysema, and
fibrosis and has been observed mostly with MSCs.%2 Notably, sys-
temic administration of MSCs immediately after intratracheal bleomycin
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administration decreased subsequent lung collagen accumulation, fibrosis,
and levels of matrix metalloproteinases.®* Secretion of IL-1 receptor
antagonist by the MSCs is hypothesised to account for at least some of
these effects.”” Comparably, intratracheal administration of MSCs four
hours after intratracheal endotoxin administration to mice decreased
mortality, tissue inflammation, and concentration of pro-inflammatory
mediators, such as TNFo. and MIP-1f, in bronchoalveolar lavage fluid
compared to endotoxin-only treated mice.* Ex vivo transduction of MSCs
to express angiopoietin-1 further decreased endotoxin-mediated lung
injury, presumably through abrogation of endotoxin-mediated endothelial
injury.”> These results suggest that MSCs can have significant
immunomodulatory effects in the lung in the absence of engraftment.
However, the mechanisms by which this occurs are largely unknown and
there is no available information concerning immunomodulatory MSC
effects in CF lungs. This would seem a promising area for study.

5. Conclusion and the Way Forward

Cell therapy approaches for CF lung disease remain promising. However,
there is much to be learned both about the role of endogenous progenitor
cells in CF lung disease and whether therapeutic engraftment of exoge-
nously administered stem cells can become a viable therapeutic approach.
Immunomodulation of CF lung inflammation and infection by adult
MSC:s or other stem cell type may also prove to be a useful strategy but is
as yet of unproven benefit.
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Chapter 12

Pulmonary Hypertension
and Stem Cell Therapy

Manoj M. Lalu, Rohit Moudgil and Duncan J. Stewart

Pulmonary arterial hypertension (PAH) is a progressive and lethal con-
dition characterised by elevated pulmonary pressures and right
ventricular hypertrophy. Significant advances have been made in the
treatment of this condition; however, the prognosis remains extremely
poor for the majority of patients. Over the last decade a number of pre-
clinical studies have explored the potential for cell therapy in PAH.
These have included novel investigations using somatic and stem/
progenitor cells, either alone or transfected with potentially therapeutic
genes. The success of early preclinical work has recently prompted the
first clinical trials of cell therapy for PAH. This chapter will review the
basic pathophysiology of PAH, the current pharmacotherapy, and then
examine the preclinical and clinical investigations of cell therapy for this
disease.

Keywords: Pulmonary arterial hypertension; endothelial progenitor
cells; endothelial nitric oxide synthase.
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1. Introduction

The transplantation of cells to repair or replace damaged tissue is an old
concept that has only lately reached fruition. Dating back to the 16th cen-
tury, Paracelsus stated that “the heart heals the heart, the lung heals the
lung...like cures like”, thus suggesting that living tissue may be the best
way to treat injured organs. Despite these early ideas, our understanding
of cellular therapy has only recently allowed for its successful application.
Currently there is a great deal of interest in treating severe systemic dis-
eases by this approach. To date a number of trials have investigated
cellular therapy for a wide range of clinical conditions, from acute
myocardial infarction' to diabetic foot ulcers.” This type of treatment
offers a new therapeutic avenue for diseases that have been refractory to
current modalities of treatment.

Despite recent improvements in therapies, pulmonary hypertension
continues to have poor outcomes and current treatments do not address the
fundamental structural and functional abnormalities of this disease. This
chapter will provide an update on the basic mechanisms of pulmonary
hypertension, review its current pharmacologic treatments, and then sum-
marise preclinical and clinical investigations of cellular therapy for this
disease.

2. Pulmonary Arterial Hypertension — A Brief Overview

Pulmonary arterial hypertension (PAH) is defined by elevated pulmonary
arterial pressure (>25 mmHg at rest and >30 mmHg with exertion) caused
by abnormalities in the distal pulmonary arteries. Unfortunately, pul-
monary hypertension is a progressive disease that leads to right
ventricular failure and is uniformly fatal if left untreated. Clinically, the
initial symptoms are quite nonspecific, with more than 60% of patients
reporting dyspnoea on exertion as their main complaint.> Other symptoms
include fatigue, peripheral edema, chest pain, dizziness and palpitations.
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Table 1: Etiological classification of pulmonary hypertension.

Category 1

Category 2
Category 3

Category 4

Category 5

Pulmonary arterial hypertension

e Idiopathic

e Familial

e Pulmonary hypertension associated with collagen vascular disease,
congenital shunt, portal hypertension, HIV infection, drugs (e.g.
anorexigens), “other” (e.g. hereditary haemmorhagic telangiectasia)

e Pulmonary hypertension associated with venous or capillary
involvement: pulmonary venoocclusive disease, pulmonary
capillary haemangiomatosis

Pulmonary venous hypertension

Pulmonary hypertension associated with respiratory system disorder
and/or hypoxaemia

Pulmonary hypertension due to chronic thrombotic and/or embolic
disease

Pulmonary arterial hypertension due to diseases directly affecting the
pulmonary vasculature (e.g. sarcoidosis, lymphangiomatosis)

Table 2: World Health Organisation — Functional classification of pulmonary hypertension.

Class I:

Class II:

Class III:

Class I'V:

No limitation of physical activity. Ordinary physical activity does not cause
undue dyspnoea or fatigue, chest pain, or near syncope.

Slight limitation of physical activity but comfortable at rest. Ordinary
physical activity causes undue dyspnoea or fatigue, chest pain, or near
syncope.

Marked limitation of physical activity but comfortable at rest. Less than
ordinary activity causes undue dyspnoea or fatigue, chest pain, or near
syncope.

Unable to carry out any physical activity without symptoms. Manifest signs
of right-heart failure. Dyspnoea and/or fatigue may even be present at rest.

Currently, pulmonary hypertension can be classified clinically by its
etiology and also by its functional effects (Tables 1 and 2).

Although the pathological changes underlying pulmonary hypertension
were first described in the late 19th century,*’ it was not until the 1950s that
the true histopathological characteristics of pulmonary hypertension were
described in its present form (Fig. 1).° Initial insights into the underlying
molecular causes of this disease came from studies in the 1970s-1980s."”
During this period tools such as cell culture were introduced and the critical
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Figure 1: Pathobiology of pulmonary hypertension.

role of endothelial cells (ECs) in the regulation of vascular structure and
function was first appreciated.

Early anatomical studies of PAH identified SMCs as a primary target
in the pathogenesis of this disease. Beyond the terminal bronchioles the
arterioles are normally only partially muscularised, and smaller intra-
acinar arteries are devoid of smooth muscle cells. In contrast, advanced
PAH is characterised by a marked increase in muscularisation, particu-
larly at the level of the distal arteriole. This precapillary segment of the
pulmonary vascular bed is normally the site of the greatest pressure
decrease along the pulmonary circulation,'” and small changes in arteri-
olar diameter due to arteriolar remodelling can lead to large elevations of
pulmonary vascular resistance (as per Poiseuille’s law). However, more
recent molecular and functional studies have increasingly pointed to the
endothelium as the site of the initial lesions in the disease. Thus, the loss
of endothelial vasodilator mechanisms (or endothelial dysfunction) in
this critical region is thought to be a key mechanism of the initiation of
PAH." Molecular mechanisms underlying this endothelial dysfunction
have not been fully delineated; however, a number of endothelial factors
such as nitric oxide,'” prostaglandins'*'* and endothelin'® have been
implicated.
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Perhaps the most important new insights into the molecular mecha-
nisms of PAH have come from studies linking the bone morphogenetic
protein (BMP) receptor with familial PAH. Two independent groups iden-
tified heterozygous germline mutations in the BMP type II receptor
(BMPR2), a member of the transforming growth factor beta superfamily
of receptors, in patients with familial pulmonary hypertension.'®!"’
Mutations in the BMPR2 gene have been found in approximately 70% of
families with PAH." In addition, up to 25% of patients with apparently
sporadic idiopathic pulmonary hypertension have been found to harbour
similar mutations.'” The majority (~70%) of BMPR2 coding mutations
are frame-shift and nonsense mutations, many of which would be
expected to produce a transcript susceptible to nonsense-mediated mRNA
decay.”®*' Thus, haplo-insufficiency for BMPR?2 represents the predomi-
nant molecular mechanism underlying an inherited predisposition to
familial PAH. However, how loss of signalling via this pathway leads to
the development of PAH is still a matter of heated debate.

Recent studies have shown that while BMPR2 mutations are asso-
ciated with increased SMC growth and survival, these also predispose
to EC apoptosis and dysfunction,? thereby linking this mutation to the
critical role that the endothelium plays in PAH. These effects fit well
with the emerging paradigm of PAH pathobiology, which suggests that
EC apoptosis is the initial trigger of this disease.” However, over time,
widespread and progressive EC loss creates a selection pressure which
favours the emergence of apoptotic-resistant ECs, ultimately contribut-
ing to intimal hyperplasia and formation of complex plexiform lesions
in more advanced disease.*** In some cases these are characterised by
clonal expansion of hyperproliferative and apoptosis-resistant ECs.?
In a small study (three controls and five idiopathic pulmonary hyper-
tension subjects), cultured ECs isolated from the pulmonary arteries
of patients with idiopathic pulmonary hypertension showed increased
proliferation based on BrdU incorporation and decreased apoptosis
based on caspase-3 activity compared to ECs isolated from controls.”’
Furthermore, direct evidence of microsatellite instability and con-
comitant perturbation of growth and apoptosis gene expression has
been obtained with analysis of plexiform lesions from patients
with PAH.?
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The initial evidence supporting this “angioproliferative” paradigm
came from the seminal experiments of the Voelkel group, in which the
vascular endothelial growth factor (VEGF) receptor was blocked in rats
subjected to chronic hypoxia to determine the role of this pathway in
PAH.? Rather than inhibiting the increase in pulmonary pressures in this
model, VEGF receptor blockade potentiated PAH and resulted in a para-
doxical increase in EC proliferation. This was associated with evidence of
early EC apoptosis, and a severe PAH phenotype that could be rescued
inhibiting caspases, key mediators of apoptosis. Moreover, in other stud-
ies overexpression of VEGF (or indeed other angiogenic factors)***! by
adenovirus mediated gene transfer* or cell-based transfer,* reduced early
apoptosis and prevented the disease development in an experimental
model of PAH.

Cumulatively, the evidence suggests that ECs play an integral role in
pathogenesis of PAH. The current concept suggests that apoptosis of
ECs represents the initial response to injury, followed later by the emer-
gence of apoptotic-resistant and hyperproliferative ECs. These hyper-
proliferative ECs contribute to intimal hyperplasia, and the formation of
plexiform lesions which are characteristic (although not universal) lesions
in late stage disease.”® EC apoptosis may be particularly important at the
level of intra-acinar arterioles, which, by virtue of the lack of musculari-
sation, are likely to be particularly vulnerable to injury and degeneration.
The loss of BMP signalling may predispose to exaggerated EC apoptosis
at this level, which is likely aggravated by environmental stress or other
genetic influences (i.e. second hit). To the extent that pulmonary EC
injury and loss underlies the development of PAH, an ideal treatment
would enhance the repair and regeneration of microvascular endothelium.
Thus, treatments such as progenitor cell therapy might offer unique
advantages over current pharmacological therapies which do not address
the fundamental vascular pathology of PAH.

3. Pulmonary Arterial Hypertension — Evolution
of Treatments

Current pharmacological treatments of PAH include anticoagulants, cal-
cium channel blockers, prostanoids, endothelin receptor antagonists, and
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Figure 2: The evolution of treatment for pulmonary hypertension.

selective phosphodiesterase type V inhibitors. These therapeutic approaches
have been developed over the last three decades (Fig. 2) and will be
briefly reviewed below. Most of the agents were developed as vasodila-
tors at a time when the vasoconstriction was thought to be a dominant
mechanism of this disease; however, many of the agents also have effects
on vascular cell growth and thus may influence arterial remodelling to
some extent over the long-term.

Anticoagulation has long been an adjunct therapy for PAH and likely
addresses in situ thrombosis which is inherent in advanced PAH, and
relates in part to the prothrombotic properties of dysfunctional endothe-
lium.** The most commonly used anticoagulant, warfarin, has been
suggested to improve survival in idiopathic PAH* although this has never
been proven in a rigorously controlled study. Other adjunct therapies
include digoxin for heart failure and diuretics to reduce fluid overload in
the lungs. Although these treatments likely improve quality of life for
PAH patients, they have not been shown to prolong survival.

Calcium channel blockers (nifedipine, diltiazem) are classical vasodila-
tors and have been used in the treatment of PAH for many years. However,
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these are indicated only in patients with evidence of a strong vasomotor
component to their disease, reflected by a significant positive response to
acute vasodilator challenge (NO or prostacyclin). Unfortunately <10% of
patients with idiopathic PAH (and even fewer patients with other forms of
PAH) respond acutely to vasodilators,*® and of those less than 50% main-
tain long term benefits. This heterogeneous response to calcium channel
blockers underscores the complex pathophysiology of PAH.

Analogues of prostacyclin (a vasodilator, antiplatelet and antiprolifer-
ative molecule) are often used as a first line of therapy for Class IV
patients and remain the gold standard for the pharmacological therapy of
PAH. Epoprostenol was the first approved agent for this disease, but it
needs to be administered as a continuous infusion due to its short half-life,
which not only makes it cumbersome, but also results in significant mor-
bidity related to the chronically implanted catheter. Nonetheless, this drug
improves functional capacity and survival.’’** However, after initiation of
parenteral therapy, many patients develop dependence, and even brief dis-
continuation due to pump failure or catheter blockage can result in a
“rebound” increase in pulmonary pressures that can prove fatal. As well,
nuisance side effects are frequent, including jaw pain, diarrhoea, flushing
and headache, and often limit the tolerated dose. Longer acting analogues
(treprostinil, iloprost) have come into use more recently, and the efficacy
of a number of these agents as inhaled or even oral therapy is under
intense investigation.

Antagonists of endothelin receptors were the first effective oral agents
to be introduced for the therapy of PAH. These agents include bosentan
(which blocks both A and B type receptors), ambrisentan and sitaxsentan
(selective A type blockers), and they block the potent vasoconstrictor and
smooth muscle mitogenic actions of endothelin-1. Due to their conven-
ience, these agents are often used as first line treatment for Class III
patients.*” Bosentan has been the most widely studied and was shown to
improve exercise capacity and possibly survival as well, compared to his-
torical controls.***!' Although usually well tolerated, this class of
medication can cause severe hepatotoxicity requiring discontinuation of
therapy in approximately 10% of patients.

A more recent development has been the introduction of phosphodi-
esterase V inhibitors such as sildenafil. Phosphodiesterase V is responsible
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for degrading cyclic guanosine monophsophate (the second messenger for
NO) in pulmonary vasculature (and, more famously, in the penile vascu-
lature). Thus, by inhibiting this enzyme, sildenafil potentiates the
vasodilatory and antiproliferative effects of nitric oxide. This oral med-
ication is being used increasingly for Class II and III disease and has
been demonstrated to improve exercise capacity and haemodynamics in a
one-year study.*

Despite improvements in the treatment of PAH, particularly over the
last decade, the response to these pharmacological therapies is usually
incomplete and this disease remains progressive and ultimately lethal.
Thus there is a great deal of interest in combined therapies to improve the
magnitude and durability of response.**** However, such combination
therapies can be associated with increased side effects and idiosyncratic
reactions. Ultimately, many patients fail all available therapies and require
more drastic therapies, such as septostomy and lung transplantation.
Unfortunately, given the current shortage of organ donors, the majority of
patients that are listed for lung transplantation never receive an organ.
Moreover, the prognosis of patients post lung transplantation remains rel-
atively guarded, with a 50% post-transplant survival of 4.3 years.*

In light of these limitations there has been renewed interest in the
development of novel treatment strategies that specifically address the
fundamental pathological abnormalities underlying pulmonary hyperten-
sion.*® The remainder of this chapter will focus on cell therapy, which is
one avenue of treatment that could address the underlying structural and
functional vascular abnormalities of the disease.

4. Pulmonary Arterial Hypertension — Endothelial
Progenitor Cell Therapy

To date, the majority of preclinical work and all of the clinical studies
exploring the utility of cell therapy for PAH have focused on endothelial
progenitor cells (EPCs). These cells were first identified in 1997 by
Asahara er al.” as a subset of CD34+ bone marrow-derived mononuclear
progenitor cells. When peripheral circulating cells were cultured with
VEGF on fibronectin-coated petri dishes, they differentiated into cells
expressing a variety of EC characteristics. This included expression of EC
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markers such as eNOS, the incorporation of acetylated low-density
lipoprotein and the ability to form tube-like structures in vitro. EPCs can
be derived from the mononuclear fraction of bone marrow or peripheral
blood by one of two different strategies. The first relies on selection by
cell surface determinants (i.e. CD34, CD133) together with VEGFR?2, or
other markers of endothelial progenitor phenotype.**** The second strat-
egy relies on ex vivo differential culture selection, growing mononuclear
cells on a specific substrate (fibronectin) in the presence of a cocktail of
EC growth factors (VEGF, IGF, EGF).>**!

Not surprisingly, these different methods produce distinct populations
of cells, albeit with overlapping properties. For this reason, there has been
a great deal of confusion surrounding the definition and nature of these
cells. The EPC markers first described by Asahara et al.*’ are more strictly
speaking markers of haematopoietic stem cells. Expression of these mark-
ers can be variable depending on conditions and stage of cell growth
following culturing. Moreover, to date no single marker (or group of
markers) specifically identifies a unique progenitor cell population with
distinctly enhanced endothelial regenerative capacity. Furthermore, from
a manufacturing perspective, cell surface selection based on surface
determinants represents a significant challenge since only a small subset
(often <0.05%) of the original mononuclear cell population will express a
given combination of markers, thus making it impractical to obtain suffi-
cient numbers of EPCs to perform effective cell therapy.

Culture selection has the distinct advantage of not requiring prior
knowledge of what constitutes an EPC, and it instead relies on their abil-
ity to survive and expand under specific in vitro conditions. Two distinct
phenotypes are seen during culturing: early and late outgrowth cells. Early
growth cells appear within the first few days of differential culture and
exhibit spindle-like morphology. Although these cells express a number of
endothelial genes (i.e. VEGFR2, Tie2, eNOS, CD31 etc.) they are clearly
not fully differentiated to an EC phenotype and continue to express pan-
leukocyte (CD45) and monocyte (CD14) markers. These cells do not
proliferate easily, but secrete a number of important paracrine factors and
have been shown to be highly effective in a number of preclinical models
of vascular regeneration.”>”® In contrast, after two weeks of culture, late
outgrowth cells arise from what appear to be “colonies” and proliferate
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readily to form a cobblestone monolayer, typical of mature ECs. These
cells express a very strong endothelial phenotype and no longer exhibit
myeloid cell markers. Although some of these attributes may be attractive
for regenerative cell therapy, there has been only limited preclinical expe-
rience of their therapeutic relevance®®***; nonetheless, it has been
suggested that early and late growth cells may promote neovascularisation
in a synergistic manner.*

Because of this cell surface and phenotypic variability, a functional
classification may be most important in identifying cells with vascular
regenerative potential. Regardless of the source of EPCs (i.e. bone versus
circulating blood) it has been suggested that three basic properties define
an effective EPC population: expression of eNOS, integration into tube-
like structure formed by human umbilical vein ECs, and stimulation of
tube formation by human umbilical vein ECs.”™® Such a functional char-
acterisation of EPCs should serve to lessen confusion over the multiple
cell markers used in their identification and may represent the most mean-
ingful way to identify clinically effective endothelial progenitors.

EPCs are believed to play a pivotal role in repair and regeneration of
the vascular endothelium throughout the body. EPCs stimulate neovascu-
larisation and accelerate re-endothelialisation in various tissues™™
thereby maintaining vascular form and function. Traumatic vascular
injury has been shown to increase, rapidly and transiently, circulating lev-
els of EPCs,” and it is believed that EPCs migrate to damaged tissue in
response to a variety of chemical mediators, most notably VEGF and stro-
mal cell-derived factor-1.%° These mediators enhance EPC homing to
ischemic and damaged vessels, and promote their incorporation into the
tissue.%

Regardless of the exact mechanism of homing, the rate of incorpora-
tion of EPCs into target organs is surprisingly low in most model systems.
For instance, after carotid artery injury, local delivery of EPCs increased
re-endothelialisation, improved vascular function, and reduced arterial
remodelling. However, subsequent analysis of these re-endothelialised
areas demonstrated that only 5% of ECs were derived from the exoge-
nously administered cells.”” Similarly, in rats that were irradiated and
transplanted with GFP-labelled bone marrow, no GFP-labelled cells
directly re-endothelialised hindlimb arteries subjected to ischemia.®®
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Rather, GFP-labelled bone marrow-derived cells were found in close
proximity to injured vessels. Thus, the lack of direct cellular incorporation
suggests that bone marrow-derived cells provide the “software” but not
the “hardware” to promote vascular growth and regeneration.”” Thus, it is
increasingly recognised that the regenerative effects of EPCs may be
related to the release of a variety of growth factors by EPCs that act in a
paracrine manner (e.g. VEGF, stromal cell-derived factor-1, insulin-like
growth factor and NO).”™

Interestingly, EPC dysfunction has been reported in patients with ath-
erosclerosis or its risk factors, and this may contribute to the development
of this disease by reducing the capacity to repair injured vessels.”"’* For
instance, EPCs isolated from patients with type 2 diabetes exhibited a
reduced ability to proliferate, adhere to activated ECs, and form charac-
teristic tube-like networks.” Recently, EPC dysfunction has also been
reported in cells from patients with idiopathic PAH.” Subjects with
PAH had reduced numbers of circulating EPCs (87 * 21 cells/mL versus
120 £ 25 cells/mL in healthy subjects) which correlated inversely with
six-minute walk distances (i.e. an established functional assessment of
pulmonary hypertension). EPCs from PAH patients also displayed
decreased adhesion and migration capacity. As well, in keeping with the
current pathobiological paradigm of PAH, another study correlated
increased basal rates of apoptosis with the degree of elevation of
pulmonary artery pressures in patients with idiopathic PAH.*

The mechanism of EPC dysfunction in these diseases remains
obscure; however, alterations in the p38 MAP kinase have been impli-
cated in patients with coronary artery disease.”” In PAH, loss of BMP
signalling may contribute to impaired EPC function and survival in
patients that harbour mutations of this or a related TGF-beta receptor
family member that is only expressed in ECs (e.g. ALK1).? Indeed, a
primary defect of vascular repair resulting from reduced EPC regenera-
tive activity may be a contributing factor in the development of the
vascular abnormalities leading to PAH. Regardless of the specific mech-
anism, EPC dysfunction likely reduces the therapeutic potential of these
cells. However, this may also provide another rationale for treating these
patients with cellular therapy, possibly by replenishing depleted levels
of EPCs, especially if EPC dysfunction can be overcome by in vitro
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manipulation to enhance their function using small molecules or genetic
engineering.”®

5. Preclinical Studies of Cellular Therapy for PAH

The majority of studies of cellular therapy for PAH have used the well-
established rat model of monocrotaline (MCT) injection, which injures
the pulmonary microvascular endothelium. MCT is a plant-derived
pyrrolizidine alkaloid that, when given parenterally, is oxidised by the
liver to MCT pyrrole and then transported to the lungs, becoming a severe
pneumotoxin.”’ It targets a number of endothelial proteins™ and ultimately
damages small arteriolar and capillary ECs. This leads to EC apoptosis
and dysfunction® and subsequently to abnormal muscularisation (particu-
larly of the distal pulmonary arterioles), progressive pulmonary
hypertension, right ventricle failure and ultimately death, usually within
four to six weeks. Thus this model reproduces many (but not all) of the
essential features of clinical PAH described above.”

Initial attempts to explore the potential efficacy of cell-based therapy
used genetically engineered somatic cell lines, such as smooth muscle
cells and fibroblasts, rather than regenerative cells, such as EPCs. 37
These studies provided proof of concept by demonstrating that intrajugu-
lar delivery of cells transfected with potentially therapeutic transgenes led
to high retention in the lungs, rapid transmigration through the endothe-
lium and efficient engraftment into the lung within 24 hours. In these early
investigations, cells were used primarily to target delivery of transgene
products to the pulmonary microcirculation. A variety of vasoprotective
and angiogenic transgenes were studied, including eNOS,” VEGF,** and
angiopoietin-1 (Ang-1).** Ang-1 is a potent mediator of EC survival, and
when transfected into sygeneic SMCs, it produced beneficial effects on
pulmonary haemodynamics and survival in MCT-treated rats.*

Nagaya et al. published the first report using EPCs to treat PAH in the
MCT rat model.*® In this study EPCs were isolated from human umbilical
cord blood and then transfected with adrenomedullin, a potent vasodilator
and antiproliferative molecule. Treatment of immunodeficient rats with
adrenomedullin transfected human EPCs decreased pulmonary vascular
resistance by 39%, decreased ventricular hypertrophy and improved
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survival in these animals. Interestingly, non-transfected EPCs had only a
modest effect on haemodynamics (e.g. 16% reduction in pulmonary vas-
cular resistance), which may be related to the use of late-growth rather
than early-growth EPCs. Moreover, it is possible that the use of a xeno-
transplant model may have reduced the survival and activity of human
EPCs, since the immunodeficient rats exhibit residual and sometimes
increased natural killer cell activity.

Our lab was the first to demonstrate the robust therapeutic potential
of unmodified syngeneic EPCs in experimental PAH.*' Administration
of syngeneic EPCs into the jugular vein three days after MCT almost
completely prevented the development of PAH and increased microvas-
cular perfusion. Moreover, this was also the first study to demonstrate
that EPCs could reverse established PAH. In these experiments, the
administration of EPCs was delayed until three weeks after MCT, at
which point severe PAH was already apparent. Animals were then ran-
domised in a blinded fashion to receive saline only, EPCs or EPCs
transfected with eNOS by electroporation. The eNOS-transfected cells
resulted in significant improvement in pulmonary hypertension with
near normalisation of right ventricular systolic pressure and other meas-
ures of PAH at five weeks. In contrast, non-transfected cells, while
preventing further progression over the subsequent two weeks, did not
significantly reduce right ventricular pressures in established PAH. EPC
treatment also resulted in a significant survival benefit, which was near
complete for the eNOS-transfected cells.

Similar beneficial effects of non-transfected EPCs were recently
confirmed by Yip et al. They demonstrated that in addition to the haemo-
dynamic effects already demonstrated in previous studies, EPCs were able
to increase lung expression of Bcl-2 (an anti-apoptotic molecule) and
eNOS.* The efficacy of unmodified EPCs has also been explored in a
large animal study of PAH. Takahashi et al. induced PAH in dogs with
MCT and delivered autologous non-transfected EPCs via bronchoscopy
into the lung parenchyma. This direct delivery to the lung is somewhat
counterintuitive as it would likely have greater effects on airway epithe-
lium rather than on vascular endothelium. Nonetheless, these investiga-
tors were able to demonstrate significant haemodynamic and histological
improvements with transbronchial EPC delivery.®
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A recent study demonstrated the beneficial effects of calcitonin gene-
related peptide (CGRP)-transfected EPCs in a rat model of surgically
induced pulmonary hypertension (left to right shunt).* CGRP is a well-
known vasodilator that also inhibits smooth muscle cell proliferation.®
Both EPCs alone and CGRP-transfected EPCs decreased total pulmonary
vascular resistance four weeks after cell therapy (30% and 60%, respec-
tively), but only the combination of cell and gene therapy improved
survival. Like the Nagaya et al. study, EPCs were collected from a human
source, and thus it is probably not surprising that non-transfected EPCs
had little effect on survivability (possibly due to reduced persistence of
xenogeneic sources of EPCs).

In addition to EPCs, other groups have explored the therapeutic util-
ity of mesenchymal stromal cells (or mesenchymal stem cells, MSCs),
another regenerative cell type derived from bone marrow. These cells
have well-characterised abilities to differentiate into various mesenchy-
mal lineages, as well as intriguing immunomodulatory properties.*
Kanki-Harmoto et al. reported beneficial effects with eNOS-transfected
MSCs in the rat MCT model®’; however, in this case there was no signif-
icant effect of cells alone on PAH, and only the eNOS-transfected cells
reduced pulmonary pressures and remodelling.

Taken together, the preclinical studies described above suggest that
cellular therapy, in particular genetically engineered syngeneic (autolo-
gous) EPCs, may provide a robust new treatment strategy for PAH. This
therapy appears to restore pulmonary vascular structure and function.
Based on these encouraging results, several groups have begun to trans-
late EPC-based cell therapy into early-phase clinical studies.

6. Clinical Applications of Cell Therapy for PAH

The first use of a “cell therapy” to treat clinical pulmonary hypertension
was documented in a case report by Tamm et al. in 1996, prior to the
discovery of endothelial progenitor cells. In this report, bone marrow
transplantation was performed in a female patient with severe pulmonary
hypertension secondary to systemic sclerosis. CD34+ cells were cultured
from the peripheral blood and then ten days after marrow depletion these
cells were transfused back into the patient over four days.*® Despite a
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number of complications that might be expected following bone marrow
transplantation (including pulmonary embolism), the patient did show
improvement in exercise tolerance and angina. However, there was little
haemodynamic benefit, and pulmonary artery pressures were not changed
six months after therapy (mean pressure pre-therapy: 45-50 mmHg; post-
therapy: 44 mmHg). Although the cell preparation was intended to
provide CD34+ haematopoietic stem cells to repopulate the bone marrow
and “reprogram” the immune system, it is tempting to speculate that some
of the benefits noted may have derived from EPCs.

Indeed, given the importance of endothelial injury in the pathogene-
sis PAH, there is a strong rationale for treatments that may potentially
repair or regenerate the endothelial lining. The first clinical experience
with EPC therapy was published by Chen’s group. Adult patients with
PAH were randomised in a non-blinded manner to receive either conven-
tional pharmacotherapy alone or together with EPCs derived from
peripheral blood mononuclear cells (cultured ex vivo for five days under
conditions similar to those described above for early growth EPCs). The
resulting cell suspension (4-22 x 10 cells) was infused over several min-
utes intravenously. In this non-blinded study, patients receiving cell
therapy demonstrated modest (5-15%) but significant improvements in
all the endpoints measured, including six-minute walk distances and pul-
monary haemodynamics. In contrast, the group treated with conventional
pharmacotherapy alone group showed no significant improvement.
Perhaps most importantly, this therapy was well tolerated despite the lack
of screening for intra-cardiac shunting (which could increase the risk of
systemic embolisation) or haemodynamic monitoring during the delivery
procedure (which by necessity involves some degree of microembolisa-
tion of the pulmonary bed).*

These promising results in adult patients were reinforced in an
open-label pilot study of paediatric patients (aged 7-17) with PAH.
A similar protocol was used to isolate and characterise early-growth
EPCs, with a range of 2-13 x 107 cells ultimately being infused intra-
venously. Again, patients were subjected to six-minute walk tests and
invasive haemodynamic measurements before and twelve weeks after cell
therapy. Following treatment, walk distance increased by approximately

40 m with similar improvements in haemodynamic endpoints as well.”
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Together, these two trials suggest that progenitor cell therapy may be a
safe and effective clinical treatment for PAH. However, overall observed
benefits were rather modest and the lack of rigorous blinding or even
a control group in the latter study precludes drawing any definitive
conclusions about efficacy.

Moreover, given the strong preclinical evidence suggesting substan-
tial additional benefit with the use of transfected EPCs, it is possible that
appropriately engineered cells could produce an added benefit. Indeed,
this may be even more important in the context of clinical therapy since,
as discussed above, the pathophysiology underlying PAH may interfere
with both the number and efficacy of patient-derived EPCs. Thus
“enhancing” autologous EPC regenerative function may be necessary to
benefit from the full potential of cell therapy.

The PHACeT Trial (Pulmonary Hypertension: Assessment of Cell
Therapy) is designed to address this issue and has been ongoing at two
sites in Canada (Toronto and Montreal) since 2006. This phase 1 trial
builds on the preclinical studies reviewed above, and is examining the
safety of eNOS-transfected EPCs in patients with idiopathic pulmonary
hypertension, familial pulmonary hypertension, or anorexigen-induced
pulmonary hypertension with refractory Class III or IV symptoms with
maximal pharmacologic treatment (eligibility criteria were recently
amended to include PAH associated with systemic sclerosis). A number of
exclusion criteria were included in the protocol to address potential safety
concerns, notably the presence of a definite intra-cardiac communication
by echo-contrast studies. The primary endpoints of this phase 1 trial are
safety and tolerability; however, the data collected will also preliminarily
address clinical efficacy (i.e. by evaluation of exercise capacity, pul-
monary haemodynamics and quality of life).

For the PHACEeT trial, we are harvesting autologous mononuclear
cells from the peripheral blood by apheresis, and EPCs selected by differ-
ential culture in a manner similar to what has been performed in the
supporting preclinical studies. After five days of culture, cells are trans-
fected with 650 pug/mL of plasmid DNA containing the human eNOS gene
by electropration (MaxCyte Incorporated). After transfection, cells are
delivered directly into the right ventricular cavity via a Swan-Ganz
catheter in aliquouts over three days. Based on the extensive preclinical
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data already described, it is believed that these cells are efficiently filtered
and trapped within the pulmonary circulation at the level of the precapil-
lary arteriole, and about a third of these cells will persist for an extended
period of time in the lung tissue. However, for safety reasons the trans-
fection is by design only transient, and eNOS transgene expression is not
expected to persist beyond one week.

An open-label, dose escalating protocol is being used to address the
primary endpoints of safety and tolerability. The design of this protocol
allows a wide range of doses to be studied, ranging from 7 x 10° cells up
to 150 x 10° cells (Fig. 3); however, based on previous experience, we do
not anticipate the need to progress beyond the 50 million dose panel. The

Panel Day 1 Day 2 Day 3

Panel 5
150x10° cells

Panel 4
100x10°cells

Panel 3
50x10%cells

10x106

Panel 2
23x10%cells

10x10°

Panel 1
7x108cells

Figure 3: Escalating cell dosing protocol for the PHACeT Trial.
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study design allows for careful monitoring of the acute haemodynamic
effects of cell delivery during the entire procedure. Follow-up visits are
planned regularly over the first year post-cell delivery, with echocardio-
grams, ventilation perfusion scanning, pulmonary function tests and routine
blood work. Repeat invasive haemodynamic measurements are scheduled
for three months post cell delivery. Also, dyspnoea self-assessment scores,
quality of life scoring, and a six-minute walk test will be analysed.
Following this first year of intensive follow-up patients will be asked to
return biannually and then annually for a total of fifteen years to monitor
for side effects.

7. Conclusions and Future Directions

Preclinical and clinical studies exploring cell therapy in PAH have thus far
yielded encouraging results. However, efficacy and safety have not yet
been firmly established in rigorous clinical trials. Moreover, we do not
fully understand the mechanisms behind the potential beneficial effects of
cell therapy. In the same way that we understand pharmacotherapy via
classic pharmacodynamic and pharmacokinetic parameters (e.g. mecha-
nism of action, half-life, metabolism, etc.) we should aim to define the
effects of cell therapy with a similar degree of scientific rigour.
Nonetheless, cell therapy has already shown promise in early clinical tri-
als, and in future larger and more highly powered trials are warranted to
address further the efficacy of cell therapy in PAH.
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Chapter 13

Molecular Induction of Alveolar
Regeneration

Matthew Hind and Sian Stinchcombe

Alveolar regeneration using developmentally active small molecules is
an attractive therapeutic option for the treatment of diseases where
lung development is disrupted, such as bronchopulmonary dysplasia or
where alveolar surface area is lost, such as pulmonary emphysema.
Understanding programmes of alveolar development, maintenance
and regeneration will be critical in exploiting these novel therapeutic
opportunities.

Keywords: Retinoic acid; oestrogens; granulocyte macrophage colony
stimulating factor; adrenomodulin; alveolar plasticity; lung regeneration.
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1. Introduction

In this chapter, we highlight regeneration-inducing properties of a number
of different molecules in mammalian models of lung disease. We discuss
regeneration in a developmental context and highlight salient findings
from lower vertebrates which suggest that evolutionary conserved mech-
anisms of regeneration may exist across species. In many biological
systems, regeneration to a greater or lesser degree recapitulates devel-
opment; therefore to discuss molecules that are required for lung
regeneration we must first consider lung development.

2. Lung Development
(See also Chapters 2 and 3)

The molecular cues that guide the development of the respiratory system are
conserved through evolution from the branching structure of the respiratory
organ in flies to mammalian lung morphogenesis.' There is now great inter-
est in basic lung developmental biology with a view to understanding lung
cell fate not only during development but also in the adult state. Recent evi-
dence suggests that there may be a greater degree of plasticity in the mature
organ than was previously thought. In adult pancreas, the use of three
defined transcription factors has been demonstrated to reprogramme differ-
entiated exocrine pancreas cells into cells that share structure and function
with islet beta cells,” illustrating cellular dedifferentiation and reprogram-
ming as a potential non-stem cell mechanism of organ regeneration.

A comprehensive review of lung development is beyond the scope of
this chapter, and therefore we will highlight some important principles
emerging from early developmental studies. Lung development requires
a series of molecular and genetic cues released from endoderm and
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mesoderm that pattern the presumptive developing lung. Initial develop-
ment of future conducting airways (trachea, bronchi and bronchioles) is
followed by later development of gas-exchanging tissues (respiratory
bronchioles, alveolar ducts and alveoli). A number of morphologically
distinct, though continuous, developmental stages have been described,
including branching morphogenesis, pseudoglandular, glandular, saccular
and alveolar stages. To date, perhaps 50 genes and molecules have been
described that influence different stages of lung development. Many more
candidate factors have been identified in genomic screening experiments
with, as yet, undefined roles. Interestingly, many of these genes are not
restricted to the lung but have roles in other developing and regenerating
biological systems. Organ specificity and patterning is therefore probably
generated by multiple temporo-spatial gene and protein interactions rather
than expression of lung-specific genes. Clearly, there is a shared genetic
heritage with other foregut-derived structures such as stomach, dorsal and
ventral pancreas and liver. Understanding regional specification of
foregut, why the presumptive lung becomes lung and not liver, requires
further understanding of gene expression and associated fate mapping
studies. Factors with early lung developmental roles such as retinoic acid
(RA), TGF-B, Hox genes, fibroblast growth factors (FGF) including
FGF10 and Wnt signalling are used repeatedly at different stages of lung
development, thus each may have multiple roles.?

3. Retinoic Acid (RA) has a Master Role in
Patterning the Developing Lung

(See also Chapter 7)

The importance of RA signalling in lung development was first established
by the examination of foetuses from vitamin A-deficient mothers and
the observation of frequent characteristic lung malformations, including
bilateral lung hypoplasia, left lung agenesis and agenesis of the oesophago-
tracheal septum.* These dramatic effects on lung patterning reveal a role
for endogenous RA in early lung development. RA synthesis and activation
are reported during foregut specification around embryonic day 8.5-9.5 in
the mouse.” In selective knockouts of foregut RA signalling, lung buds fail
to form, placing RA upstream of Hox, Tbx and FGF10.° If foregut explants
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are cultured in the presence of an RA receptor antagonist then lung bud
formation is blocked. The use of selective retinoic acid receptor (RAR)
agonists suggests that this occurs through RARP’ resulting in selective
regulation of fibroblast growth factor 10 (FGF10)® through a transforming
growth factor B (TGF-P) mediated pathway.’ If RA levels are maintained
in embryonic lung culture as in early lung bud then secondary branching
fails.” This suggests that in common with other developing biological
systems that utilise RA signalling, RA acts as a molecular master switch:
RA signal is required to allow initial lung bud development, and is then
switched off to allow correct secondary branching.

4. RA has a Role in Alveolar Development
(See also Chapter 7)

Several strands of in vitro and in vivo investigation have provided
compelling evidence for a further role of endogenous RA signalling
during a later period of lung development in the regulation of post-natal
alveologenesis. Alveoli are formed by a number of mechanisms that
appear to be differentially regulated. Alveolar septation, the subdivision of
alveolar saccules, occurs during a developmentally restricted period that
occurs in the first two post-natal weeks in rats and mice.'®" In humans,
this process extends until at least 18 months of age."

Studies indicate that the molecular components required for RA
signalling are temporally associated with the period of alveolar septation
in rats, mice and humans. Studies in the mouse have demonstrated that
RARal, RARB2, RARB4 and RARY2 isoforms are present from post-
natal day 1 (P1) to P15, peak from P4 to P9, and can be localised by in situ
hybridisation to cells within the alveolar walls."” RARP and RARy mRNA
have also been shown to increase in rat lung tissue at P2, preceding the
onset of secondary septation.'* Cellular retinol binding protein 1 (CRBP-1),
CRBP-2 and cellular RA binding protein 1 (CRABP-1) are significantly
upregulated in the early post-natal mouse lung and CRBP-1 and CRABP-
1 can be identified by immuno-histochemistry in erupting and elongating
septa.”® The temporal pattern of expression is similar in whole rat lung tis-
sue' and isolated lipid-laden interstitial fibroblasts (LIFs) during this
period.' These findings imply that local RA production is increased at this
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time, perhaps in a cell-specific manner. Dexamethasone (Dex) dosing of
rat pups from P4-14 inhibits alveolar septation'® and downregulates
CRBP-1 and CRABP-1 expression.'” The RA-synthesising enzyme reti-
naldehyde dehydrogenase 1 (RALDH-1) is also upregulated within the
alveolar septa of the post-natal mouse.'® LIFs are known to store retinol in
the form of retinyl esters,'® and to synthesise and secrete RA in the form
of all-trans RA (atRA) and 4-oxo-RA.% Dex treatment of cultured LIFs
has been shown to halve the amount of RA released into the medium.*
Retinoid stores in LIFs change markedly in the early post-natal period:
retinyl ester concentrations decline from their late gestational peak;
retinol levels peak between P2—8; and atRA and 9-cis-RA levels peak on
P2, decline between P3 and P7, and then rise again on P8.'**' This
dynamic profile is consistent with a significant increase in endogenous
RA requirement, synthesis and utilisation during the rapid period of alve-
olar secondary septation.

Since LIFs which provide the endogenous source of RA are
frequently found at the base of elongating septa, are often in close
proximity to alveolar epithelial type II (AETII) cells, and have cyotoplas-
mic protrusions extending to the endothelium and epithelium, it is
plausible that they establish a distal lung signalling centre which may act
by autocrine and paracrine mechanisms to influence gene expression and
coordinate the processes required for alveolar septation.

Pulmonary microvasculature endothelial cells upregulate CRBP-1 in
response to exogenous RA in vitro. The same response is generated by a
serum-free medium conditioned by cultured LIFs, and is inhibited by
addition of RAR pan-antagonist or RXR pan-antagonist,” indicating that
RA secretion by LIFs can regulate gene expression in endothelial cells.
RA increases proliferation in human foetal lung capillary endothelial
precursor cells in vitro.”* Neonatal AETII cells have also been shown to
proliferate in vitro in the presence of RA,* but little is known about the
in vivo response of alveolar epithelial cells to endogenous RA. In addition,
RA significantly increases *H-thymidine incorporation in cultured post-
natal rat fibroblasts in a platelet-derived growth factor (PDGF)-dependent
manner, suggesting that endogenous RA may induce autocrine LIF
proliferation or paracrine myofibroblast proliferation through a PDGF-
mediated mechanism during developmental alveologenesis.**
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Further investigations have clearly demonstrated the effect of RA on
elastin synthesis. When LIFs are cultured with exogenous RA, there is a
significant rise in the rate of elastin transcription, leading to a 2.5-fold
increase in the steady state level of tropoelastin mRNA.* Conversely, if
cultured P8 rat lung fibroblasts are treated with alcohol dehydrogenase
(ADH) inhibitors and aldehyde dehydrogenase (ALDH) inhibitors to
prevent endogenous RA synthesis, elastin gene expression is suppressed.”®

Strong in vivo evidence for a central role for RA in septation is provided
by studies assessing the effects of manipulating RA levels during the criti-
cal period for alveolarisation. Administration of systemic exogenous RA to
rat pups from P3 to P13 resulted in upregulation of CRBP-1 expression,'” a
50% increase in alveolar number and a 47% reduction in mean alveolar
volume in lungs examined at P14.”” In contrast, mice receiving disulfiram,
an inhibitor of RA synthesis, from P2 to P14 showed a 26% increase in the
mean alveolar diameter (also known as the mean chord length (Lm)) when
examined on P23,® consistent with impaired secondary septation.
Conditional post-natal overexpression of a dominant negative pan-RAR
also leads to fewer, larger alveoli and diminished alveolar SA.* The con-
servation of retinoid-regulated mechanisms for alveologenesis between
rodent and human lung has been illustrated by the discovery of homozygous
stimulated by retinoic acid 6 (STRA6) mutations in a pleiotropic malfor-
mation syndrome which includes lung hypoplasia and failed alveolar
septation.”® This syndrome represents the first human lung phenotype asso-
ciated with mutations in the retinoic acid signalling pathway.

5. The Adult Lung Structure Maintenance Programme

Alveolar tissue in the healthy adult lung has classically been considered
to be relatively static, with little turnover of cellular or extracellular
components, other than in response to acute injury. However, recent
findings have highlighted a previously unforeseen degree of plasticity
suggesting that dynamic programmes are required to maintain adult
lung structure. Alveolar structural homeostasis requires integration of
molecular mechanisms to protect against damage by oxidative stress,
protease activity, inflammation and pathological lung cell apoptosis,
with active mechanisms to maintain structural cells, blood vessels and
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extracellular matrix (ECM) composition. A number of studies now
demonstrate that the factors required for normal alveolar development
have significant roles in adult alveolar maintenance, though the specific
molecular cues that are involved in this programme are not yet known.
This concept has led to the emergence of a new paradigm of impaired or
dysregulated alveolar repair and regeneration in the generation and pro-
gression of seemingly diverse pathologic lung diseases that include
emphysema and pulmonary fibrosis.

6. RA in the Adult Structure Maintenance Programme

Retinoids are derivatives of Vitamin A and include the biologically active
metabolite RA. Mammals are unable to synthesise retinoids de novo, so
they must be obtained from the diet, either from animal sources (retinyl
esters and retinol) or plant sources (3-carotene). Early Vitamin A depriva-
tion studies in rats demonstrated the requirement for retinoids in the lungs
of adult animals.’' The most striking defect observed was the metaplastic
transformation of pseudostratified squamous tracheobronchial epithelium
into keratinising squamous epithelium. This effect is entirely reversed
with dosing with retinol.** These early studies were performed without
inflation-fixation, making it difficult to analyse lung parenchymal
structure. Recent studies examining the distal lung of weanling rats main-
tained on a Vitamin A deficient (VAD) diet for eight weeks report patchy
emphysema with associated peribronchial lymphocytic infiltrates analo-
gous to human COPD.* In a study of more prolonged Vitamin A
deficiency, a group of rats were fed with a VAD diet from 12 weeks for
12 months, at which point severe retinoid deficiency was confirmed by
HPLC analysis. Marked histological changes in alveolar structure were
evident throughout the lung, with significantly enlarged airspaces with an
increased alveolar mean chord length (Lm), reduced alveolar surface area
(Sa) and marked thinning of the alveolar walls compared to Vitamin A
sufficient controls.* Does this apparent structural abnormality alter lung
function? The answer appears to be yes, as studies in mild VAD demon-
strate diminished elastin and collagen content of the lung and impaired
tissue mechanics. Importantly, RA dosing in these adult animals reversed
both the structural and functional abnormalities.*
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Is there any evidence that retinoid deficiency in humans may predis-
pose to lung disease? In a prospective case-control study of 83 white
males, serum retinol levels were determined on two occasions five years
apart. The degree of airway obstruction was measured by the ratio of
forced expiratory volume in one second (FEV)) to forced vital capacity
(FVC).*® Airway obstruction, defined as FEV,/FVC < 75%, was found
to be associated with a decreased serum retinol level five years earlier.
The European Community Health Survey of 1194 male and female 20- to
44-year-old subjects recorded annual measurements of FEV, over eight
years and measurement of serum o-carotene, B-carotene and retinol at
the beginning and end of the study period.”” The rate of decline of FEV,
was lowest in subjects with the highest initial level of B-carotene, and
an increase in B-carotene over the eight years was associated with a
slower decline in FEV,. No association was observed between retinol or
o-carotene and FEV, decline. Heavy smokers with low B-carotene levels
showed the steepest decline in lung function. Another population study
showed an inverse relationship between the risk of decline in FEV /FVC
and intake of food groups rich in vitamin A.*® Again this association was
clearest among smokers. Notably, none of the published epidemiological
data on serum retinoid levels in humans has included either measures of
gas transfer or analysis of alveolar structure.

7. Evidence of Molecular Plasticity: Endogenous
Programmed Alveolar Regression and Regeneration

If we accept that alveolar plasticity exists then it is important to under-
stand how plasticity is regulated. There is a linear relationship between
body mass-specific alveolar Sa and oxygen consumption across all
mammalian species.” This highly conserved relationship between
alveolar size, Sa and oxygen consumption suggests that morphogenetic
mechanisms controlling alveolar formation are regulated by metabolic
signalling pathways, and is consistent with the concept of symmorphosis,*
which suggests that organ structure is quantitatively matched to functional
demand. Compelling evidence exists for an intrinsic ability of the adult
lung to adapt dynamically to metabolic requirements. The significant
plasticity of alveolar Sa demonstrated in animal studies discussed below
indicates that endogenous programmes of regression and regeneration
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operate within the adult alveolar structure in response to physiological
change, reviewed in Ref. 41.

8. Calorie Restriction

Calorie restriction leads to a fall in oxygen uptake,**** which is accompa-

nied by a marked increase in proteolysis within the lung and loss of alveolar
tissue in several rodent species.* It has been proposed that alveolar walls
are destroyed in this context to avoid the energy burden of maintaining
unneeded tissue, and to provide substrate to maintain muscle and brain
metabolism.*! Further analysis of this process of alveolar regression, in
mice restricted to 33% of their normal daily calorie intake for two weeks,
has shown a 55% reduction in alveolar number and 25% loss of alveolar Sa
without any change in lung volume.*® The majority of alveolar loss occurs
within the first 72 hours of calorie restriction (CR), suggesting endogenous
regulation. During this time alveolar wall cell apoptosis increases and total
lung DNA content falls by 20%. No necrosis is evident. Gene expression
profiling in the CR lung® has revealed rapid molecular changes consistent
with activation of pathways of apoptosis. Caspase mRNA and granzyme
serine protease mRNA are upregulated within three hours of the onset of
CR, followed by expression of tumour necrosis factor (TNF) receptors and
members of the ADAM serine protease family after 12 hours of CR.
Granzyme expression indicates involvement of cytotoxic lymphocytes and
natural killer cells in alveolar destruction® whilst ADAM serine proteases
are known to influence cell behaviour by modifying the extra-cellular
matrix (ECM).”' Importantly, these genes are also thought to be involved in
alveolar tissue destruction in COPD, implying that mechanisms of alveolar
loss might be conserved between mouse and man, and may be either inap-
propriately stimulated or uncontrollably perpetuated in COPD. Many other
genes display altered expression patterns, and those downregulated notably
include RALDH 1, CRBP-1 and RARY, consistent with a reduction in
endogenous retinoid signalling.

Refeeding after a period of CR rapidly restores oxygen uptake to
normal physiological levels** and alveolar architecture and morphometry
is fully restored within 72 hours.*'** Total lung DNA content returns to
normal within this time frame and alveolar wall cell replication increases
significantly.* Within one hour of refeeding multiple genes involved in
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cell replication are upregulated, and within three hours there is significant
expression supportive of angiogenesis, ECM remodelling and guided cell
motion, i.e. four processes required in the production of new septal tis-
sue.* These findings demonstrate an innate ability of the mammalian lung
to rapidly regenerate alveolar tissue in response to increased O, demand.

Is there any evidence of calorie-manipulated alveolar plasticity in man?
Surprisingly, the answer is yes. Careful studies performed by Jewish physi-
cians in the Warsaw ghetto during the Second World War, where typical
food intake was only 800 kCal/day, recorded an average 30-40% diminu-
tion of oxygen uptake, and diagnosed emphysema in 13.5% of those
examined, based on either radiological or post mortem appearances of the
lung.’> A comparative study of 21 female anorexia nervosa (AN) patients
and 16 age-matched female controls showed significantly higher CT meas-
urements of emphysema in the AN group, which correlated closely with
lower body mass index (BMI) and reduced diffusing capacity of the lung for
carbon monoxide (DLy).”* Other case reports have also demonstrated
emphysematous change and impaired gas exchange capacity in chronically
malnourished patients.> There are several caveats to consider in these
observations. Firstly, neither of these scenarios involved pure calorie
restriction. Since total food intake was reduced in both cases and detailed
nutritional data was not recorded, deficiency of essential vitamins (includ-
ing retinoid content) and minerals cannot be excluded, unlike animal CR
studies. Secondly, many female patients in both cases may have been amen-
orrhoeic. Oestrogen is known to influence alveolar morphology (see below)
and the disturbance of menstrual cycle may be a confounding factor.

So it would seem that the pathway for calorie restriction-associated
alveolar loss is conserved from mice to man. Whether adult humans have
the capacity to regenerate alveoli is not yet known but it appears to be eas-
ily testable by evaluating the effects of refeeding on lung structure and
function.

9. Oestrogen

Although oxygen uptake almost doubles in female rats during pregnancy
and lactation, body mass-specific alveolar Sa is identical in virgin,
pregnant and lactating female rats.”® Preparation for the future metabolic
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demands of pregnancy takes place at the onset of sexual maturity, when
female rats and mice develop a higher body mass-specific number of
alveoli and alveolar Sa than age-matched males despite their similar body
mass-specific oxygen uptake. This sexual dimorphism in alveolar
morphology is mediated by oestrogen, acting via oestrogen receptor o. and
[3.56-%° Therefore, ovariectomy at P21 in sexually immature female rats>
and mice® diminishes the formation of alveoli, but oestrogen replacement
therapy from the time of ovariectomy allows alveolar sexual dimorphism
to develop.’® Within three weeks of ovariectomy of sexually mature adult
female mice there is significant loss of alveoli and alveolar Sa without
loss of lung volume. Subsequent oestrogen replacement reverses the
architectural effects of ovariectomy and normal alveolar morphology
is restored.™® These findings indicate that oestrogen is required for main-
tenance of alveolar structure in the adult female, and is capable of
regenerating lost alveolar tissue. This represents a further example of
adult alveolar plasticity based on an endogenous signalling pathway.
Clinical studies of ageing indicate that oestrogen plays a significant
role in the maintenance of lung function in women. Diffusing capacity,
a functional correlate of alveolar Sa, naturally falls with age in non-
smokers. Men lose diffusing capacity at a rate of 6% per decade
throughout life, whilst the rate of loss in women is only 2% per decade
before menopause, but accelerates to 6% per decade post-menopause.®’
These rates of loss parallel the age-related loss of maximum oxygen con-
sumption.®* Measurements of FEV , an index of small airways obstruction
which is influenced by lung tissue elastic recoil and tethering by alveolar
attachments, has demonstrated that elderly women receiving hormone
replacement therapy (HRT) have a higher FEV, than similar-aged women
not receiving HRT.® HRT has also been shown to increase FEV, and
forced vital capacity in post-menopausal women after three months of
treatment.® Furthermore, the use of an oestrogen-containing oral contra-
ceptive pill in 24 to 35-year-old women has been shown to measurably
increase forced expiratory flow rates, particularly at low lung volumes.®
In contrast, low concentrations of ovarian hormones may play a role in the
development of COPD. Women constitute approximately 75% of never-
smokers over 55 years of age with clinical and functional evidence of
COPD.%“" Although these studies provide indirect functional evidence
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rather than visual proof, they strongly suggest that the ability of oestrogen
to preserve and regenerate alveolar tissue is conserved between species.
The mechanisms underlying the structural adaptation of adult alveolar
tissue in response to these metabolic and hormonal manipulations are not
yet clear. However, these models demonstrate the existence of intrinsic
programmes for alveolar regeneration, and raise the possibility that such
programmes may be therapeutically induced to replace absent alveolar
tissue in diseases such as emphysema and bronchopulmonary dysplasia.

10. Experimental Evidence of Alveolar Regeneration

The ability to regenerate individual tissue types and whole organs varies
widely between animal species. In adult mammals, apart from the unique
phenomenon of antler regeneration in deer, organ regeneration is thought to
be limited to the liver. This is in striking contrast to urodele amphibians
which are able to regenerate whole limbs, tails, jaws, spinal cords, forebrain,
lens, retina and gills.*®® However, mammals are able to continually replace
many tissues, including the epidermis, gut endoderm and blood cells. It is
commonly believed that regeneration did not evolve as a separate phenome-
non involving novel gene pathways, but as a repair response that re-activates
pathways originally used in the development of that organ or tissue. This
concept and the role of RA as a regeneration-inducing molecule have been
elegantly demonstrated in studies of limb development and regeneration:
limb bud development is dependent upon RA synthesis;* RA is detected in
the regenerating amphibian limb by HPLC™ and a reporter gene system;’
and when RA synthesis is inhibited by disulfiram, regeneration stops.’* This
role for RA in regeneration also occurs in adult mammals, as RA signalling
has also been detected during deer antler regeneration,” reviewed in Ref. 74.

Evidence demonstrating a pivotal role for RA in post-natal alveologe-
nesis, an ongoing requirement for Vitamin A sufficiency in the adult lung,
and the existence of endogenous programmes for alveolar regeneration,
has lead to the hypothesis that exogenous RA may be able to induce
alveolar regeneration in the adult lung by recapitulating developmental
programmes of alveologenesis. Such a process would require coordination
of the cellular and extracellular components of existing alveolar walls to
produce new alveolar septa.



Molecular Induction of Alveolar Regeneration 379

This remarkable possibility was first observed by Massaro and
colleagues, who demonstrated that RA is able to reverse the effects of
elastase-induced damage in the rat lung.” In this study adult male rats
were dosed with intratracheal elastase to destroy alveolar tissue, resulting
in characteristic changes of human and experimental emphysema: 18%
increase in lung volume, reflecting a loss of elastic recoil; larger but less
numerous alveoli, quantified by an increase in alveolar Lm and 45%
reduction in alveolar number; and diminished volume-corrected alveolar
Sa. The elastase model of emphysema in rats has been shown to progres-
sively worsen over 1-2 months, with no spontaneous recovery
thereafter.”® When these rats were treated 25 days later with 0.5 mg/kg
intraperitoneal RA for 12 days and examined at the end of this dosing
period, their lung volume, Lm, alveolar number and gas-exchanging Sa
had returned to the normal range. Histological examination revealed more
numerous, smaller alveoli in elastase-RA treated rats but not elastase-
vehicle treated controls consistent with the formation of new septa from
the walls of enlarged alveoli.

This study has subsequently been repeated by another group, who
confirmed that RA abrogates experimental emphysema in rats.”” Their
analysis of the cellular response to RA showed areas of proliferation
within the alveoli of elastase-RA treated rats but not elastase-vehicle
treated rats, identified by: proliferating cell nuclear antibody (PCNA);
immunohistochemistry; and a threefold increase in apoptosis of alveo-
lar wall cells within 24 hours of initial RA treatment, which then
rapidly subsided, detected by in situ hybridisation 3UTP nick end
labelling (TUNEL). These preliminary findings suggest that significant
alveolar remodelling takes place during RA treatment. This group also
reported change in the ratio of alveolar-to-arterial partial pressure of O,
(the A—a gradient for pO,) following RA treatment, suggesting a func-
tional improvement in diffusion capacity of the lungs with alveolar
regeneration.

In a further repeat study of RA-induced alveolar regeneration in the
elastase rat model of emphysema, several parameters of lung function
were observed for three months following RA treatment.”® Pause (a non-
invasive indicator of airflow obstruction) increased, indicating progres-
sion of airways obstruction in elastase-treated rats that was then halted
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by RA treatment. Residual volume and total lung capacity were increased
by elastase instillation, but significantly restored back towards normal
range values by RA. Lung tissue density measurement by CT scan of
inflation-fixed lungs was noticeably reduced following elastase, and the
density measurements of rats treated with RA were between elastase and
normal values. Although respiratory system compliance was increased,
and DL, and FEV, were decreased, in elastase-induced emphysema,
no significant changes were seen in these parameters following RA
treatment.

Elastase has also been used to generate experimental emphysema in
mice, and RA treatment has successfully induced alveolar regeneration in
this model.” Elastase application to a cultured human airway epithelial
cell line and a human alveolar epithelial cell line causes reduced cell
viability and increased apoptosis. However, when RA is added to these
cultures it preserves viability, inhibits apoptosis and inhibits caspase
3 induction.*

It has been clearly established that RA is also able to induce alveolar
regeneration in other animal models of emphysema. The tight skin (Tsk)
mouse carries an autosomal dominant tandem repeat mutation in the
fibrillin-1 gene, which disrupts elastin polymerisation, and is associated
with multiple connective tissue defects, such as hyperplasia of tendon
sheaths, cartilage and bone and skin fibrosis.®'*> Heterozygotes for the Tsk
mutation have mildly enlarged primary pulmonary saccules at P4, and by
one month of age display marked emphysematous changes, with enlarged
alveoli, thinned or broken alveolar walls, disorganised and broken elastic
fibres and increased lung compliance.*** The Tsk mouse therefore repre-
sents a genetically determined model of emphysema. When these mice
were treated with 0.5 mg/kg RA daily from P40-51 and examined the
following day, alveoli were 2.7-fold smaller and 3.5-fold more numerous
than in untreated controls, indicating that novel alveolar septation had
been induced.®

RA is also able to rescue pharmacologically impaired failure of
septation. Dex is known to inhibit alveolar septation and accelerate
alveolar wall thinning in the critical period for alveolarisation. A study of
male rats treated with Dex from P4-13 showed complete inhibition of
septation which was not reversed after Dex was stopped, resulting in a
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permanent threefold increase in mean alveolar volume. When these rats
later received 0.5 mg/kg RA daily from P24-36 and were examined
on P37, their mean alveolar volume reduced by 1.6-fold compared to
Dex vehicle treated litter mates, and other parameters of alveolar
morphometry were also partially recovered.®” RA-induced alveolar
septation in the Dex rat model has similarly been demonstrated by meas-
urement of radial alveolar counts.®

A Dex mouse model of alveolar insufficiency has also been shown to
undergo alveolar regeneration when treated with RA.?® In this study,
mouse pups were treated with Dex daily from P2-14 (with a two-day
break on P8 and P9), resulting in fewer, larger airspaces, grossly simpli-
fied alveolar structure and significantly reduced body mass-specific
alveolar SA. Mice that then received 2 mg/kg RA daily from P42-54
(with a two-day break on P48 and P49) and were assessed four weeks later
showed clear histological evidence of alveolar regeneration, reflected by
a significant reduction in Lm and an increase in body mass-specific Sa
which completely restored this parameter to normal.

Subsequent use of this model and dosing protocol has demonstrated
that 4-ox0-RA 1is as effective as atRA (the isoform used in all previous
regeneration studies) at inducing alveolar regeneration, but other natural
retinoids including 9-cis-RA (the ligand for RXR) and all-frans-retinol
(the parent Vitamin A molecule) have no significant effect on alveolar
morphology.®” In addition, selective agonists for RARa, B, and y have
differential degrees of effect depending upon the morphological parameter
observed. Thus, RAR selective agonist is as effective as RA at restoring
Lm, the ratio of alveolar Sa-to-lung volume (Sa/LV) and body mass-
specific alveolar Sa; RARP selective agonist restores Lm and Sa/LV to a
lesser (but significant) degree but has no significant impact on body mass-
specific Sa; and RARY selective agonist induces the most complete
restoration of body mass-specific Sa of any compound in this study but
has a lesser effect on Lm and Sa/LV. Pan-RXR agonist is essentially
inactive. These results imply that the mechanism of induction of alveolar
regeneration by retinoids involves the activation of a RAR, and cannot
occur with isolated RXR activation. In addition, RARP null mutant mice
treated with post-natal Dex have been shown to undergo alveolar regen-
eration when treated with RA as adults, but not to a greater degree than
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normal, confirming that RAR does not act to inhibit alveolar septation
after the perinatal period. Taken together, these results are consistent
with previous conclusions on the differential effects of RARa, B and y
signalling on the regulation of alveolus formation, and indicate that all
RAR subtypes play active, and potentially different, roles in alveolar
regeneration, but none is required absolutely.

The regenerative effects of RA have not been evident in all animal
models of emphysema. A transgenic mouse line overexpressing
tumour necrosis factor oo (TNFo) under the control of the surfactant protein
C (SPC) promoter develops chronic, progressive airspace enlargement, loss
of elastic recoil, increased lung volume and pulmonary hypertension com-
parable to human emphysema at six months of age due to ongoing acute
alveolar destruction.®® After treatment with RA, no beneficial effects were
seen on alveolar morphology in any animals, and invasive measurements of
pulmonary mechanics revealed a leftward shift of the pressure-volume
curve and increases in static lung compliance and total lung capacity,
consistent with a degree of deterioration in pulmonary emphysema.*

Published studies of RA treatment in animal models of emphysema by
cigarette smoke (CS) exposure are few, and present rather conflicting
results. Only one study in the literature has assessed the ability of RA to
regenerate alveolar tissue following CS exposure.”” Mice were exposed to
CS for 15 or 32 weeks, causing a non-uniform pattern of airspace enlarge-
ment consistent with patchy alveolar tissue destruction. RA was then
administered for 14 days at a range of doses either by inhalation or
intraperitoneal (i.p.) injection. On the following day no morphometric
evidence of improvement in Lm or total airspace volume was seen, lead-
ing the authors to conclude that no alveolar regeneration had occurred.
However, the magnitude of increase in Lm caused by CS exposure in
these mice was small, only five animals from each treatment group were
randomly selected for morphometric analysis, and measurements were
made in an inhomogeneous field of alveolar size. These factors substan-
tially reduce the likelihood of detecting any partial restoration of alveolar
structure, and therefore this study does not provide a conclusive answer.

A study presented as an abstract at the 2002 Meeting of the American
Thoracic Society made a comprehensive assessment of the effects of oral
RA and a selective RARY agonist on rats with CS-induced emphysema.”!
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RA 3 mg/kg daily for one month was shown to reduce alveolar Lm
by 74% compared to placebo-treated rats, consistent with alveolar regen-
eration. In addition levels of desmosine in lung tissue fell by 125% and
elastin peptide concentration in bronchioalveolar lavage fluid fell by 51%
with RA treatment, indicating that elastin degradation had been abrogated.
The selective RAR agonist similarly reduced Lm by 75%, desmosine
levels by 145% and elastin peptides by 72%. This pharma-sponsored
demonstration of significant retinoid-induced alveolar regeneration in
CS-exposed rats has not since been published.

The ability of RA to prevent emphysematous change in CS-exposed
animals has also been investigated. A study of CS-exposed rats receiving
concomitant RA showed significantly improved parameters of small
airways obstruction and reduced gelatinase activity and expression
compared to untreated rats.”” However, a similar study in guinea pigs
showed no prevention of the morphological changes of centrilobular
emphysema by RA given daily over a 13—-16 week period.”

These studies have demonstrated that RA is able to induce alveolar
regeneration in the elastase, tight skin, Dex and CS exposure models of
emphysema/alveolar insufficiency. However, these remarkable findings
have not always proved to be repeatable. In particular, several studies of
elastase-generated alveolar damage in the mouse,*** rat”>* and rabbit”’
have reported no evidence of morphometric improvement following RA
treatment. The reasons for this apparent failure of regeneration are not
clear but might involve differences in RA pharmacokinetics. Exploring
this possibility in the adult Dex mouse model, a fivefold difference in RA
dose was required to induce regeneration between different mouse
strains.”® These data highlight the importance of adequate dose response
experiments in regeneration studies.

11. Cell Biology of Regeneration

The cellular mechanisms of RA-induced alveolar regeneration have not
yet been fully investigated. Although some evidence of local proliferation
and apoptosis within the alveolar tissue of RA-treated rats has been
presented,”’ the nature, identity, time scale and magnitude of cellular
response to RA remains to be determined.
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Regenerating organs and tissues adopt different strategies to replenish
populations of specialised cell types. Some organs employ local dediffer-
entiation and proliferation of committed cell lines (e.g. amphibian limb
regeneration,” mammalian liver regeneration,'® whilst others make use
of scattered stem or progenitor cells throughout the tissue, e.g. gastroin-
testinal epithelium).'”! Tissue-specific stem cells remain quiescent
until called upon to proliferate and produce daughter cells which then
differentiate into restricted cell phenotypes. Reports of repopulation of
many diverse tissues by bone marrow (BM)-derived multipotent
stem cells have also introduced a new non-organ based paradigm for
regeneration.'*'%

If RA is able to re-induce developmental mechanisms of alveologenesis,
this would suggest that several intrinsic alveolar cell types respond in
a coordinated manner to generate new alveolar septa in alveolar regener-
ation. However, the cellular composition of alveolar tissue in the adult
lung differs from that of the post-natal lung, in both healthy tissue and
models of emphysema. Evidence of BM-derived stem cell involvement
and of intrinsic progenitor cell activity in alveolar injury models suggests
that alternative strategies may be available for induction by RA.

12. Bone Marrow-Derived Stem Cell Engraftment

Studies using genetically labelled BM transplantation in mice introduced
the possibility that BM-derived pluripotent stem cells may have the poten-
tial to engraft within the lung and transdifferentiate into lung epithelial,
endothelial and interstitial cell phenotypes. In an initial study, a single
BM-derived haematopoietic stem cell from an adult male mouse was
transplanted into a female recipient mouse which had previously
been irradiated to ablate all resident bone marrow.'”® One month later
fluorescent in situ hybridisation (FISH) for the Y chromosome indicated
that the single donor cell had not only repopulated all bone marrow cell
lineages, but that donor-derived cells had also engrafted into several
organs, including the lung. Up to 20% of all AETII cells in the recipient
mouse (defined by surfactant protein B (SPB) expression) were reported
to contain a Y chromosome. A similar study infused LacZ-labelled donor
BM cells into wild type recipient mice after bleomycin-induced lung
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injury, and detected rare engraftment of flat cells into the alveolar walls
which co-expressed the LacZ BM tracking marker and Tlo, an AETI
cell marker,'” therefore challenging the theory that adult AETI cells
invariably arise from local precursor cells. Subsequent reports presented
further evidence that circulating BM-derived cells are able to contribute
to lung tissue repair after injury by bleomycin,'*'*” elastase,'” endo-
toxins, 1% naphthalene'® and radiation.'"®""" Models in humans have
also been provided by sex-mismatched transplant patients: female
recipients of male BM were shown to have pulmonary chimerism in
epithelial and endothelial tissue;'"? and male recipients of female lung
allografts were found to have greater numbers of Y chromosome-positive
cells in areas of bronchial and alveolar epithelium injured by rejection or
infection.'"

Further work in this field has questioned the reproducibility of lung
epithelial engraftment and the methods used for its detection.
Immunophenotypic analysis of recipient lungs in single haematopoietic
stem cell transplantation and parabiotic mouse models has demonstrated
that all BM or blood-derived cells in lung tissue express CD45, a pan-
haematopoietic marker which is never present in normal airway or
alveolar epithelium."* Deconvolution fluorescence microscopy has also
been used to resolve three-dimensional reconstructions of cells in tissue
section which appear to express both the donor bone marrow reporter
gene and an AETII cell-specific marker. In all cases apparent co-expression
was shown to be an artefact of overlapping fluorescent signal from
adjacent cells."® Furthermore, repeat studies of engraftment in the
bleomycin-injured lung have revealed that autofluorescence and rare non-
specific binding of fluorescently tagged antibodies can also introduce
false-positive artefact.'® When these erroneous elements were excluded,
and donor BM-derived cells from a mouse line expressing green fluores-
cent protein (GFP) under the regulatory control of the human SPC
promoter were used to exclude donor-derived blood cells in alveolar
capillaries from cell counts, no reconstitution of AETII cells by BM-
derived cells was detected. It is also possible that donor BM cells fuse
with recipient cells to form heterokaryons, rather than engrafting and
transdifferentiating to acquire lung epithelial phenotypes. A Cre/lox
system was used with GFP expression in transgenic mice to identify fused
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cells in the lung epithelium of sex-mismatched BM transplant recipients,
and found no evidence of fusion events."” However, subsequent work by
the same group, using wild type sex-mismatched BM transplantation into
SPC-null mutant recipients, demonstrated rare heterokaryon formation to
activate SPC expression in recipient AETII cells, typically at a rate of one
per 1000 AETII cells."®

This evidence indicates that the frequency of engraftment was signif-
icantly overestimated in initial reports. The present consensus amongst
investigators is that engraftment and transdifferentiation of BM-derived
cells into airway and alveolar epithelium occurs at a very low rate
(between approximately 0.01 and 0.1%)''® and is of doubtful clinical
significance. It therefore seems highly unlikely that BM-derived stem
cells act as the primary source of new epithelial tissue in RA-induced
alveolar regeneration.

A Japanese study of BM-derived cells in alveolar regeneration
appeared to challenge this assertion.”” Wild type mice received total body
irradiation followed by BM reconstitution using transgenic GFP+ foetal
liver cells. Emphysema was then induced by elastase instillation and three
weeks later RA was administered. Alveolar regeneration was confirmed
by morphometry at the end of RA treatment and GFP+ cells were seen in
the alveolar walls in significant numbers. Immunofluorescent analysis
with cell type markers (CD34 — endothelial cells, cytokeratin — alveolar
epithelial cells, CD45 — haematopoietic cells) suggested that BM-
derived cells had differentiated into alveolar epithelial and endothelial
phenotypes. The authors concluded that BM-derived stem cells play an
important role in RA-induced alveolar regeneration. However, these
findings can be questioned on two counts. Firstly, imaging techniques did
not exclude fusion or overlap of cells of different phenotypes as an expla-
nation for apparent colocalisation of GFP with intrinsic alveolar cell
markers. Secondly, GFP+ BM cells were present during recovery from
both radiation- and elastase-induced acute lung injury, and therefore any
GFP+ cells within the lung parenchyma could have engrafted during
either of these repair processes, rather than in response to RA treatment.
Significant influx of BM-derived cells into alveolar tissue has been
demonstrated in radiation-induced pneumonitis.'"® This study also
included mice treated with granulocyte colony stimulating factor (G-CSF)
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alone and in combination with RA after irradiation, BM reconstitution and
elastase instillation. G-CSF is known to mobilise haematopoietic and
mesenchymal lineage cells from the BM. G-CSF treatment alone
produced a similar degree of reduction in experimental emphysema as
RA, and when these treatments were combined, restoration of Lm was
improved. In both cases the percentage of GFP+ cells per alveolus was
increased, as had happened with RA. Whilst the criticisms of method
remain, the observation that G-CSF induced and enhanced morphological
recovery in this model suggests that mobilisation of BM-derived cells
facilitates alveolar repair. A trial of G-CSF treatment in the Dex mouse
model showed no evidence of alveolar regeneration,’” implying that this
beneficial effect may be model-dependent. Further studies showing
diminished severity of elastase-induced emphysema (based on Lm) after
intratracheal BM-derived cell instillation'" or infusion of adipose-derived
stromal cells'® in the absence of donor cell engraftment, indicate that the
beneficial effects of mobilising stem cells are probably due to paracrine
signalling mechanisms (such as immunomodulation and hepatocyte
growth factor release) rather than structural contribution.

Although concerns about detection artefact and cell fusion remain,
evidence exists for the contribution of BM-derived stem cells to lung
interstitial fibroblast populations in the normal lung'?' and in pulmonary
fibrosis induced by irradiation'** and bleomycin.'* There is also evidence
that BM-derived circulating endothelial progenitor cells (EPCs) engraft
into the pulmonary vasculature. EPCs can be isolated from BM in rats,
express endothelial markers and have been shown to engraft into areas of
vascular injury in animal models of pulmonary hypertension.'** The
potential for BM-derived fibrocytes and EPCs to contribute to new
alveolar tissue in response to RA has not yet been explored.

13. Intrinsic Alveolar Cell Response

The respiratory epithelium is composed of multiple different cell types
along its proximo-distal axis. Since it is constantly exposed to potential
environmental insult, it must be able to respond quickly and effectively
to replace all epithelial cell populations, and therefore requires either
reservoirs of multipotent stem cells and/or progenitor cells or widespread
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plasticity of cell fate amongst differentiated cell types. Whilst a number of
putative stem and progenitor cells have been identified in the distal lung,
lineages and mechanisms for alveolar epithelial maintenance and repair
remain unclear.

New alveolar epithelium, capillaries and interstitial tissue are required
to construct new alveolar septa in RA-induced regeneration. Whilst
endothelial and interstitial cells are thought to be capable of self-renewal,
AETI cells, which make up 93% of the alveolar epithelium, are consid-
ered to be terminally differentiated and unable to proliferate. The AETIIL
cell is thought to act as the progenitor of AETI cells in alveolar develop-
ment and repair, and it is therefore reasonable to suggest that these cells
respond to RA to increase alveolar Sa in regeneration. This induced
expansion of epithelial cells could conceivably provide the stimulus for
accompanying angiogenesis and ECM deposition.

Studies of alveolar cell *H-thymidine labelling after injury by
exposure to nitrogen dioxide or hyperoxia in mature rodent lungs have
shown initial proliferation of AETII cells followed by a large increase in
AETI cell labelling several days later.'*'? In contrast to AETII cells,
AETI cells showed minimal *H-thymidine labelling and an absence of
mitotic figures. These results are interpreted as evidence that AETI cells
are non-proliferative and terminally differentiated, and that sister cells
from AETII cell division can transform into AETI cells. Similarly alveolar
epithelial injury by ozone exposure causes AETI cell necrosis, followed
by a marked increase in mitotic activity within alveolar septal tissue
which is mostly accounted for by AETII cell proliferation.'?” Subsequent
studies of AETII cells isolated from hyperoxia-exposed adult rat lungs
have identified a subpopulation of AETII cells which are proliferative,
resistant to hyperoxic injury, and have high levels of telomerase
activity,'”® and therefore possess the properties of progenitor cells capable
of repopulating and repairing damaged alveolar epithelium.

Analysis of proliferation in the prenatal developing rat lung has
demonstrated maximal DNA synthesis and cell division when alveoli are
lined exclusively with AETII cells, and lower levels later in the AETI cell
epithelium,'” consistent with the theory that foetal AETII cells act as
progenitors for AETI cells. During developmental alveologenesis AETII
cells are often seen at the base of outgrowing septa in close proximity to
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LIFs," "% which provide an endogenous source of RA." This is thought
to stimulate proliferation and downstream gene expression in local cells
by autocrine and paracrine signalling, and in vitro evidence suggests that
exogenous RA could upregulate these paracrine mechanisms again in
AETII cells during alveolar regeneration. In vitro cultured AETIL
cells proliferate in response to RA in a dose-dependent manner.”® This
effect is associated with reductions in insulin-like growth factor binding
protein 2 (IGFBP-2) and CKI p21“"' expression. These proteins exert
anti-proliferative actions and have been shown to accumulate in various
situations that block in vitro AETII cell proliferation, such as oxidant
exposure,'** TGFB-1 treatment,” TNFo treatment*® and glucocorticoid
treatment.'*® RA abrogates AETII cell growth arrest by hyperoxia,'**
TGF-B1* and TNFa'*® by modulating production of IGFBP-2 or CKI
p21“™!, Similar actions during alveolar regeneration in vivo may permit
AETII cell proliferation to proceed.

14. Alveolar Regeneration by Adrenomedullin

Adrenomedullin (AM) is a multifunctional regulatory peptide that was
originally isolated from human phaeochromocytoma'?’ and has subse-
quently been detected in many human and rodent tissues, including
endothelium'® and the adult and foetal lung."**"**! In particular, AM
expression has been demonstrated in AETII cells of the normal human
lung'** and rat lung.'?

AM belongs to the calcitonin family and signals via a specific receptor,
which is a member of the G-protein linked receptor superfamily. To date its
known actions include induction of angiogenesis,'** vasodilatation,'*
inhibition of endothelial cell apoptosis'*®'*’ and autocrine modulation
of surfactant secretion by AETII cells.'* Its expression in the lung is upreg-
ulated by pro-inflammatory cytokines, lipopolysaccharide and hypoxia.'*®
In vitro studies of intracellular pathways have demonstrated that AM
expression is under the control of hypoxia-inducible factor and triiodothyro-
nine in several cell lines."”” RA has also been shown to influence AM
expression, increasing AM production by cultured vascular smooth muscle
cells," non-human primate cells'”! and murine macrophages.'> These find-
ings suggest that AM may play a role in alveolar maintenance and repair.
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The reparative abilities of AM have been studied in elastase-treated
mice following GFP+ BM transplantation.'™ Using a protocol similar to
Ishizawa et al.,” mice received intratracheal elastase followed immedi-
ately by continuous infusion of AM (or vehicle) for 14 days. After a
further 14 days, functional and histological analyses revealed that AM had
significantly attenuated the increases in lung volume, static lung compli-
ance and Lm typically caused by elastase. There was also clear evidence
of increased BM cell mobilisation in peripheral blood samples on flow
cytometry and lung tissue sections by immunohistochemistry. In addition,
serum vascular endothelial growth factor (VEGF) concentration was
unaffected by elastase instillation but significantly increased by AM treat-
ment. In vitro AM was shown to protect against the effects of elastase
exposure, decreasing the frequency of apoptosis and attenuating caspase-
3 activation in a human AETII cell line (A549) and a human umbilical
vein endothelial cell line (HUVEC). This comprehensive assessment indi-
cates that AM is able to partially prevent and/or repair elastase-induced
acute alveolar tissue damage, and suggests that this may be achieved by
direct effects on epithelial and endothelial cells and indirect effects
brought about by BM-derived cells.

To investigate the effects of AM on established emphysema, an addi-
tional group of mice received a 12-day continuous infusion of AM (or
vehicle) starting 25 days after elastase instillation. Morphometric analysis
after completion of treatment revealed a small but statistically significant
improvement in the Lm of AM-treated mice. Lung volume and static lung
compliance were significantly restored towards normal values by AM.
GFP+ cell numbers were noticeably increased in lung tissue sections from
AM-treated mice. Therefore, remarkably, AM appears to induce morpho-
logical and functional alveolar regeneration in the elastase mouse model
following ablative irradiation and BM transplantation. However, alveolar
Sa values were not reported in this paper, and so no objective assessment
was made of the ability of AM to increase alveolar Sa. It is possible that
the apparent reduction in Lm was a result of reduced tissue compliance
and lung volume, rather than de novo alveolar septation.

The regenerative abilities of AM have not yet been tested in other
animal models of emphysema to determine whether these results are
model-specific or more widely applicable. Whilst underlying mechanisms
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of AM action in acute lung injury have been investigated, these findings
may not apply to the pathological backdrop in established emphysema.

If we accept the conclusion that AM induces alveolar regeneration,
this study raises several interesting questions. Does AM activate the same
regenerative programmes as RA? Is AM an essential downstream effector
in RA-induced alveolar regeneration? Does AM act in concert on epithe-
lial, endothelial and interstitial elements of alveolar tissue to promote new
alveolar septation? Or is septal growth driven by angiogenesis?
Alternatively, are the beneficial effects of AM partly or wholly enacted by
paracrine signalling or the immunomodulatory actions of mobilised BM-
derived cells? If so, do such mechanisms play a role in RA-induced
alveolar regeneration as well? These possibilities are intriguing and
clearly warrant further study.

15. Conclusion and the Way Forward

In this chapter, we have reviewed evidence describing a previously
unrecognised degree of structural plasticity in the distal lung. Specific
small molecule regulators of alveolar development, maintenance, senes-
cence and regeneration have now been reported. Further understanding of
the molecular regulation of these complex programmes in both lung
health and disease may enable the use of molecular therapeutics to direct
the intrinsic cellular regenerative response. This approach requires not
just identification of specific regenerative signals, but the presence or
absence of effector cell populations. The first human lung regeneration
study in patients with COPD funded by the NIH demonstrated that RA has
biological activity and is well tolerated in this group of patients.'*
Further, much larger Pharma sponsored studies using RAR specific
agonists are underway and outcomes are awaited. Despite the current
driver of “translation” the basic cell and molecular biology of lung regen-
eration remains poorly understood.

References

1. Metzger, R.J., Klein, O.D., et al. The branching programme of mouse lung
development. Nature 453(7196), 745-750 (2008).



392

10.

11.

12.

13.

14.

15.

M. Hind and S. Stinchcombe

. Zhou, Q., Brown, J., et al. In vivo reprogramming of adult pancreatic

exocrine cells to beta-cells. Nature 455(7213), 627-632 (2008).

. Maeda, Y., Dave, V., et al. Transcriptional control of lung morphogenesis.

Physiol Rev 87(1), 219-244 (2007).

. Wilson, J.G, Roth, C.B., and Warkany, J. An analysis of the syndrome of

malformations induced by maternal Vitamin A deficiency. Effects of restora-
tion of Vitamin A at various times during gestation. Am J Anat 92, 28 (1953).

. Malpel, S., Mendelsohn, C., and Cardoso, W.V. Regulation of retinoic acid

signaling during lung morphogenesis. Development 127, 3057-3067
(2000).

. Wang, Z., Dolle, P., et al. Retinoic acid regulates morphogenesis and

patterning of posterior foregut derivatives. Dev Biol 297(2), 433-445
(2006).

. Desai, T.J., Chen, F., er al. Distinct roles for retinoic acid receptors alpha

and beta in early lung morphogenesis. Dev Biol 291(1), 12-24 (2006).

. Desai, T.J., Malpel, S., et al. Retinoic acid selectively regulates Fgf10

expression and maintains cell identity in the prospective lung field of the
developing foregut. Dev Biol 273(2), 402—415 (2004).

. Chen, F., Desai, T.J. et al. Inhibition of Tgf beta signaling by endogenous

retinoic acid is essential for primary lung bud induction. Development
134(16), 2969-2979 (2007).

Burri, PH., Dbaly, J., et al. The postnatal growth of the rat lung.
I. Morphometry. Anat Rec 178(4), 711-730 (1974).

Amy, R.-W., Bowes, D., et al. Postnatal growth of the mouse lung. J Anat
124(Pt 1), 131-151 (1977).

Zeltner, T.B. and Burri, P.H. The postnatal development and growth of the
human lung. II. Morphology. Respir Physiol 67(3), 269-282 (1987).

Hind, M., Corcoran, J., et al. Temporal/spatial expression of retinoid
binding proteins and RAR isoforms in the postnatal lung. Am J Physiol
Lung Cell Mol Physiol 282(3), L468-L476 (2002).

McGowan, S.E., Harvey, C.S., et al. Retinoids, retinoic acid receptors, and
cytoplasmic retinoid binding proteins in perinatal rat lung fibroblasts. Am J
Physiol 269(4 Pt 1), L463-1.472 (1995).

Ong, D.E. and Chytil, F. Changes in levels of cellular retinol and retinoic
acid binding proteins of the liver and lung during perinatal development.
Proc Natl Acad Sci USA 73, 2 (1976).



16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

Molecular Induction of Alveolar Regeneration 393

Massaro, D., Teich, N., Maxwell, S., Massaro, G.D., and Whitney, D.
Postnatal development of pulmonary alveoli: regulation and evidence for a
“critical period” in rats. J Clin Invest 76, 1297-1305 (1985).

Whitney, D., Massaro, G.D., Massaro, D., and Clerch, L. Gene expression
of retinoid binding proteins; modulation by retinoic acid and dexametha-
sone in neonatal rat lung. Pediatr Res 45(1), 2-7 (1999).

Hind, M., Corcoran, J., et al. Alveolar proliferation, retinoid synthesizing
enzymes, and endogenous retinoids in the postnatal mouse lung. Different
roles for Aldh-1 and Raldh-2. Am J Respir Cell Mol Biol 26(1), 67-73
(2002).

Okabe, T., Yorifuji, H., Yamada, E., and Takaku, F. Isolation and charac-
terization of Vitamin-A-storing lung cells. Exp Cell Res 154, 125-135
(1984).

Dirami, G., Massaro, G.D., et al. Lung retinol storing cells synthesize and
secrete retinoic acid, an inducer of alveolus formation. Am J Physiol Lung
Cell Mol Physiol 286(2), 1.249-1.256 (2004).

Chytil, F. Retinoids in lung development. FASEB J 10(9), 986992 (1996).
Cho, S.J., George, C.L., Snyder, J.M., and Acarregui, M.J. Retinoic acid and
erythropoietin maintain alveolar development in mice treated with an angio-
genesis inhibitor. Am J Respir Cell Mol Biol 33, 622—-628 (2005).
Nabeyrat, E., Besnard, V., et al. Retinoic acid induced proliferation of lung
alveolar epithelial cells: relation with the IGF system. Am J Physiol Lung
Cell Mol Physiol 275, L71-L79 (1998).

Liebeskind, A., Srinivasan, S., et al. Retinoic acid stimulates immature lung
fibroblast growth via a PDGF-mediated autocrine mechanism. Am J Physiol
Lung Cell Mol Physiol 279(1), L81-L90 (2000).

Liu, B., Harvey, C.S., and McGowan, S.E. Retinoic acid increases elastin in
neonatal rat lung fibroblast cultures. Am J Physiol 265, 430-437 (1993).
McGowan, S.E., Doro, M.M., et al. Endogenous retinoids increase perinatal
elastin gene expression in rat lung fibroblasts and fetal explants. Am J
Physiol 273(2 Pt 1), L410-1L416 (1997).

Massaro, G.D. and Massaro, D. Postnatal treatment with retinoic acid
increases the number of pulmonary alveoli in rats. Am J Physiol 270(2 Pt 1),
L305-L310 (1996).

Hind, M. and Maden, M. Retinoic acid induces alveolar regeneration in the
adult mouse lung. Eur Respir J 23(1), 20-27 (2004).



394

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

M. Hind and S. Stinchcombe

Yang, L., Naltner, A., et al. Overexpression of a dominant negative retinoic
acid receptor alpha acuses alveolar abnormality in transgenic neonatal
lungs. Endocrinology 144, 3004-3011 (2003).

Pasutto, F., Sticht, H., et al. Mutations in STRA6 cause a broad spectrum of
malformations including anophthalmia, congenital heart defects, diaphrag-
matic hernia, alveolar capillary dysplasia, lung hypoplasia, and mental
retardation. Am J Hum Genet 80(3), 550-560 (2007).

Wolbach, S.B. and Howe, P.R. Tissue changes following deprevation of fat-
soluble A vitamin. J Exp Med 42, 753-757 (1925).

Wolbach, S.B. and Howe, P.R. Epithelial repair and recovery from
Vitamin A deficiency. J Exp Med 57, 25 (1932).

Baybutt, R.C., Hu, L., ef al. Vitamin A deficiency injures lung and liver
parenchyma and impairs function of rat type II pneumocytes. J Nutr 130(5),
1159-1165 (2000).

Maden, M. and Hind, M. Retinoic acid in alveolar development, mainte-
nance and regeneration. Philos Trans R Soc Lond B Biol Sci 359(1445),
799-808 (2004).

McGowan, S.E. and Holmes, A.J. Vitamin A deficiency alters pulmonary
parenchymal collagen and tissue mechanics. Respir Physiol Neurobiol
156(3), 312-319 (2007).

Morabia, A., Menkes, M.J., Comstock, G.W., and Tockman, M.S. Serum
retinol and airway obstruction. Am J Epidemiol 132, 77-82 (1990).
Guenegou, A., Leynaert, B., ef al. Serum carotenoids, Vitamins A and E, and
8 year lung function decline in a general population. Thorax 61(4), 320-326
(2006).

Morabia, A., Sorenson, A., Kumanyika, S.K., Abbey, H., Cohen, B.H., and
Chee, E. Vitamin A, cigarette smoking, and airway obstruction. Am Rev
Respir Dis 140, 1312-1316 (1989).

Tenney, S.M. and Remmers, J.E. Comparative quantitative morphology of
the mammalian lung diffusion area. Nature 197, 2 (1963).

Weibel, E.R., Taylor, C.R., et al. The concept of symmorphosis: a testable
hypothesis of structure-function relationship. Proc Natl Acad Sci USA
88(22), 10357-10361 (1991).

Massaro, D. and Massaro, G.D. Invited review: pulmonary alveoli: forma-
tion, the “call for oxygen,” and other regulators. Am J Physiol Lung Cell
Mol Physiol 282(3), L345-1.358 (2002).



42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Molecular Induction of Alveolar Regeneration 395

Gonzales-Pacheco, D.M., Buss, W.C., ef al. Energy restriction reduces
metabolic rate in adult male Fisher-344 rats. J Nutr 123(1), 90-97 (1993).
Munch, I.C., Markussen, N.H., et al. Resting oxygen consumption in rats
during food restriction, starvation and refeeding. Acta Physiol Scand
148(3), 335-340 (1993).

Sahebjami, H. and Wirman, J.A. Emphysema-like changes of starved rats.
Am Rev Respir Dis 124, 619-624 (1981).

Harkema, J.R., Mauderly, J.L., Gregory, R.E., and Pickerell, J.A. A com-
parison of starvation and elastase models of emphysema in the rat. Am Rev
Respir Dis 129, 584-591 (1984).

Kerr, J.S., Riley, D.J., Lanza-Jacoby, S., Berg, R.A., Spilker, W.C., and Yu,
S.Y. Nutritional emphysema in the rat. Influence of protein depletion and
impaired lung growth. Am Rev Respir Dis 131, 644-650 (1985).

Karlinsky, J.B., Goldstein, R.H., Ojserkis, B., and Snider, GL. Lung
mechanics and connective tissue changes in starvation-induced emphysema
in hamsters. Am J Physiol 251, R282-R288 (1986).

Massaro, D., Massaro, GD., et al. Calorie-related rapid onset of alveolar
loss, regeneration, and changes in mouse lung gene expression. Am J
Physiol Lung Cell Mol Physiol 286(5), L.896-1.906 (2004).

Massaro, D., Alexander, E., et al. Rapid onset of gene expression in lung,
supportive of formation of alveolar septa, induced by refeeding mice after
calorie restriction. Am J Physiol Lung Cell Mol Physiol 292(5),
L1313-L.1326 (2007).

Lieberman, J. The ABCs of granule-mediated cytotoxicity: new weapons in
the arsenal. Nat Rev Immunol 3(5), 361-370 (2003).

Saetta, M. Airway inflammation in chronic obstructive pulmonary disease.
Am J Respir Crit Care Med 160(5 Pt 2), S17-S20 (1999).

Winick, M. Hunger Disease. Studies by the Jewish Physicians in the Warsaw
Ghetto (New York, John Wiley and Sons, 1979).

Coxson, H.O., Chan, I.LH., et al. Early emphysema in patients with anorexia
nervosa. Am J Respir Crit Care Med 170(7), 748-752 (2004).

Cook, V.J., Coxson, H.O., et al. Bullae, bronchiectasis and nutritional
emphysema in severe anorexia nervosa. Can Respir J 8(5), 361-365 (2001).
Massaro, GD., Mortola, J.P,, et al. Sexual dimorphism in the architecture of
the lung’s gas-exchange region. Proc Natl Acad Sci USA 92(4), 1105-1107
(1995).



396

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

65.

67.

M. Hind and S. Stinchcombe

Massaro, GD., Mortola, J.P.,, et al. Estrogen modulates the dimensions of
the lung’s gas-exchange surface area and alveoli in female rats. Am J
Physiol 270(1 Pt 1), L110-L114 (1996).

Patrone, C., Cassel, T.N., et al. Regulation of postnatal lung development
and homeostasis by estrogen receptor beta. Mol Cell Biol 23(23),
8542-8552 (2003).

Massaro, D. and Massaro, G.D. Estrogen regulates pulmonary alveolar
formation, loss, and regeneration in mice. Am J Physiol Lung Cell Mol
Physiol 287(6), L1154-1.1159 (2004).

Massaro, D. and Massaro, G.D. Estrogen receptor regulation of pulmonary
alveolar dimensions: alveolar sexual dimorphism in mice. Am J Physiol
Lung Cell Mol Physiol 290(5), L866-L870 (2006).

Massaro, D., Clerch, L.B., et al. Estrogen receptor-alpha regulates
pulmonary alveolar loss and regeneration in female mice: morphometric
and gene expression studies. Am J Physiol Lung Cell Mol Physiol 293,
1.222-1.228 (2007).

Neas, L.M. and Schwartz, J. The determinants of pulmonary diffusing
capacity in a national sample of U.S. adults. Am J Respir Crit Care Med
153(2), 656-664 (1996).

Kasch, EW., Boyer, J.L, et al. (1999). Ageing of the cardiovascular system
during 33 years of aerobic exercise. Age Ageing 28(6), 531-536.

Carlson, C.L., Cushman, M., et al. Hormone replacement therapy is associ-
ated with higher FEV1 in elderly women. Am J Respir Crit Care Med
163(2), 423-428 (2001).

Pata, O., Atis, S., et al. The effects of hormone replacement therapy type on
pulmonary functions in postmenopausal women. Maturitas 46(3), 213-218
(2003).

Strinic, T. and Eterovic, D. Oral contraceptives improve lung mechanics.
Fertil Steril 79(5), 1070-1073 (2003).

von Hertzen, L., Reunanen, A., et al. Airway obstruction in relation to
symptoms in chronic respiratory disease — a nationally representative
population study. Respir Med 94(4), 356-363 (2000).

Miravitlles, M., Ferrer, M., et al. Characteristics of a population of COPD
patients identified from a population-based study. Focus on previous diag-
nosis and never smokers. Respir Med 99(8), 985-995 (2005).



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Molecular Induction of Alveolar Regeneration 397

Goss, R.J. Principles of Regeneration (New York, Academic Press, 1969).

Maden, M., Sonneveld, E., er al. The distribution of endogenous retinoic
acid in the chick embryo: implications for developmental mechanisms.
Development 125(21), 4133-4144 (1998).

Scadding, S.R. and Maden, M. Retinoic acid gradients during limb regen-
eration. Dev Biol 162(2), 608-617 (1994).

Brockes, J.P. Introduction of a retinoid reporter gene into the urodele limb
blastema. Proc Natl Acad Sci USA 89, 1386—-1390 (1992).

Maden, M. Retinoids as endogenous components of the regenerating limb
and tail. Wound Repair Regen 6(4), 358-365 (1998).

Allen, S.P,, Maden, M., et al. A role for retinoic acid in regulating the regen-
eration of deer antlers. Dev Biol 251(2), 409-423 (2002).

Maden, M. and Hind, M. Retinoic acid, a regeneration-inducing molecule.
Dev Dyn 226(2), 237-244 (2003).

Massaro, G.D. and Massaro, D. Retinoic acid treatment abrogates
elastase-induced pulmonary emphysema in rats. Nat Med 3(6), 675-677
(1997).

Karlinsky, J.B. and Snider, GL. Animal models of emphysema. Am Rev
Respir Dis 117(6), 1109-1133 (1978).

Belloni, PN., Garvin, L., et al. Effects of all-trans-retinoic acid in promot-
ing alveolar repair. Chest 117, 235-241 (2000).

Tepper, J., Pfeiffer, J., Aldrich, M., Tumas, D., Kern, J., Hoffman, E.,
McLennan, G., and Hyde, D. Can retinoic acid ameliorate the physiologic
and morphologic effects of elastase instillation in the rat? Chest 117(Suppl),
2 (2000).

Ishizawa, K., Kubo, H., Yamada, M., Kobayashi, S., Numasaki, M.,
Ueda, S., Suzuki, T., and Sasaki, H. Bone marrow derived cells contribute
to lung regeneration after elastase-induced pulmonary emphysema. FEBS
Lett 556, 249-252 (2004).

Nakajoh, M., Fukushima, T., et al. Retinoic acid inhibits elastase-induced
injury in human lung epithelial cell lines. Am J Respir Cell Mol Biol 28(3),
296-304 (2003).

Green, M.C., Sweet, H.O., and Bunker, L.E. Tight-skin, a new mutation of
the mouse causing excessive growth of connective tissue and skeleton. Am J
Pathol 82, 493-512 (1976).



398

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

M. Hind and S. Stinchcombe

Siracusa, L.D., McGrath, R., Ma, Q., Moskow, J.J., Manne, J., Christner, P.J.,
Buchberg, A.M., and Jimenez, S.A. A tandem duplication within the
fibrillin 1 gene is associated with the mouse tight skin mutation. Genome
Res 6, 300-313 (1996).

Szapiel, S.V., Fulmer, J.D., et al. Hereditary emphysema in the tight-skin
(Tsk/+) mouse. Am Rev Respir Dis 123(6), 680-685 (1981).

Martorana, P.A., van Even, P, ef al. A 16-month study of the development
of genetic emphysema in tight-skin mice. Am Rev Respir Dis 139(1),
226-232 (1989).

Massaro, G. and Massaro, D. Retinoic acid partially rescues failed septation
in rats and in mice. Am J Physiol Lung Cell Mol Physiol 278, 1.955-1.960
(2000).

Garber, S.J., Zhang, H., et al. Hormonal regulation of alveolarization:
structure-function correlation. Respir Res 7, 47 (2006).

Maden, M. Retinoids have differing efficacies on alveolar regeneration in a
dexamethasone-treated mouse. Am J Respir Cell Mol Biol 35(2), 260-267
(2006).

Fujita, M., Shannon, J.M., et al. Overexpression of tumor necrosis factor-
alpha produces an increase in lung volumes and pulmonary hypertension.
Am J Physiol Lung Cell Mol Physiol 280(1), L39-1.49 (2001).

Fujita, M., Ye, Q., Ouchi, H., Nakashima, N., Hamada, N., Hagimoto, N.,
Kuwano, K., Mason, R.J., and Nakanishi, Y. Retinoic acid fails to reverse
emphysema in adult mouse models. Thorax 59, 224-230 (2004).

March, T.H., Bowen, L.E., et al. Effects of strain and treatment with inhaled
all-trans-retinoic acid on cigarette smoke-induced pulmonary emphysema
in mice. COPD 2(3), 289-302 (2005).

Ofolue, A.F.,, Xiang, Y., Yang, N., and Belloni, P.N. Retinoids reverse ciga-
rette smoke-induced emphysema in rats. Am J Respir Crit Care Med 165,
137 (2002).

An, L., Zhang, H., et al. Prophylactic effect of retinoic acid on chronic
obstructive pulmonary emphysema in rats. Zhonghua Jie He He Hu Xi
Za Zhi 25(6), 356-359 (2002).

Meshi, B., Vitalis, T.Z., Ionscu, D., Elliot, W.M., Liu, C., Wang, X.D.,
Hayashi, S., and Hogg, J.C. Emphysematous lung destruction by cigarette
smoke: the effects of latent adenoviral on the inflammatory response. Am J
Respir Cell Mol Biol 26, 52-57 (2002).



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Molecular Induction of Alveolar Regeneration 399

Lucey, E.C., Goldstein, R.H., Breuer, R., Rexer, B.R., Ong, D.E., and
Snider, GL. Retinoic acid does not affect alveolar septation in adult FVB
mice with elastase-induced emphysema. Respiration 70, 200-205 (2003).
March, T.H., Cossey, P.Y., et al. Inhalation administration of all-transretinoic
acid for treatment of elastase-induced pulmonary emphysema in Fischer
344 rats. Exp Lung Res 30(5), 383-404 (2004).

Quintana, H.K., Cannet, C., et al. Proton MRI as a noninvasive tool to
assess elastase-induced lung damage in spontaneously breathing rats. Magn
Reson Med 56(6), 1242-1250 (2006).

Nishia, Y., Boswella, V., Ansarib, T., Piprawalab, F., Satchi, S., and Page, C.P.
Elastase-induced changes in lung function: relationship to morphometry and
the effect of drugs. Pulm Pharmacol Ther 16, 221-229 (2003).
Stinchcombe, S.V. and Maden, M. Retinoic acid induced alveolar regenera-
tion: critical differences in strain sensitivity. Am J Respir Cell Mol Biol
38(2), 185-191 (2008).

Brockes, J.P. and Kumar, A. Appendage regeneration in adult vertebrates
and implications for regenerative medicine. Science 310(5756), 1919-1923
(2005).

Fausto, N. Liver regeneration. J Hepatol 32, 19-32 (2000).

Yen, T.H. and Wright, N.A. The gastrointestinal tract stem cell niche. Stem
Cell Rev 2(3), 203-212 (2006).

Kotton, D.N., Ma, B.Y., Cardoso, W.V., Sanderson, E.A., Summer, E.S.,
Williams, M.C., and Fine, A. Bone marrow derived cells as progenitors of
lung alveolar epithelium. Development 128, 5181-5188 (2001).

Krause, D.S., Theise, N.D., Collector, M.I.,, Henegariu, O., Hwang, S.,
Gardner, R., Neutzel, S., and Sharkis, S.J. Mulit-organ, multi-lineage
engraftment by a single bone marrow derived stem cell. Cell 105, 369-377
(2001).

Ortiz, L.A., Gambelli, F,, ef al. Mesenchymal stem cell engraftment in lung
is enhanced in response to bleomycin exposure and ameliorates its fibrotic
effects. Proc Natl Acad Sci USA 100(14), 8407-8411 (2003).

Rojas, M., Xu, J., et al. Bone marrow-derived mesenchymal stem cells in
repair of the injured lung. Am J Respir Cell Mol Biol 33(2), 145-152 (2005).
Abe, S., Boyer, C., et al. Cells derived from the circulation contribute to the
repair of lung injury. Am J Respir Crit Care Med 170(11), 1158-1163
(2004).



400

107.

108.

109.

110.

I11.

112.

113.

114.

115.

116.

117.

118.

M. Hind and S. Stinchcombe

Beckett, T., Loi, R., et al. Acute lung injury with endotoxin or NO, does not
enhance development of airway epithelium from bone marrow. Mol Ther
12(4), 680-686 (2005).

Xu, J., Woods, C.R., et al. Prevention of endotoxin-induced systemic
response by bone marrow-derived mesenchymal stem cells in mice. Am J
Physiol Lung Cell Mol Physiol 293(1), L131-L141 (2007).

Loi, R., Beckett, T., et al. Limited restoration of cystic fibrosis lung epithe-
lium in vivo with adult bone marrow-derived cells. Am J Respir Crit Care
Med 173(2), 171-179 (2006).

Theise, N.D., Henegariu, O., et al. Radiation pneumonitis in mice: a severe
injury model for pneumocyte engraftment from bone marrow. Exp Hematol
30(11), 1333-1338 (2002).

Herzog, E.L., Van Arnam, J., et al. Threshold of lung injury required for the
appearance of marrow-derived lung epithelia. Stem Cells 24(8), 1986—1992
(20006).

Suratt, B.T., Cool, C.D., et al. Human pulmonary chimerism after
hematopoietic stem cell transplantation. Am J Respir Crit Care Med 168(3),
318-322 (2003).

Kleeberger, W., Versmold, A., et al. Increased chimerism of bronchial and
alveolar epithelium in human lung allografts undergoing chronic injury. Am
J Pathol 162(5), 1487-1494 (2003).

Wagers, A.J., Sherwood, R.I., et al. Little evidence for developmental plas-
ticity of adult hematopoietic stem cells. Science 297(5590), 2256-2259
(2002).

Chang, J.C., Summer, R., et al. Evidence that bone marrow cells do not
contribute to the alveolar epithelium. Am J Respir Cell Mol Biol 33(4),
335-342 (2005).

Kotton, D.N., Fabian, A.J., et al. Failure of bone marrow to reconstitute
lung epithelium. Am J Respir Cell Mol Biol 33(4), 328-334 (2005).
Harris, R.G., Herzog, E.L., et al. Lack of a fusion requirement for
development of bone marrow-derived epithelia. Science 305(5680),
90-93 (2004).

Herzog, E.L., Van Arnam, J., et al. Lung-specific nuclear reprogramming is
accompanied by heterokaryon formation and Y chromosome loss following
bone marrow transplantation and secondary inflammation. FASEB J 21(10),
2592-2601 (2007).



119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Molecular Induction of Alveolar Regeneration 401

Yuhgetsu, H., Ohno, Y., et al. Beneficial effects of autologous bone marrow
mononuclear cell transplantation against elastase-induced emphysema in
rabbits. Exp Lung Res 32(9), 13-26 (20006).

Shigemura, N., Okumura, M., ef al. Autologous transplantation of adipose
tissue-derived stromal cells ameliorates pulmonary emphysema. Am J
Transplant 6(11), 2592-2600 (2006).

Direkze, N.C., Forbes, S.J., et al. Multiple organ engraftment by bone-
marrow-derived myofibroblasts and fibroblasts in bone-marrow-transplanted
mice. Stem Cells 21(5), 514-520 (2003).

Epperly, M.W., Guo, H., et al. Bone marrow origin of myofibroblasts in irra-
diation pulmonary fibrosis. Am J Respir Cell Mol Biol 29(2), 213-224 (2003).
Hashimoto, N., Jin, H., et al. Bone marrow-derived progenitor cells in
pulmonary fibrosis. J Clin Invest 113(2), 243-252 (2004).

Zhao, Y.D., Courtman, D.W., et al. Rescue of monocrotaline-induced
pulmonary arterial hypertension using bone marrow-derived endothelial-
like progenitor cells: efficacy of combined cell and eNOS gene therapy in
established disease. Circ Res 96(4), 442-450 (2005).

Evans, M.J., Cabral, L.J., et al. Renewal of alveolar epithelium in the rat
following exposure to NO,. Am J Pathol 70(2), 175-198 (1973).
Adamson, 1.Y. and Bowden, D.H. The type 2 cell as progenitor of alveolar
epithelial regeneration. A cytodynamic study in mice after exposure to
oxygen. Lab Invest 30(1), 3542 (1974).

Vincent, R. and Adamson, 1.Y. Cellular kinetics in the lungs of aging Fischer
344 rats after acute exposure to ozone. Am J Pathol 146(4), 1008—1016 (1995).
Reddy, R., Buckley, S., et al. Isolation of a putative progenitor subpopula-
tion of alveolar epithelial type 2 cells. Am J Physiol Lung Cell Mol Physiol
286(4), L658-L667 (2004).

Adamson, I.Y. and Bowden, D.H. Derivation of type 1 epithelium from type
2 cells in the developing rat lung. Lab Invest 32(6), 736745 (1975).
Burri, PH. The postnatal growth of the rat lung. 3. Morphology. Anat Rec
180(1), 77-98 (1974).

Vaccaro, C. and Brody, J.S. Ultrastructure of the developing alveoli. I. The
role of the interstitial fibroblast. Anat Rec 192, 13 (1978).

Maksvyitis, H.J., Vaccaro, C., and Brody, J.S. The isolation and characteri-
sation of the lipid containing interstitial cell from the developing rat lung.
Lab Invest 45, 248-259 (1981).



402

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

143.

M. Hind and S. Stinchcombe

Sannes, PL. Structural and functional relationships between type II pneu-
mocytes and components of extracellular matrices. Exp Lung Res 17(4),
639-659 (1991).

Nabeyrat, E., Corroyer, S., et al. Retinoic acid protects against hyperoxia-
mediated cell-cycle arrest of lung alveolar epithelial cells by preserving late
G1 cyclin activities. Am J Respir Cell Mol Biol 25(4), 507-514 (2001).
Besnard, V., Nabeyrat, E., et al. Protective role of retinoic acid from antipro-
liferative action of TNF-alpha on lung epithelial cells. Am J Physiol Lung
Cell Mol Physiol 282(4), L863-L871 (2002).

Mouhieddine, O.B., Cazals, V., et al. Insulin-like growth factor-II (IGF-1I),
type 2 IGF receptor, and IGF-binding protein-2 gene expression in rat lung
alveolar epithelial cells: relation to proliferation. Endocrinology 135(1),
83-91 (1994).

Kitamura, K., Kangawa, K., ef al.. Adrenomedullin: a novel hypotensive
peptide isolated from human pheochromocytoma. Biochem Biophys Res
Commun 192(2), 553-560 (1993).

Ishiyama, Y., Ohgi, T., ef al. Pheochromocytoma associated with nocturnal
hypertension. Intern Med 32(10), 781-783 (1993).

Ichiki, Y., Kitamura, K., et al. Distribution and characterization of
immunoreactive adrenomedullin in human tissue and plasma. FEBS Lett
338(1), 6-10 (1994).

Sakata, J., Shimokubo, T., et al. Distribution and characterization of
immunoreactive rat adrenomedullin in tissue and plasma. FEBS Lett 352(2),
105-108 (1994).

Lopez, J. and Martinez, A. Cell and molecular biology of the multi-
functional peptide, adrenomedullin. Int Rev Cytol 221, 1-92 (2002).
Martinez, A., Miller, M.J., et al. Adrenomedullin receptor expression in
human lung and in pulmonary tumors. J Histochem Cytochem 45(2),
159-164 (1997).

Okumura, M., Kai, H., et al. Adrenomedullin increases phosphatidylcholine
secretion in rat type II pneumocytes. Eur J Pharmacol 403(3), 189-194
(2002).

Kim, W., Moon, S.O., et al. Angiogenic role of adrenomedullin through
activation of Akt, mitogen-activated protein kinase, and focal adhesion
kinase in endothelial cells. FASEB J 17(13), 1937-1939 (2003).



145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Molecular Induction of Alveolar Regeneration 403

Nishimatsu, H., Suzuki, E., et al. Adrenomedullin induces endothelium-
dependent vasorelaxation via the phosphatidylinositol 3-kinase/Akt-dependent
pathway in rat aorta. Circ Res 89(1), 63-70 (2001).

Kato, H., Shichiri, M., et al. Adrenomedullin as an autocrine/paracrine
apoptosis survival factor for rat endothelial cells. Endocrinology 138(6),
2615-2620 (1997).

Sata, M., Kakoki, M., et al. Adrenomedullin and nitric oxide inhibit human
endothelial cell apoptosis via a cyclic GMP-independent mechanism.
Hypertension 36(1), 83-88 (2000).

Hwang, 1.S., Fung, M.L., et al. Age-related changes in adrenomedullin
expression and hypoxia-inducible factor-1 activity in the rat lung and their
responses to hypoxia. J Gerontol A Biol Sci Med Sci 62(1), 41-49 (2007).
Otto, T. and Fandrey, J. Thyroid hormone induces hypoxia-inducible factor
lalpha gene expression through thyroid hormone receptor beta/retinoid X
receptor alpha-dependent activation of hepatic leukemia factor.
Endocrinology 149(5), 2241-2250 (2008).

Minamino, N., Shoji, H., et al. Adrenocortical steroids, thyroid hormones and
retinoic acid augment the production of adrenomedullin in vascular smooth
muscle cells. Biochem Biophys Res Commun 211(2), 686693 (1995).
Zudaire, E., Martinez, A., et al. Characterization of adrenomedullin in
non-human primates. Biochem Biophys Res Commun 321(4), 859-869
(2004).

Kubo, A., Minamino, N., et al. Production of adrenomedullin in
macrophage cell line and peritoneal macrophage. J Biol Chem 273(27),
16730-16738 (1998).

Murakami, S., Nagaya, N., et al. Adrenomedullin regenerates alveoli and
vasculature in elastase-induced pulmonary emphysema in mice. Am J
Respir Crit Care Med 172(5), 581-589 (2005).

Roth, M.D., Connett, J.E., et al. Feasibility of retinoids for the treatment of
emphysema study. Chest 130(5), 1334—1345 (2006).



This page intentionally left blank



Chapter 14
Assessment of Cell Engraftment

Robert Zweigerdt and William Rust

Demonstrating that a cell therapy can directly contribute to functional

recovery of a diseased organ is made difficult by experimental methods

that are liable to introduce false-positive data. In this chapter we analyze

the methods used to prove that a transplanted cell has grafted into the

target organ and highlight the potentials for producing misleading

results. Furthermore, we discuss the advantages and pitfalls of supporting

graft data by quantifying improvement of organ function. We conclude

that a multi-tiered experimental approach is required to thoroughly dispel

the notion that engraftment and functional improvement are artefactual.

Because of the relative immaturity of the field of lung cell therapy, we

draw many of our examples from tissues with related challenges, such

as cardiomyocyte cell therapy.
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engraftment; misleading results.
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1. Introduction

Two general mechanisms for the use of cells to repair organ damage have
been reported, both of which have been applied to the lung. The first strat-
egy aims at tissue replacement by providing donor cells to an affected
organ. While cells might be injected directly into the tissue, the least
invasive technique is to introduce suitable stem or progenitor cells into the
blood stream, which harbours the capacity to home to the lung and
differentiate into, for example, alveolar epithelial cells.! Donor cells
might originate from several sources such as the bone marrow, embryonic
stem cells (ESC), or from the lung itself. They can further be genetically
modified to repair a defective gene or to introduce a reporter gene to
enable efficient cell tracking in an experimental setup.

The second method involves the engineering of replacement tissue
in vitro, which is then transplanted to the lung.> A consequent long-term
goal in the field is the engineering of a total bioartificial lung in vitro
which can be used for surgical whole organ replacement.® However, in the
current studies of cell or tissue transplantation, one major requirement is
the functional integration of the replacement tissue into the complex
organisation of the existing lung and to ensure efficient connection to
the host vasculature. Furthermore, a significant challenge to researchers
in the field is to demonstrate that the replacement tissue can not only
integrate into the recipient’s lung but can do so to a level sufficient to
improve its function.

Demonstrating that a cell therapy can directly contribute to functional
recovery of a diseased lung is not a trivial issue. Polymerase chain reaction
(PCR)-based detection methods are insufficient to demonstrate successful
organ engraftment. Methods of visual quantification of cellular differenti-
ation and engraftment in biopsied samples are the most widely used.
However, these methods are prone to introduce false positives and bias,
thereby demanding demonstration of functional improvement in parallel
(see Chapter 5). Assessment of functional recovery carries its own pitfalls
as it can result from secondary effects of the transplant not related to long-
term functional integration. It is therefore important to pay close attention
to experimental design and to use multiple methods of evaluation.

In this chapter we will discuss the advantages and shortcomings of var-
ious methods of assessing donor cell engraftment in several organs. Despite
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the medical need, tissue engineering and cell therapy for lung repair is in its
infancy. This might be due to the complexity of the organ, which consists of
over 40 distinct cell types in the respiratory tract. The alveolar wall itself
contains fibroblasts, myofibroblasts, and capillary endothelial cells embed-
ded in an extracellular matrix. The alveolar epithelium is formed from two
types of pneumocytes, type I which comprises 90% of the surface epithelial
layer, and type II, the putative stem cells. Limited availability of replace-
ment cells for lung repair is another reason for the early stage of the field.
For example, the capacity of murine ESC to differentiate into airway epithe-
lia containing both ciliated pneumocytes and Clara cells (lining the
bronchiole) was for the first time reported in 2005.* In contrast, mouse ESC-
derived cardiomyocytes were isolated and characterised in the early 90s>
and refinements to their production and use have made great progress.®®
Auvailability of suitable donor cells from ESC or adult tissues has triggered
early research on cell-based tissue repair in the heart,” the brain,'’ and the
liver."" Given the similarity of challenges faced by researchers endeavour-
ing to design cell therapies for these organs and for the lung, we will be
drawing examples from these earlier areas of research.

2. Visual Detection of Engrafted Cells — Mechanisms
Underlying Misleading Results

(See also Chapter 5)

Perhaps the most widely employed method to detect engraftment of
transplanted cells is to introduce a donor population which is genetically
marked to be easily identifiable post-engraftment. Male bone marrow-
derived murine stem cells injected into female mice models of lung injury
have been detected via fluorescent in sifu hybridisation of the Y chromo-
some in lung explants.'>"> These cells displayed the morphology of the
alveolar epithelium and expressed tissue specific markers, demonstrating
that cells originating from the bone marrow could integrate and differen-
tiate into lung tissue. Murine bone marrow-derived stem cells genetically
modified to constitutively express eGFP or LacZ have also been detected
in the murine host lung following lung injury and displayed morphology
of the alveolar epithelial cells.'®!” Although not reported in these studies,
functional recovery was suggested by the demonstration that donor cells
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were recruited more vigorously to damaged lungs and made a significant
contribution (up to 20%) of the alveolar epithelium. However, a chimeric
mouse model, wherein the bone marrow was depleted and replaced with
transplanted cells that harboured an eGFP construct driven by an alveolar
epithelium-specific promoter, failed to produce any GFP fluorescing cells
in the alveolar epithelium, even after lung injury.'®!" A detailed analysis
of the generation of false positives in models wherein the donor tissue
constitutively expressed a visual marker demonstrated that marked cells
were either juxtaposed over true alveolar epithelium or retained stem cell
morphology.'®?* These results not only draw into question whether bone
marrow-derived stem cells can contribute to the repair of a damaged lung,
but also challenge the underlying notion that bone marrow-derived stem
cells differentiate to alveolar epithelium in vivo.

Although not addressed in these studies, another source of false-
positive observations is the occurrence of cell fusion. A progenitor cell
can easily be construed to have differentiated into a functional cell type as
a result of fusion to an existing cell in the host organ. Following reports
that stem cells residing in one tissue may have the capacity to produce dif-
ferentiated cell types for other tissues (a phenomenon often referred to as
transdifferentiation or stem cell plasticity), unequivocal evidence of spon-
taneous fusion in vitro suggested that this mechanism might also underlie
“transdifferentiation” events in vivo. Findings in cell therapy studies aim-
ing at the repair of several organs including liver, heart and lung have been
challenged by the claims of cell fusion. These have been recently
reviewed for the heart,?' the liver,* and the lung.”

Although cell fusion is presented here as an additional factor in the
analysis of cellular engraftment, it can be viewed as a potential aid to
cell therapy. Notably, cell fusion seems to take place with particularly
high incidence in the liver. The combined cell, or heterokaryon, contains
new genetic material which can provide a selective advantage over res-
ident hepatocytes that stimulate proliferation and liver repopulation.
Therefore genetic deficiencies might be a specific target for cell fusion
therapies.?

However, methodology to eliminate false positives due to cellular
fusion was shown in a study of liver cell therapy employing xenogenic
transplantation.”> Human hepatocytes were transplanted into mice spleen.



Assessment of Cell Engraftment in Organ Repair 409

Human and mice hepatocytes were subsequently detected in the liver
using mouse and human-specific pan-centromeric probes. Double
fluorescing cells which also overlapped with DAPI labelling were
products of fusion while single fluorescing; DAPI-labelled cells were not.
Furthermore, the mice were deficient for the liver specific enzyme Fah
(fumarylacetoacetate hydrolase), and thus human hepatocytes were
discerned by the presence of human FAH.

In an example drawn from the field of cardiac cell therapy aimed at
explicit demonstration that bone marrow (BM)-derived cells can acquire
cardiomyogenic phenotypes by transdifferentiation, researchers constructed
an experimental design wherein male donor cells from three types of
genetically engineered mice strains were transplanted to injured female
host hearts.?® eGFP was either constitutively expressed in all transplanted
bone marrow cells (B-actin promoter-eGFP), or turned on only in cells
that had adopted a cardiac myocyte fate (cardiac a-MHC promoter-
eGFP). In the third design, c-myc was expressed and targeted to the nuclei
in donor cells upon differentiation into cardiac myocytes (cardiac o-MHC
promoter-c-myc-nuc-Act). The donor origin of cells injected into the heart
was thus determined by expression of eGFP, by nuclear akt tagged with
c-myc, and by the presence of the Y chromosome. That transdifferentiation
and engraftment did not occur but cell fusion was demonstrated by the
presence of only one set of sex chromosomes and by total DNA content.
As formalin-fixed cardiac tissue has high background fluorescence, the
possibility of false positives detected in tissue immunofluorescence was
alleviated through the use of primary antibodies directly conjugated
with fluorescent quantum dots. At the surface, this appears to be an
exhaustive approach. However, the presented data lacked key controls
showing that the cardiomyocyte-specific eGFP and c-myc tag was
not readily expressed in the bone marrow cells when transplanted. Also,
to eliminate the problem of autofluorescence, DAB immunostaining and
light microscopy with adequate negative controls should have been
included.

Thus, the cardiomyogenic potential of adult BM cells after directly
transplantation into ischemically injured heart remains a controversial
issue. To address this question, several populations of BM cells (low-
density mononuclear, c-kit-enriched, and highly enriched lineage (-)
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c-kit(+)) were obtained from adult transgenic mice ubiquitously expressing
eGFP, and injected around the infarcted myocardiums of nontransgenic
mice.”” The ability of transplanted BM cells to develop intracellular cal-
cium transients in response to membrane depolarisation in situ was
studied. After 9-10 days the mice were killed and the hearts removed,
perfused, loaded with the calcium-sensitive fluorophore rhod-2, and sub-
jected to two-photon laser scanning fluorescence microscopy (TPLSM) to
monitor action potential-induced Ca(2+) ion transients in eGFP-expressing
donor-derived cells and non-expressing host cardiomyocytes. Bone
marrow-derived cells were located in clusters throughout the scar or peri-
infarct zone. However, whereas spontaneous and electrically evoked
calcium transients were found to occur synchronously in host cardiomy-
ocytes along the graft-host border and in areas remote from the infarct,
they were absent in all of the >3,000 imaged BM-derived cells.
Functional, electrophysiological coupling with host cardiomyocytes and
calcium transients that are synchronous with those of neighbouring host
cardiomyocytes are a key feature of transplanted, bona fide donor car-
diomyocytes.?® Therefore, it was concluded that engrafted BM-derived
cells lack attributes of functioning cardiomyocytes, calling into question
the concept that adult BM cells can give rise to substantive cardiomyocyte
regeneration within the infarcted heart.

There are still other mechanisms over and above cell fusion whereby
the donor cell would express proteins specific to the host organ without
actually constituting functional cell engraftment. For example, recent in
vitro co-culture studies of human mesenchymal stem cells (MSC) with rat
cardiomyocytes analyzed by light, fluorescence, and scanning electron
microscopy revealed intercellular contacts between both cell types via
nanotube formation and transient exchange of cytosolic elements.”” The
transport of cytosolic material had no specific direction but resulted in the
expression of human-specific myosin in MSC. Cell-to-cell connections by
nanotube formation was also described in co-culture experiments of car-
diomyocytes with endothelial cells.*® These observations suggest another,
fusion-independent mechanism by which the expression of some car-
diomyocyte markers can be induced in non-myogenic cells. Potentially,
the transport of intracellular elements to MSC (and possibly other



Assessment of Cell Engraftment in Organ Repair 411

donor cells) might induce their differentiation. However it is more likely
to be a mechanism leading to false-positive results.

Phagocytosis was also described as a mechanism by which the
immunoreactivity to reporter genes and myocyte markers can be induced
in donor cells independent of their cardiomyogenic differentiation.’’ In
this study a sophisticated lineage tracing approach was used to test the
cardiomyogenic differentiation potential of cardiac explant-derived cells
(EDCs). EDCs are a proliferation-competent fraction of the adult heart
tissue purported to be the resident stem cell, homologous to the type 1I
pneumocytes of the lung epithelium.*** They emerge as round, “phase
contrast bright”, clonogenic and expandable cells after some weeks in cell
culture, and express GATA-4 mRNA, a transcription factor known to be
expressed during cardiomyogenic differentiation. Following transplanta-
tion in experimental models of myocardial infarction, differentiation of
EDC:s into cardiac myocytes accompanied by an improvement in cardiac
function has been claimed.****

However, Shenje and co-workers employed a binary, conditional,
cardiac-restricted transgenic reporter system, the double heterozygous
MLC2v-Cre/ZEG reporter mouse, for cardiac-specific lineage tracing of
EDCs.?! In this model, Cre recombinase is expressed in cells which differ-
entiate into ventricular cardiomyocytes. In consequence, a loxP-flanked
B-geo transgene (LacZ gene) is deleted and GFP expression is activated
exclusively in ventricular myocytes. On the other hand, all non-myocytes,
in principle, are targeted to express LacZ. Cardiac explants from MLC2v-
Cre/ZEG reporter mice were cultured and EDCs were successfully
derived in vitro. Interestingly, GFP immunoreactivity and epifluorescence
were identified in EDCs, suggesting their cardiomyogenic differentiation;
but Cre recombinase-based deletion of the LacZ gene did not occur, bring-
ing myogenic differentiation into question. Ultrastructural analysis by
transmission electron microscopy revealed structures suggestive of active
phagocytes in EDCs. Thus, the presence of GFP as well as vimentin and
sarcomeric actinin protein (cardiac markers) appeared to result
from phagocytotic activity rather than from myogenic differentiation.
Although phagocytosis offers a ready explanation for the presence of
GFP epiflourescence without recombination-based LacZ gene deletion, the
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unexpected absence of LacZ activity in EDCs, observed in parallel, is
challenging. Missing LacZ activity in ZEG reporter mouse lines has pre-
viously been described in the liver and lungs, suggesting it may be an
occasional phenomenon related to the poor expression of prokaryotic
reporter genes in some eukaryotic cell types.*> However, EDCs also failed
to differentiate into functional cardiomyocytes three weeks after trans-
plantation into injured hearts (shown by the lack of intracellular calcium
transients). In summary, this and related studies documenting the absence
of cardiomyogenic differentiation of MSC, despite some “myocyte-spe-
cific” gene transcription,*®” showed that: (1) transcriptional induction of
a limited number of target genes is insufficient evidence of lineage induc-
tion; and (2) the use of sophisticated reporter gene lines for lineage tracing
can generate misleading results. Therefore, combined analytical method-
ology such as qRT-PCR, immunohistochemistry, electron microscopy, and
functional in situ analysis are needed to avoid misrepresentation of func-
tional cell engraftment.

In vivo differentiation of BM-derived cells into lung epithelial cells in
animal models of lung injury has also been reported. But concerns as to
whether fusion, rather than transdifferentiation, was the mechanism
behind these observations were raised.” To test the hypothesis that
“damage” signals released from disrupted lung tissue can induce expression
of lung-related genes in BM-derived cells, experiments were performed
in vitro in a manner designed to explicitly exclude cell fusion events.™ In
the presence of disrupted lung tissue (but not in medium and liver tissue
controls) BM-derived haematopoietic progenitor cells differentiated into
suspension and adherent populations with dendritic cell- and Langerhans
cell-like characteristics. Cytokeratins 7 and 18 and surfactant protein B
mRNA expression (markers of pneumonocytes), were upregulated or
induced in the dendritic cell-like population only. These experiments
provide evidence for a fusion or cell-cell contact-independent mechanism
capable of inducing expression of specific lineage markers in BM-derived
cells, possibly in response to soluble signals. The study supports the
notion that supporting in vivo assessment of cell engraftment and differ-
entiation with in vitro analysis leads to a clearer picture. However, in light
of the above discussion on the overrated potential of stem cells to differ-
entiate into cardiomyocytes, the expression of a limited number of
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lineage-restricted genes is not sufficient to claim faithfully the formation
of a fully functional, tissue-specific cell type.

3. In Vivo Monitoring of Cell Engraftment
and Assessment of Functional Improvement

(See also Chapter 15)

In disease models of the lung, functional improvement is most easily
recorded in vivo by demonstration of prolonged and increased survival.
However, in a model of engineered lung tissue, functional improvement
could be assessed in vitro through demonstration that transplanted grafts
has integrated with the host vasculature, thereby permitting gas exchange
through the grafted tissue.”> Murine foetal pulmonary cells seeded in a
three-dimensional plug of Matrigel and collagen developed alveolar-like
structures that were infiltrated with host vasculature after transplantation
into the anterior abdominal wall of host animals. To demonstrate that host
vasculature had been recruited to supply the transplanted tissue, recipient
mice were injected through the tail vein with FITC-conjugate dextran.
Subsequent immunohistochemical staining of the engrafted tissue demon-
strated the presence of dextran-labelled vessels connected to the host
vasculature. To determine whether immature endothelial cells present
within the foetal pulmonary cell preparation contributed to vessel forma-
tion, the donor tissue was pre-labelled with a fluorescent dye. Merged
images of the cell-tracking dye and the FITC-dextran demonstrated that
donor-derived vasculature interconnected with host vasculature, or devel-
oping host blood vessels recruited donor-derived endothelial cells.

Cell therapy for the purpose of treating type 1 diabetes is unique in
that there is generally no need for cellular engraftment to achieve func-
tional recovery. The beta cell that responds to glucose in the bloodstream
with the release of insulin can function wherever there is an adequate
blood supply. For this reason, islet transplantation is not discussed here.
However, another avenue of cellular therapy is the transplantation of
pancreatic primordia with the idea that this immature tissue will mature
into functional insulin secreting islets in situ.* In this case, engraftment of
the transplanted tissue must occur in a manner that permits maturation
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of the islets, and functional engraftment can be determined in vitro
through the detection of insulin and insulin-producing beta cells from the
graft. In one example, pig pancreatic primordial was transplanted into
the mesentery of macaque models of type 1 diabetes.*’ Long-term engraft-
ment of pig beta cells was detected in the liver, pancreas, and mesenteric
lymph nodes using immunohistochemistry, RT-PCR and in sifu hybridis-
ation for porcine proinsulin mRNA, and electron microscopy.

Similar to the transplantation of functional islets, bone marrow trans-
plantation has an easier functional output. If sufficient time has elapsed
after transplantation to rule out detection of transplanted peripheral blood
or haematopoietic progenitors, all bone marrow-derived cells of donor
origin detected in the peripheral blood or in the marrow should derive
from functionally engrafted bone marrow stem cells. Detection of donor
cells can be accomplished by flow cytometry or PCR of bone marrow or
peripheral blood samples.*' Similarly, functional engraftment of hepato-
cytes in a liver cell therapy model can be determined simply by the
expression of secreted components such as serum albumin and plasma
C3a which originated from the donor.”

Other sophisticated methods have been developed to demonstrate
functional improvement in vivo or in situ by cardiac cell therapy. It is
relatively straightforward to understand how cellular transplantation can
improve cardiac function if a significant number of donor cells survive
and directly participate in a functional syncytium via electrophysiological
and mechanical coupling with the host myocardium. As outlined above,
Rubart and Field have developed a method based on two-photon molecu-
lar excitation laser scanning microscopy to monitor calcium transients in
isolated, perfused rodent hearts in situ.** The method was used to show
that calcium transients in GFP-labelled donor cardiomyocytes were
synchronous with and had kinetics indistinguishable from those of neigh-
bouring host cardiomyocytes,” providing unequivocal evidence that bona
fide cardiomyocytes do functionally integrate into recipient hearts.
Subsequently, the method has been applied to assess functional integration
of several other donor cell types transplanted to injured hearts, including
haematopoietic stem cells,* skeletal myoblasts,* cardiac explant-derived
cells®' and adult bone marrow cells.”’
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However, assuming that bona fide cardiomyocytes could functionally
integrate and replace loss of contractile tissue, improvement of heart
function in animal models is currently hampered by the low efficiency of
donor cardiomyocyte implantation.”'* This is illustrated in studies using
Magnet Resonance Imaging (MRI) and echocardiography to repeatedly
measure overall heart function (i.e. left ventricular ejection fraction) for
several weeks in ischemia-damaged mouse or rat hearts receiving injection
of human ESC-derived cardiomyocytes. At termination, immunohistology-
based morphometric analysis was performed to determine donor cell
numbers and their tissue distribution.

Laflamme and co-workers found that transplantation of cardiomy-
ocytes blocked the progressive decrease in cardiac function at four weeks
post-infarction, the latest point in time analyzed.*® In contrast, van Laake
and colleagues*’ followed the long-term survival of cardiomyocytes for up
to 12 weeks. Similarly to the rat study, MRI assessment showed an atten-
uvated and progressive decrease in cardiac function at four weeks
post-infarction. These findings are exciting as the cardioprotective effect
appeared to be cardiomyocyte-dependent. However, quantitative mor-
phometry revealed an unexpectedly small graft size in both studies (i.e.
average long-term transplantation efficiency of only 2.3% was docu-
mented in mice), casting doubt over the substantial contribution of donor
cardiomyocytes to heart function by physiological coupling to the host
heart. Subsequently, in the mouse study, significant functional improve-
ment observed at four weeks post-MI completely ceased upon
reassessment at 12 weeks. While the mechanism(s) underlying the tran-
sient benefit is presently unclear, it seems likely that for long-term
improvement, larger grafts consisting of functional and physiological
integrated cardiomyocytes would be required.

Another problem relates to the suitability of rodent models to assess
human cardiomyocyte function. It is questionable whether human ESC-
derived cardiomyocytes would functionally couple long-term to adult
rodent cardiomyocytes beating at rates typical of intact rodent hearts
(~400-600 beats per minute versus ~60—100 in human). While sustained
slow pacing is known to induce heart failure in large mammals, prolonged
rapid pacing could potentially underlie the loss of graft efficacy at the
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12-week time point observed in the functional mouse study by van Laake
and co-worker.”’

Although the low engraftment efficiency of donor cardiomyocytes, at
present, is inadequate to significanlty increase the pump performance of
damaged hearts, the functional coupling of relatively small donor cell
numbers (i.e. engraftment of 3,000-20,000 mouse embryonic cardiomy-
ocytes per mouse heart; Roell et al.*®) to the host myocardium has the
potential to reduce life-threatening ventricular dysrhythmias, which are
the main cause of sudden death in patients after myocardial infarction.
This has recently been demonstrated*® by applying a novel method to
track electrophysiological coupling of donor cells that have been engi-
neered to express the fluorescent calcium ion indicator GCaMP2 in mouse
hearts in vivo.

However, morphometric quantification of donor cell engraftment is
cumbersome and time consuming. Ideally, the best methodology should be
a quantitative assessment of donor cell survival in living animals combined
with functional monitoring of organ performance. A comparative study to
assess the heart function in rodent models of acute myocardial infarction
revealed that MRI imaging was superior to other modalities such as
positron emission tomography (PET) and single-photon emission com-
puted tomography (SPECT), due to its greater spatial resolution and
ability to detect necrotic myocardium directly.* MRI also has the advan-
tage for concurrent monitoring both heart function and implantation of
iron oxide-labelled donor cells in living animals. It has been shown that
MRI provides a relative high resolution detection of cell location in the
implanted organ. On the other hand, the MRI signal correlates poorly with
the number of live donor cells; the iron oxide label poorly reflects no
changes such as donor cell death or cell proliferation in vivo. By contrast,
bioluminescence imaging, which can be used to track engineered donor
cells expressing firefly luciferase, correlates well with cell integrity. This
has been demonstrated by monitoring luminescence intensity in vivo fol-
lowed by post mortem immunohistochemistry of human ESC transplanted
to the heart, which were double-labelled with luciferase and GFP.® These
data suggest that parallel use of MRI and bioluminescence imaging, is an
ideal methodology to monitor and optimise cell transplantation in the
heart and other organs.
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4. Conclusion and the Way Forward

This brief review of the progress made in assessing in vitro and in vivo cell
engraftment to the lung, heart and others highlights the following issues.
First, detection of visually labelled cells as a criterion for engraftment in mod-
els of cell therapy can lead to false positive results. In fact, the use of
fluorescent tracers in transplanted tissue has led to false positive results due
to inappropriate immunohistochemistry protocols and cell fusion events, and
other avenues of sharing cytoplasmic material between adjacent cells. It is
therefore important to adopt experimental strategies to limit the possible
occurrence of these challenges. Second, a truly accurate assessment of engraft-
ment requires a parallel measure of functional improvement. However, this
review provides examples that demonstrate that hasty conclusions of func-
tional improvement, even if assessed with sophisticated, state-of-the-art
methodology in the presence of adequate controls, could lead to false hopes.
This could avoid false expectations of cell therapy and risk to patients’ lives.
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Chapter 15
In Vivo Imaging for Cell Therapy

Richard Newton and Guang-Zhong Yang

The development of cell therapies in animal models and patients
requires robust in vivo imaging techniques to track the administration,
migration, integration, division and fate of administered stem cells and
to monitor any morphological and physiological effects on the damaged
tissue after therapy. This chapter outlines the well-established imaging
modalities such as CT (computed tomography), MRI (magnetic
resonance imaging), PET (positron emission tomography), SPECT
(single photon emission computed tomography), and EBUS (endobronchial
ultrasound) and discusses recent advances in biophotonic technologies
including OCT (optical coherence tomography), DOI (diffuse optical
imaging), and CLSM (confocal laser scanning microscopy) and their
integration with endoscopy for in situ, in vivo cellular level imaging.
Comparisons are made of sensitivity and spatial resolution for detecting
stem cells in vivo, as well as imaging the lung in small animal models
and patients. We also outline the challenges of labelling stem cells
in vivo and the role of responsive agents to visualise the local physio-
logical conditions.

Keywords: Lung imaging; CT; MRI; PET; SPECT; optical imaging;
confocal laser microscopy; optical coherence tomography; fluorescence
bronchoscopy.
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1. Introduction

Certain tissues including neuronal, cardiac, and lung lack significant
natural regenerative potential and are susceptible to multiple diseases and
degeneration. It is therefore appealing to contemplate the exogenous
administration of cells to create tissue, or administer cytokines or genes to
stimulate growth and recruit native cells more robustly. While the fate of
these new cells in vitro and in animal models can be determined by
conventional post-mortem histology, patient trials will obviously require
less invasive methods and more importantly allow repeated screening for
both morphological and functional assessment of the efficacy of thera-
peutic measures. The potential technologies available for in vivo imaging
for assessing novel ways of regenerating organs or tissues are as diverse
and perpetually expanding as they are complex. This chapter will discuss
why imaging techniques are essential for cell therapy, what is required
from them, and discuss how they are currently being used.

2. Imaging for Cell Repair

For stem cell therapies, there are five important questions where in vivo
imaging can play a key role: 1) cell tracking, to establish if they are
finding the intended destination in the target organ and remaining there;
2) cell viability and division over time; 3) cell morphology, differentiation
and structure (how they are affecting the appearance of the damaged
tissue); 4) cell function; and finally, and most importantly, 5) physiological
improvements in the target organ.

Historically, different spectral regions of the electromagnetic spectrum
have been used to devise imaging technologies that are relatively
independent of each other. Current modalities including CT (computed
tomography) and MRI (magnetic resonance imaging) have been excellent
for defining tissue structure and morphology, and others such as PET
(positron emission tomography)' and SPECT (single photon emission
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computed tomography)* have played a pivotal role in examining in vivo
function. Thus far, HRCT (high resolution computed tomography)
remains the standard imaging modality for assessing lung parenchymal
abnormalities.” Recent developments in multislice CT include multiple
detection rings that further improve the speed of volume coverage. As no
single modality provides a complete picture of structure, function and
metabolic activities, there has been a recent move to combine comple-
menting imaging modalities (e.g. PET/CT* and PET/MRF’) to provide
improved sensitivity, functional specificity and intrinsic resolution of the
images. Recent advances in biophotonics are fuelling a paradigm shift and
clinical demand in bringing cellular and molecular imaging modalities to
an in vivo, in situ setting to allow for real-time tissue characterisation,
functional assessment, and intra-operative guidance.®

For cell-based therapy with image guidance, both spatial and temporal
resolutions are important. Spatial resolution quantifies the detail that an
image shows, which in biomedical imaging is essentially how close two
areas of tissue can be and still be visibly differentiated. Rapid temporal
resolution is important particularly to evaluate dissemination after stem
cell injection and to assess significant migration of progeny,” meaning
whole organs or organisms need to be imaged, perhaps frequently
over the days and weeks following an experimental therapy. Another
important factor is sensitivity for detecting single stem cells that are
scattered amongst many normal cells.® Furthermore, modalities that can
image beyond the surface deep into organs obviously have distinct
advantages.

2.1. Labelling and tracking with MRI

Since the first demonstration of MRI on a patient over three decades ago,’
fine resolution and unparalleled natural contrast of soft tissues has meant
this technology has become the gold standard for many imaging applica-
tions, particularly in oncology, soft tissue orthopaedics, cardiovascular
medicine and neuroscience. Because the technique is non-invasive and
does not involve ionizing radiation, it can be used multiple times on the
same patient with no known side effects. This can be invaluable when
regular imaging is required to observe the engraftment and proliferation
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of cell-based therapy. In addition to anatomy, MRI can provide physio-
logical and functional information such as blood flow and blood volume. '
Haemodynamic changes are also used in functional MRI (fMRI) to
observe neuronal activity in the central nervous system." With MR
spectroscopy, metabolic parameters can be sought.'?

Conventional MRI, however, has had limited success with lung
imaging due to low proton density of the lung, magnetic susceptibility
effects and respiratory movement. A significant recent development has
been that of new inhaled hyperpolarised gases that act as contrast agents
to create HP-MRI."*'* The detail of regional microstructure is perhaps still
not as refined as with HRCT, but functional measurement such as regional
ventilation'> and Va/Q mapping'® become possible. HP noble gas isotopes
are technically challenging to make and are only available at specialist
centres,'” but include *He and '*’Xenon, the former producing better
spatial resolution and signal-to-noise ratio,"* but the latter allows measure-
ment of chemical diffusion'® from the lung airspaces due to its increased
density and solubility.

In most clinical applications of MRI, intravenous contrast agents
function as extracellular or sometimes intracellular substances to provide
better image contrast. In order to visualise the fate of stem cells and their
progeny in vivo, they must be similarly contrasted against the background
host tissue with contrast agents. Contrast agents interact with surrounding
hydrogen atoms and affect their relaxation times back to alignment. They
affect the T1 (spin-lattice) and T2 (spin-spin) relaxation times, T1 and T2
providing different weighted images and each being affected differently
by particular contrast agents. T1 agents (lanthanides) are paramagnetic
metals such as manganese, or more usually gadolinium, which have weak,
transiently inducible magnetism.'® This is in contrast with ferromagnetic
materials like iron, nickel and cobalt, which are the basis for T2 contrast
agents. T2 agents are generally preferred because the local magnetic field
disruption is greater,”® and if cell disruption or cell death occurs, the iron
can be eliminated through normal recycling mechanisms and avoid the
impression of a viable stem cell. Gadolinium toxicity provokes concern
due to possible dechelation or stem cell death.! The major drawback
of T2 agents, though, is that they generate negative (dark) contrast,
unlike the positive (white) images of T1 agents. This makes it difficult to
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discriminate between other hypo-intense areas such as scar tissue and
blood that may be present in patients or lung disease animal models
already. However, positive contrast with T2 contrast agent can be created
by examining the off-resonance effects.

The ideal agent provides strong and unambiguous contrast for visual-
isation of potentially small cell numbers surrounded by other sources of
endogenous hypo/hyper intensity. It is non-toxic and does not affect cell
behaviour, and if internalised pre-implantation it has a long half-life and
is minimally affected by dilution caused by stem cell mitosis. It also
reliably binds to, or is incorporated within the stem cell to avoid leakage
or transfer to host cells. Most widely described is the method of ex vivo
pre-implantation internalisation of strong T2 contrast agent like iron oxide
particles.® Different sized iron-oxide particles are used: MPIOs (micro-
sized paramagnetic iron oxide particles), SPIOs (small super-paramagnetic
iron-oxide particles) and USPIOs (ultra-small paramagnetic iron oxide
particles). Figure 1 shows MRI sections of swine hearts in a model of
myocardial infarction after the injection of SPIOS (Feridex) labelled
mesenchymal stem cells into the myocardium, with spreading of the signal
over one week suggestive of MSC migration and possible division.**

Phagocytes spontaneously take up contrast agents,” but stem cells are
more stubborn and require techniques such as transfection (co-incubation
of stem cells with contrast agent and protamine sulphate or poly-L-lysine
for 24 hours),* magnetoelectroporation (MEP)?’ involving the application
of small pulsed voltages to perturb the cell membrane, or lipofection.?®
These techniques can have marginal effects on cell survival, proliferation
and differentiation, though.?” Unlike iron particles, fluorine nanoparticles
are readily phagocytosed by stem cells* but '’F MRI and MR Spectros-
copy require specialised coils and hardware.

An alternative is to use contrast agents that respond to the local
physiological and metabolic properties of the cell, and thus only provide
contrast in mature or differentiated engrafted cells. This avoids the pitfalls
of an expired iron-labelled stem cell appearing viable due to iron embedded
in macrophages.”’ For example, cells can be transfected with a beta-
galactosidase gene as well as a galactose chelated gadolinium contrast.*
Until the enzyme cleaves the galactose, the gadolinium is shielded from
affecting the local field of the cellular water protons and the T1 relaxation
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Figure 1: /n vivo MRI scans of swine hearts with an induced myocardial infarction
followed by myocardial injection of Feridex-labelled mesenchymal stem cells (A-D) at
24 hours; and (E) displaying spread and decreasing delineation of the borders of the
injected area after one week. The hyperintense area in C demonstrates the infarcted area,
and the ovoid hypointense areas show the mesenchymal stem cells.?* From Kraitchman et al.
(2003).2* Reproduced with permission from LWW.

time remains unmodulated. Harnessing the lipase activity in viable cells
to unblock aliphatic side chains chelating a contrast agent remains another
option,™ or even enabling stem cells to manufacture their own contrast
agent by stimulating overproduction of transferrin receptor or ferritin
which incorporates extracellular matrix ferrous ions into the cell.**

2.2. Stem cell biodistribution with PET and SPECT

PET is a nuclear medicine technique to evaluate the spatial distribution
of biochemical or metabolic activity. A biologically active molecule of
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physiological interest (such as a glucose analogue, water or ammonia) is
labelled with a positron-emitting radioisotope (such as '®F, "'C or *N) to
form a radiopharmaceutical tracer which is injected or inhaled. Most
commonly in PET for oncological purposes, the glucose analogue fluo-
rodeoxyglucose (FDG) is labelled with '®F and injected, and the most
metabolically active cells (such as within metastatic deposits or perhaps
actively dividing stem cells) preferentially take up this tracer, and after
almost irreversible phosphorylation of FDG, the radioactive tracer
becomes locked in the cytoplasm. Positron emission decay (beta decay)
then occurs, as an unstable neutron in the '*F nucleus decays into a proton,
emitting a neutron, a positron (opposite charge to an electron) and an anti-
neutrino. After a few millimetres, the positron merges with an electron to
yield two high-energy 511KeV photons (gamma rays) travelling in almost
opposite directions. A quantitative map of tracer distribution is made by
recording the direction of these paired photons.

Due to nanomolar sensitivity, PET/SPECT can measure processes at
low concentrations, and small animal imaging systems with <2 mm
spatial resolution have been devised.* In research and clinical practice,
the logical progression has been to merge nuclear imaging technology
with MRI or CT to create SPECT/CT and PET/MRI. This co-registration
of images provides the highly sensitive quantitative location of the active
cells superimposed on an accurate anatomical map. Radioisotopes can be
injected, or for functional assessment of the lung they can be inhaled. For
example, *"™Kr has a half-life of 13.1 seconds and can be used for regional
ventilation imaging.*

PET and SPECT are now used to track stem cells. For real-time obser-
vation of stem cell biodistribution, implanted cells can be labelled via
incubation with relatively long-lived isotopes such as ""'N for SPECT*’
and *Cu for PET,*® and then free radioisotopes washed off prior to
implantation. However, similar to the labelling of stem cells for MR imag-
ing, efflux of radiotracer from cells over time is a problem.** Further, the
incubation process may impair proliferation and function and the imaging
technique provides no information on the viability or function of the cells.
The solution is to use electroporation or cationic lipid-based transfection
agents to stably transfect stem cells with a strong viral promoter sequence
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(such as from cytomegalovirus, CMV*) and a reporter gene. Three
classes of reporter gene are discussed by Acton ef al.,*' which include:

e Enzymes: This involves transfection with enzymes such as yeast
cytosine deaminases or HSV1-tk (mutant herpes simplex virus type-1
thymidine kinase). HSV1-tk produces HSV1-TK enzyme which then
phosphorylates the radioactive reporter probe '"*F-FHBG (**F labelled
fluoro-3-hydroxymethylbutylguanine) in the cytoplasm, locking in
the tracer to the stem cell. This technology has been used for looking
at the engraftment of rat cardiac myocytes (H9c2 cells).*

e Transporters: The human norepinephrine transporter gene and the
sodium-iodine symporter (NIS) gene encode membrane glycoprotein
receptors. The NIS symporter transports sodium and iodine into thyroid
cells in particular.® The expression of the NIS symporter can be
imaged with '*I for SPECT, and "*'I and '*I for PET.*** However, it
has been suggested that to prevent efflux of radioactive iodine from
transfected cells, co-expression of thyroperoxidase to trap the iodine
is required.*® With a cardiac-specific promoter, the NIS reporter gene
has been used with PET imaging to show the outcome of stem cell
implantation in a transgenic mouse.*’ Furthermore, excellent histolog-
ical correlation with SPECT imaging has been shown with metastatic
lung tumour deposits resulting from NIS transfected tumour cells and
the ability to detect lesions of <3 mm.*

e Receptors: An alternative is for transfection with the somatostatin
subtype 2 (SSTr2) gene or the dopamine D2R reporter gene. The D2R
receptor migrates to the cell surface and binds radioactive ligands such
as "F-FESP (*F-fluoroethylspiperone). This radiotracer provides a
quantitative measure of D2R expression. However, the endogenous
agonist can affect binding and also, if '®F-FESP binds, the cAMP levels
rise with physiological consequences,” which has necessitated the
development of mutant D2R strains.

An antibiotic resistance gene is usually included to demonstrate successful
transfection prior to stem cell transplant, and the highest reporter
gene expression clones can also be selected. After engraftment, there is a
constitutional expression of the reporter gene to monitor its survival.
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Conversely, a dead stem cell will have no gene expression, no uptake of
reporter probe and therefore no signal. An additional benefit of using
reporter genes is that a therapeutic gene can be added to the transfection
construct, allowing simultaneous gene therapy and cell tracking. For
example, skeletal myoblast transplant has been used to deliver VEGF
(vascular endothelial growth factor) which may have a role in improving
the local blood supply.*

PET/SPECT has high sensitivity for detecting engrafted functioning
cells but multimodality is likely to be the future, perhaps with MRI for
delineation of tissue anatomy or using the multimodality fusion reporter
system.”! With the latter, a gene is transfected expressing a tri-fusion
protein (a red fluorescent protein, a renilla luciferase and the HSV1-TK
enzyme). The fluorescence can be used for studying the cells ex vivo or
for pre-implantation cell sorting; the bioluminescence can be used for
in vivo imaging and the PET/SPECT for quantitative accuracy.

2.3. Endobronchial ultrasound

Pleural imaging and the evaluation of effusions is often performed with
conventional ultrasound, and since its bronchoscopic integration (EBUS),
the modality can now image deep inside the lung, highlighting the layers
of the bronchial tree as well as mediastinal and hilar lymph nodes beyond.

Radial probe EBUS consists of a small diameter (1-2 mm) rotary
transducer ultrasound probe that is inserted down a sheath lining the
working channel of a conventional bronchoscope. It can image to the
subsegmental bronchus, with 5 cm penetration and around 1 mm spatial
resolution. The guide sheath can be left in its advanced position for
biopsy or brushings (or potentially stem cell delivery). An integrated
linear probe bronchoscope has also been developed to provide images
that are easier to interpret, and also has a doppler mode for studying
blood flow through vessels.

3. Biophotonics in Vivo

A key challenge for cell therapy research in the in vivo lung is to monitor
biochemical and molecular biological activity and pathways in engrafted
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tissue and its surrounding native tissue. Optical imaging covers a plethora
of techniques that use combinations of bioluminescence, fluorescence,
absorption and reflectance created from light in the visible (400-700 nm)
or near infrared (NIR) spectrum (700-900 nm) as mechanisms to provide
a contrasted image.’* The contrast and information gleaned can be altered
with molecular imaging techniques that use biomarker probes to image
particular intracellular targets and pathways.

Generally, optical imaging has a very high sensitivity for measuring
optical contrast agents and reporter molecules at picomolar or even
femtomolar concentrations. The downside is poor penetration, particu-
larly at visible wavelengths.™ Generally, light absorption and scattering
decrease with increasing wavelength and so NIR light has better penetra-
tion (centimetres) than visible light (millimetres).* Above 900 nm, water
absorption interferes with signal to background ratio.

3.1. Diffuse optical imaging

DOI (diffuse optical imaging) measures the absorption and the elastically
scattered light, when visible or NIR light is transmitted between two
points with tissue in the middle.” At these wavelengths several physio-
logically interesting molecules (chromophores) absorb and scatter
photons.*® For example oxyhaemoglobin (HbO) and deoxyhaemoglobin
(HHb) absorb different frequencies and provide an indicator of tissue
oxygenation and local haemodynamics,’” a principle which is used in the
pulse oximeter.

Good resolution at depth remains a challenge as the absorption
coefficient ((La — absorption events per unit length) is much less than the
scatter coefficient (Us) so signals over a few millimetres are dominated by
scattered light. The scatter coefficient is affected by the refractive index
of intracellular and extracellular fluids and subcellular components like
nuclei or mitochondria. The distinction is blurred between diffuse optical
topography where 2D images of a plane parallel to the source and detec-
tor have limited depth information, and diffuse optical tomography where
3D images are created from multiple sources and detectors widely spaced
over the surface of the object.
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DOI can be allied with molecular imaging” in which contrast
agents bind to specific genes or proteins and perhaps stem cell labelling
can be harnessed. Molecular beacons such as quantum dots acting as
fluorophores® or other agents utilising bioluminescence and fluorescence
can be used. For these techniques to become useful within the lung, future
improvements require better sources (helped by new laser diodes),
increased penetration and faster image acquisition, and better understanding
of optimal wavelength combinations for particular applications. DOI has
been used for breast cancer diagnostics® and joint imaging® but in the
lung, it may ultimately be limited by the need for small probes either side
of the tissue and has so far only been used in the lung in in vivo mice lung
tumour models.®!

3.2. Optical coherence tomography

Optical coherence tomography (OCT) was devised in 1990°* and generates
a 2D or 3D cross-sectional image in a manner similar to radar or B-mode
ultrasonography,” by beaming near infra-red light (750-1300 nm wave-
length) at tissue. Most light is scattered, creating a glare that OCT
eliminates, allowing only coherent light to be measured by the interfer-
ometer. It is an interferometric technique using broadband (broad
frequency range) superbright LEDs or extremely short pulse lasers, and,
being higher frequency than ultrasound, can image through air and
does not suffer from a trade-off between depth penetration and resolution.
It images to a depth of 2 or 3 mm, which is three times more than its
nearest rival, confocal laser scanning microscopy (CLSM). Whilst its
submicron resolution® is inferior to CLSM (see Section 3.3), it is superior
to MRI or ultrasonography.

OCT’s radial image probes and longitudinal image probes are good
for smaller and larger diameter lumens, respectively, and transverse image
probes provide the best depth of field.”> They are available as an optic
fibre to pass down an endoscope channel. The role of OCT has been tested
in the follow-up of patients who have undergone local resection of
non-invasive transitional cell carcinoma of the bladder,”® mucositis in
chemotherapy patients, intravascular imaging, and in the visualisation of
the biliary tract.®® OCT has identified Barrett’s metaplasia in the distal
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oesophagus, transmural inflammation in inflammatory bowel disease, and
has distinguished hyperplastic from adenomatous polyps in the colon.®’
In the lung, the terminal bronchiole can be reached and the fine resolution
of OCT delineates epithelium, mucous glands and ducts, cartilage and
perichondrium and closely mirrors the microstructure on conventional
histology.®® The lamina propria and submucosa is not quite as well demar-
cated and the refractive indices of blood vessels and smooth muscle are
similar beneath the epithelium, and thus these structures are difficult to
differentiate. However, OCT enables accurate differentiation between
normal bronchial epithelium, dysplastic epithelium, carcinoma-in-situ
and invasive carcinoma using the increasing thickness of the epithelium
and increasing visibility of the nuclei (see Fig. 2).” The basement
membrane and upper submucosa is well-delineated due to significant
scattering, but very obviously breached in the case of invasive carcinoma.

Figure 2: Optical coherence tomography views of the bronchial epithelium (e) on
basement membrane (bm), demonstrating increasing dysplasia (A, C and E) compared with
corresponding normal haematoxylin and eosin staining below (B, D and F).”° With
permission from Lam et al. (2008).”° Reproduced with permission of the American
Association for Cancer Research via Copyright Clearance Center.
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Different grades of dysplasia are not currently differentiable, but if
morphometric measurements can provide an answer, better spatial resolu-
tion will be required.

OCT has also been used to quantify the regional changes in vivo to
rabbit bronchial epithelium in a smoke inhalation model.”" It may be that
doppler capability can be added for haemodynamic information in the
lung.” Another hurdle is the large amount of data created from the intrin-
sically high spatial resolution, enabling little more than highly selected
areas to be optically imaged at the present.

3.3. Confocal fluorescence laser scanning
microscopy (CLSM)

Marvin Minsky developed CLSM in 1955, and as a desktop instrument
it became popular in the 1980s to perform high resolution, blur-free
fluorescence microscopy and immunohistochemistry on excised tissues.
A laser beam of blue light (440-500 nm) is shone via a pinhole aperture
to reduce out-of-focus light from above and below the focal plane,
focussed via an objective lens, and the image is then captured through a
dichromatic mirror. By scanning across the tissue, sequential images with
a small depth of field are amalgamated to provide high quality 3D images
that are indispensable in identifying cellular and subcellular microstruc-
tures. These depth-resolved optical slices include reflected light,
autofluorescence, and exogenous fluorescence from intravenous or topical
contrast agents.

More recently, miniaturisation of CLSM has enabled it to be used as
an in vivo device to take the microscope to the tissue and provide virtual
histology. Optic fibres are employed, providing both a focussed narrow
point light source and a detection pinhole. There are two main commer-
cially available systems and they are mostly being used in conjunction
with endoscopy in the gastrointestinal tract.”* The Cellvizio-GI (Mauna
Kea Technologies, Paris) is a flexible mini-probe system, which is
inserted down the endoscope biopsy channel to create probe-based
confocal laser endomicroscopy (pCLE). There is also a 1.4 mm pCLE for
reaching the alveolus (AlveoFlex, Mauna Kea Technologies) where the
fluorescence collected by the fibre bundle is divided for imaging (80%)
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(A)

©

Figure 3: The AlveoloFlex pBCLE demonstrating (A and B) alveolar structure and
macrophages (courtesy of Dr. Kyle Hogarth at the University of Chicago and Dr. Raspaud at
the Clinique Pasteur in Toulouse) and the autofluorescing elastin component of the base-
ment membrane in the bronchus (courtesy of Dr. Sterman at the University of Pennsylvania
Medical Center in Philadelphia). With permission from Mauna Kea Technologies.

and spectroscopy (20%) by a beam splitter. Figures 3A and 3B show the
Alveoflex demonstrating the in vivo, in situ views of terminal airways
with alveolar walls and sacs evident, scattered with fluorescing
macrophages, and Fig. 3C shows the autofluorescence of the elastin
component of the basement membrane of the more proximal airways.
Pentax and Optiscan have developed a system with a confocal microscope
integrated into the distal end of an endoscope, creating an endomicro-
scope that is held in direct contact with the gastrointestinal mucosa. At the
press of a button on the console the image depth is advanced 4 um along
the z-axis to focal planes anywhere from 0-250 wm. The benefits postu-
lated include 1) immediate diagnosis and in some cases treatment and
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2) reducing the numbers of conventional biopsies, cutting the financial
costs and risks of perforation and bleeding.”

Thiberville et al. demonstrated the potential of a narrower 1 mm
prototype Cellvizio 400/S dual-fibred CLSM probe used down the
channel of a bronchoscope without topical or intravenous contrast, imaging
from 0-50 wm below the surface with a lateral resolution of 5 m.”” They
demonstrated that the microautofluorescence signal varied between
healthy patients and corresponded closely with the intensity of the auto-
fluorescence bronchoscopy signal. It was also suggested from ex vivo
work that the microautofluorescence seemed to be caused by the elastin
fibres in the more superficial layers of the subepithelial bronchial wall and
that five distinct elastin patterns were evident as the imaging progressed
distally through the bronchial tree:

1. A dense homogeneous pattern lacking identifiable cross-fibres in the
anterior tracheal wall,

2. Tightly compacted cross-linked fibres at the carina of lobar bronchi
close to gland openings;

3. At the pars membrana of the large bronchi, a multilayer of thin,
perpendicularly aligned fibres, that probably correspond to the lamina
densa lying above the lamina reticularis;

4. Aloose, web-like pattern at the origins of the segmental bronchi;

5. A ring-like pattern on distal non-cartilagious bronchiolar airways
covered with longitudinal fibres.

Furthermore, the team demonstrated that the microautofluorescence was
decreased or absent in dysplastic areas or areas with CIS, and showed
specific differences in the CLSM images in sarcoidosis and Mounier
Khun syndrome that were not observable under white light bronchoscopy.
Whilst bronchial epithelium has been poorly characterised, the CLSM has
been used to identify single nuclei and cell to cell borders in in vivo CLSM
with topically applied contrast agents like fluorescein.”® In the upper
gastrointestinal tract, non-erosive reflux disease of the distal oesophagus
has been diagnosed with a high degree of sensitivity and specificity in
patients with reflux symptoms, based around the degree of dilatation of
the intercellular spaces and the number of capillary loops in the upper
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third of the mucosal layer on CLSM. The pCLE technique has recently
been shown to have 99% negative predictive value in the diagnosis of
endoscopically invisible neoplasia in the setting of Barrett’s oesophagus
(intestinal metaplasia) using four quadrant optical biopsies taken from the
distal oesophagus.” The endomicroscope has also been used to identify
Barrett’s oesophagus in at-risk patient groups, and an endomicroscopic
classification for the detection of associated neoplasia has been proposed,
looking at vessel and crypt architecture. In 2005, using acriflavine
endomicroscopy, helicobacter pylori, a bacterium associated with peptic
ulcer disease and gastric cancer, was identified as characteristic white dots
with an attached flagellum within the superficial gastric epithelium.”
Even flowing individual erythrocytes can be visualised® and it can only
be a matter of time before this powerful tool has more data on lung imag-
ing and can ultimately be used for assessment of the engraftment of lung
stem cells.

However, there are potential obstacles to CLSM. The miniprobe is not
easy to manipulate and requires perpendicular apposition to the tissue
with the correct pressure. Many operators use a short, transparent muco-
sectomy cap on the endoscope tip to aid stabilisation and targeting. It also
needs to slide across the tissue gently and smoothly to mosaic anything
other than a very small window and this may prove damaging to new stem
cells. Surface secretions can impair the CLSM view, and the white light
view from the endomicroscope is covered when the instrument has to con-
tact the tissue for the CLSM function, which may reduce target accuracy.
Additionally, the high magnification of CLSM means that cardiorespira-
tory movements can become troublesome for the operator. An important
engineering consideration has been the linking of point-based optical
biopsy to large area tissue visualisation. Image mosaicing is employed, a
well-developed subject in computer vision that stitches together sequen-
tial images with partial overlapping to create a seamless panoramic wide
field of view.*'

3.4. Endoscopic integration

The realisation that a third of pre-invasive bronchial carcinomas cannot be
visualised under standard white light bronchoscopy drove investigation
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into fluorescence bronchoscopy. Early procedures used drug-induced
fluorescence from pre-procedural administration of photosensitisers
such as haematoporphyrin derivatives or delta-aminolevulinic acid
(ALA), but high costs and potential side effects have led to a concentra-
tion on contrast-free autofluorescence. When blue light (380-460 nm)
is shone at normal bronchial mucosa, structural fluorophores such
as collagen and elastin, and cellular metabolic fluorophores such as
nicotinamide adenine dinucleotide (NAD) and flavins, emit fluorescent
light. This emission peaks at 520 nm (green), with a minor peak around
630 nm (red), with the autofluorescence yield being ten times greater
from the subepithelial tissues than from the epithelium. The transition
in smokers’ lungs from normal epithelium to squamous metaplasia,
dysplasia, carcinoma-in-situ and invasive carcinoma represents a ten-
fold decrease in the local overall autofluorescence, but the suppression
of green autofluorescence is proportionately more than that of red
autofluorescence, changing the green to red ratio from 5:3 to 2:3. This
is due to a decrease in the amount of collagen in the elastin, an increase
in the number of epithelial cell layers and the microvascular blood
volume, and a decrease in the concentration of cellular fluorophores in
premalignant/malignant cells. The result is that many abnormal areas
appear mild red and whilst autofluorescence is relatively sensitive for
detecting pre-invasive carcinoma and can quickly scan large areas, com-
plementary techniques like conventional or optical biopsy are needed to
improve the specificity.

Conventional white light bronchoscopy uses the full visible wave-
length range (400-700 nm) to produce a red-green-blue image. HR-NBI
(high resolution narrow band imaging) uses higher magnification video
endoscopy to show vascular networks by using filters to restrict the
incident light into two narrow bands of different wavelength range (blue
around 415 nm and green around 540 nm) whilst simultaneously increas-
ing the relative intensity of the blue band. As blue is particularly well
absorbed by haemoglobin, the 415 nm band highlights the superficial
capillary networks and the 540 nm image channel analyses the collecting
vessels better, as longer wavelengths penetrate further. NBI has been used
to improve the identification rate of squamous cell carcinomas of the
oesophagus, and to better predict tumour depth invasion.*> HR-NBI may
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also detect lung squamous intraepithelial neoplasia by enhancing the
microvascular architecture in the bronchi.*

More recently, Olympus have introduced prototypes of an endocyto-
scope, which is essentially a 3 mm diameter endoscope that can be inserted
down a biopsy channel of a normal endoscope or bronchoscope and mag-
nifies 450 times, visualising to the single cell level and nucleus. Most
tissue characterisation has been on the gastrointestinal tract® but studies
are being done to characterise the full bronchial tree. 0.5% methylene blue
is used as a contrast agent, but there is some evidence that it may have
deleterious effects on DNA.

Lung applications are not currently documented for chromoendoscopy,
but it is a promising technique and somewhat re-emergent in gastroen-
terology since the advent of high-resolution endoscopes, and may have a
role in the assessment of bronchial epithelium. It involves the topical
application of stains or pigments to improve tissue localisation and char-
acterisation of epithelial attributes during endoscopy.®® These pigments
include:

e absorptive/vital stains that highlight abnormal mucosa after
absorption into cytoplasm. Examples include crystal violet, methylene
blue, toluoidine blue and Lugol’s solution/dark brown agent (glycogen-
containing normal squamous epithelium is stained dark brown but
abnormal multilayer metaplastic/dysplastic mucosa remains unstained);

e contrast stains (e.g. indigo carmine), highlighting mucosal topography;

e reactive stains that identify changes in pH but are likely to remain
important only to hydrochloric acid-secreting areas of the gastroin-
testinal tract.

The stains are generally cheap and safe, and the only additional equipment
needed is a reusable spray catheter to create a fine mist (e.g. Olympus
PW-5L).

4. Photogenic Small Animal Models and Cell Delivery

Imaging reporter gene expression via PET, SPECT or MRI has already
been described. However, reporter genes can also encode enzymes that
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create biophotonic molecular tags that can highlight transfected stem
cells.*” GFP (green fluorescent protein from jellyfish) transfection
requires light to be shone upon the transfected tissue, but bioluminescent
molecular tags can act as an internal biological light source. For example,
luciferase transfection from the firefly forces a tranfected cell to oxidise
the pigment luciferin and create light. This has the advantage that differ-
ent luciferase enzymes from varying organisms are specific for distinct
substrates, which when split create specific wavelength photons for the
simultaneous use of more than one marker.®

Mesenchymal stem cells have been transfected with luciferase and
then shown to migrate from their femoral artery injection site to a
damaged area of tibial muscle, with some trapping in the lung microvas-
culature.® The light produced is then detected by a charge-coupled device
camera (CCD) such as the IVIS system (Xenogen) (see Fig. 4). Much
work has been done to develop fluorescent proteins that avoid known
deleterious effects on cells,” including the creation of enhanced green,
cyan and yellow fluorescent proteins.”’> A significant improvement
awaited is the development of fluorescent proteins with bright, near-
infrared spectra to create greater tissue penetration.”

The most effective method of stem cell administration remains to
be established (see Chapter 13). In general, intravenous delivery is
simpler than intra-arterial, but the concentration of cells reaching the
target site is often limited. Intra-arterial administration via coronary
arteries has been used extensively in cardiac stem cell research. It is
likely that targeted organ injections will provide the most accurate
mechanism and the highest concentration of cells in the target region,
and may benefit from MRI guidance with systems similar to those used
in X-ray fluoroscopic delivery approaches.”* Steerable catheters have
been used to inject stem cells into the ventricles, with hypointensities
created on MRI by the needle. To create enhanced identification of the
needle tip, active catheter tracking is possible by incorporating various
radiofrequency receiver antennas into the catheter tip,” to provide a
high-signal area after processing of the images.” However, all these
catheter tips provoke concern over the differing degrees of heating,
which have the potential for damage to patient tissues and the stem
cells being administered.
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C Day 0

Figure 4: In vivo luciferase imaging of injected stem cells from luciferase/LacZ double
TG LEW rats that have had prior induction of right tibial muscle degeneration. Injections
were in either right femoral artery (top panels) or tibial muscle (lower panels) at days 0, 2
and 7. Reprinted from Hara et al. (2008).%° With permission from Elsevier Science.

5. Conclusion and the Way Forward

In this chapter, we have discussed some of the major imaging modalities
that are important for cell therapy. It is worth noting that there are many
other techniques that may be of importance for cell therapy imaging in
future. For example, photoacoustic tomography (PAT) has a background
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in materials analysis, and harnesses the photoacoustic effect. A single
laser pulse with a wavelength in the nanosecond range induces a wide-
band ultrasonic emission in the target tissue due to the transient
thermoelastic expansion of the tissue. It has been used experimentally to
image the cerebral cortex” and blood vessels.”” As another example,
Terahertz pulsed imaging (TPI) uses frequencies between NIR and
microwave (3 mm to 30 um) and has been used to characterise ex vivo
basal cell carcinomas®® and breast tumours.” However, the more devel-
oped techniques like MRI are likely to occupy the limelight for the near
future.

Currently there is no single imaging approach that can observe all the
relevant aspects of in vivo cell therapy. Applied to stem cell therapies in
the lung, the optimal modality will depend on the question being posed.
HRCT and MRI will create 3D recreations of bronchial and parenchymal
microstructure before and after cell therapy with far better temporal and
spatial resolution than most biophotonic techniques. With appropriately
labelled stem cells, MRI and nuclear imaging will monitor the tracking
and fate of the administered cells together with photogenetic labelling.
However, the avoidance of ionizing radiation and problematic magnetic
fields makes the biophotonic techniques appealing, particularly when it is
considered that the equipment is smaller, thus enabling endoscopic inte-
gration, and that they have excellent potential for interrogation of tissue
function. However, the acid test remains whether any intervention affects
cell and organ function. Multimodality is likely to be the future, for exam-
ple with MRI providing the background anatomical detail for delivery,
superimposed with PET supplying information about cell tracking, and
multiple molecular properties detailing viability and function elucidated
simultaneously with different colours through biofluorescence.

In the future, intravascular stem cell delivery will continue, but in the
lung more locally targeted techniques will also be employed. This may be via
image-guided percutaneous transthoracic injection or bronchoscopic admin-
istration, the latter benefiting from integrated imaging systems such as
EBUS, CLSM, OCT and NBI. Minimally invasive surgical techniques such
as video-assisted thoracic surgery (VATS), and robotic surgery with systems
such as the da Vinci surgical system (Intuitive Surgical, California) and
newly emerging platforms such as the i-Snake (imaging-sensing navigated



442 R. Newton and G.-Z. Yang

and kinematically enhanced) robot may play a role in precise tissue
dissection and stem cell delivery. These robotic systems may improve the
accuracy of delivery by compensating for cardiorespiratory movement
either by feature-based motion tracking'® or through the concept of
perceptual docking'” for effective human-robot interaction and haptic
feedback with dynamic active constraints.'”” MRI-adapted catheters can
provide excellent resolution for stem cell delivery,” and indeed MRI-
compatible surgical robots have been developed.'”™ However, the
manoeuvrability, size, and image quality produced by the technology
being developed in the field of biophotonics means that integration into
the surgical robots of the future must be the next logical forward step for
stem cell delivery.
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Chapter 16

Haematopoietic Transplantation
and Pulmonary Chimerism

Benjamin T. Suratt

The discovery of donor-derived cells incorporating and apparently
differentiating into human pulmonary tissue following haematopoietic
stem cell transplantation (HSCT) was first reported in 2003, and subse-
quent studies on this phenomenon using ever more sophisticated
techniques have described a wide range of findings. Thus far, it has been
suggested that epithelial, endothelium, and interstitial tissues of the lung
may be chimeric following HSCT, but debate about the extent and even
existence of such chimerism continues. Although this phenomenon has
only been described in humans in the incidental setting of transplanta-
tion, the implication is that such a process occurs in the absence of such
conditions, relying on endogenous circulating marrow-derived stem
cells to repair or remodel the lung. Whether these reports represent some
other source of chimerism (such as maternal-foetal) or even cellular
fusion, the incorporation of donor-derived cells into the lung, should it
represent not only antigenic but functional conversion to lung tissue and
be inducible at sufficient frequency, would present broad therapeutic
possibilities. Furthermore, the study of this phenomenon may yield
insights into disease pathogenesis that present even further therapeutic
avenues, beyond the use of stem cells themselves.

Keywords: Pulmonary chimerism; haematopoietic stem cell transplantation;
epithelium; endothelium; fibroblasts.
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1. Introduction

The term “pulmonary chimerism” describes the finding of circulating
non-autologous cells that have incorporated into the lung and “become”
tissue-specific structural cells, including epithelium, endothelium, or
interstitium (e.g. fibroblasts). This finding has been described after
allogeneic haematopoietic stem cell transplantation (HSCT), lung
allografting, and several other clinical settings. Whether, in the case of
HSCT, this process reflects donor stem cell differentiation or transdiffer-
entiation, fusion between donor and host cells, or perhaps simply artefact
of the detection techniques remains an open question, and reports of this
phenomenon have been met with both excitement and scepticism. Clinical
settings such as HSCT provide a unique opportunity to examine the
behaviour of adult stem populations in humans because, similarly to many
animal experiments, they provide a “model” of stem cell tracking due to
differing detectable markers that allow the distinction of host- and donor-
derived cells in tissues. This chapter will focus on the evidence for
pulmonary chimerism following HSCT, as the majority of human data
reported fall in this category, and this literature will be discussed in the
greater context of other described settings of such chimerism, as well as
the growing body of animal modelling data that dissects this phenomenon.

2. A Brief Review of HSCT Concepts and Techniques

The clinical use of haematopoietic stem cell transplantation is predicated
on the finding that infused whole bone marrow, either autologous or
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syngeneic, can readily repopulate the entire lymphohaematopoietic
system of an animal following radioablation." Clinical use of HSCT was
pioneered by E. Donnall Thomas and colleagues in leukaemia patients in
1959, following work exploring this technique in canine models. Early
experiences were restricted to syngeneic (identical) twins as donor and
recipient, until allogeneic transplantation became feasible in the late
1960s following the discovery of the major histocompatibility complex
(MHC) and its role in cellular immunity and rejection. In the 1970s,
Thomas and others reported the first allogeneic bone marrow transplants
in human leukocyte antigen (HLA)-matched siblings,’ and since this
original patient series, the use of both autologous and allogeneic HSCT
has grown dramatically, with more than 45,000 transplants per year
currently performed worldwide.* HSCT continues to be used primarily in
the treatment of malignancy, but its use has expanded to include a wide
range of non-malignant haematologic and immune diseases as well.

Historically, HSCT techniques consisted of therapeutic “conditioning”
or ablation of the recipient’s haematopoietic system using total body irra-
diation (TBI), followed by the intravenous infusion of donor bone marrow
cells to engraft the host and recapitulate the haematopoietic system. Over
the past 20 years, the process of HSCT has evolved to include complex
conditioning regimens, multiple sources of haematopoietic stem cells, and
the use of multiple pharmacologic agents to enhance haematopoietic
engraftment or, in the case of allogeneic HSCT, suppress graft versus
host immune response (GVHD). Commonly used conditioning regimens
include TBI in conjunction with an alkylating agent (such as cyclophos-
phamide), radiation-free regimens (such as carmustine, etoposide,
cytarabine, and melphalan or “BEAM”), and even some reduced-intensity
regimens that are incompletely myeloablative (such as are used in “mini”
allogeneic HSCT). All conditioning regimens are associated with some
degree of regimen-related toxicity, with the lung as the most frequently
injured organ.

Although HSCT is still commonly referred to as “bone marrow
transplant”, marrow is now relatively rarely used as a source of HSC,
having been superseded by peripheral blood HSC collected by leukaphore-
sis from HLA-matched siblings or a matched unrelated donor (MUD).
HSC, typically selected or quantified based on the CD34 cell surface
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marker, may also be derived from umbilical cord blood immediately
following birth. Although its use in adults is still limited, cord blood,
which is typically banked, provides a critical resource for patients lack-
ing an HLA-matched donor, as its use is less often associated with
GVHD and thus allows a greater degree of HLA-mismatching in
HSCT.> All three sources of HSC (bone marrow, peripheral blood and
cord blood) differ somewhat in their overall cellular composition and
the phenotype of the CD34+ cells present, and hence their behaviours
differ following HSCT.*

As much as animal modelling using HSCT provides an excellent
method for the investigation of HSC trafficking and plasticity, clinical
HSCT provides a relevant “model” for this work in humans, particularly
given the availability of large banks of stored biopsy and autopsy
specimens related to the care of these patients.

3. Techniques for the Detection of Pulmonary
Chimerism Following HSCT

Numerous techniques have been developed in animal models for detect-
ing the incorporation of donor-derived cells into the lungs of recipient
animals (chimerism) following HSCT. These range from the most
common, such as the use of marrow from transgenic donor animals that
ubiquitously and constitutively express a reporter protein (e.g. green
fluorescent protein), to more complex approaches, such as the use of wild
type marrow transplanted into knockout mice lacking specific proteins
(e.g. CFTR),® or donor marrow transgenic for a lung-specific promoter-
driven reporter (e.g. Sp-C promoter-driven GFP)’ into wild type mice. In
the search for adult stem cell engraftment of human tissues, obviously,
none of these approaches for detection are feasible. Thus, researchers
have been left to study the incidental occurrence of this approach to
“modelling”, that arises clinically from allogeneic haematopoietic stem
cell transplantation, as well as lung allografting. Such an examination is
feasible only in instances in which 1) differing donor- and host-associated
cell markers are reliably detectable; 2) discrimination between haematopoi-
etic and non-haematopoietic cells is possible; and 3) sufficient utilisable
lung tissue from either biopsy or autopsy is available for study.
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To date, at least six groups have published studies examining clinical
samples for evidence of respiratory tissue chimerism following HSCT
(see Table 1) and, in all but two, detection of donor cells has relied on the
sex chromosomes as the identifying marker. This approach employs
the use of in sifu hybridisation (ISH) of both X and Y chromosomes,
and is thus predicated on the examination of tissue samples from sex-
mismatched HSCT patients (i.e. female patients who have received male
HSC, or less commonly, the reverse). XY ISH has most often been
performed in conjunction with immunostaining of relevant tissue-specific
markers, such as cytokeratin (for epithelium), performed either sequen-
tially on the same slide, or independently on adjacent slides cut from
the same tissue block. Given the loss of tissue-specific peptide markers
(e.g. cytokeratin) that accompanies most approaches to XY ISH (which
requires fairly aggressive antigen retrieval techniques that can result in
destruction of cell surface epitopes utilised for immunostaining), most
authors have taken the approach of performing immunostaining of the
tissue section first when attempting to correlate cell tissue-type
(e.g. epithelium) and derivation (donor or recipient) on the same slide.
Staining is typically followed by photomicroscopic mapping of the section
before ISH is performed, after which the section is again mapped, and the
corresponding images from immunostaining and ISH are then compared
or overlaid (see Fig. 1). Such an approach is superior to serial sectioning,
in which hybridised nuclei in one section may not accurately associate
with the immunostained cytoplasm/membrane seen in adjacent sections,
but suffers from significant loss of tissue morphology. Attempts at simul-
taneous dual-immunostaining/ISH in HSCT patient samples have been
limited by loss of tissue-specific markers and severe degradation of overall
tissue morphology.® Recently, advanced techniques for dual-immunostaining/
ISH without significant tissue degradation have been developed for
mouse tissues.*!” Such an approach may be feasible in human samples,
but may require special tissue preparation, thus potentially limiting its
utility in the examination of archival tissue blocks.

Controversy surrounding the results of XY ISH studies tends to centre
on the possibility of erroneous inclusion of leukocytes, which, following
HSC engraftment, are typically greater than 95% donor in origin at the
time points examined.'"'? Such a possibility is due in large part to the



Table 1: Studies examining clinical samples for evidence of respiratory tissue chimerism following HSCT.

% Donor-Derived

Technique/ Pt Diagnosis Age at HSC HLA Time after Sample Lung _—

Paper Markers # at Xplant Xplant (y) Conditioning Source Match Sex GVHD Xplant Source Pathology Epith Endo Fibro
Davies XY ISH/IS 1 ALL NR NR BM 6/6 related F NR 10y Nasal N/A 0.0 N/A NR
Pancyto 2 CML NR NR BM 6/6 MUD F NR 8y  Brush N/A 00 N/A NR
3 ALL NR NR BM 6/6 related F NR 15y ” N/A 0.0 N/A NR
4 ALL NR NR BM 6/6 MUD F NR 10y ” N/A 00 N/A NR
5 ALL NR NR BM 6/6 related F NR 2y ” N/A 0.0 N/A NR
6 CML NR NR BM 6/6related F  NR 1y ” N/A 00 N/A NR
Suratt XY ISH/IS 1 HD 24 TBI/Mel/ATG CB 5/6 MUD F No 200d Autopsy DAD 2.5 35.7 NR
Pancyto/CD31/ 2 Breast 32 Bu/Mel/ATG CB 6/6 MUD F  No 50d  Autopsy DAD 0.0 0.0 NR
CD45 3 NHL 40 TBI/Mel/ATG CB 5/6 MUD F Yes 462d Surgical OB 8.0 423 NR
4 CML 34 Bu/Mel/ATG BM/PBSC 6/6 related F  Yes 225d"  Autopsy OB 0.0 0.0 NR
Kleeberger LCM/STR 8 AC 13 NR NR NR NR NR 246d  TBBX  Aspergillus 0.0 ND NR
Pancyto/CD45/ 9 AA 5 NR NR NR NR NR 75d  TBBX  Aspergillus 00 ND NR
CD68 10 CLL 57 NR NR NR NR NR 313d TBBX  Pneumonitis 0.0 ND NR
Mattsson XY ISH/IS 1 RCC 47 Flu/TBI/ATG* PBSC 6/6 MUD F  Yes 60d  Autopsy NR 2.5-3.0 ND NR
Pancyto/SpA/CD68 2 HCC 58 Flu/TBT* PBSC 6/6 related F  Yes 480d  Autopsy NR 2.0-6.0 ND NR
Albera XY ISH/IS 9 Lymph 38 NR BM NR F NR 38d  Autopsy Chronic injury —“+7 47 NR
SpB/SpC/Pancyto/ 10 Lymph 34 NR BM NR F NR 51d Autopsy Chronic injury — “+7  “+” NR
SMA/CDA45 11 Lymph 35 NR BM NR F NR 65d  Autopsy Chronic injury —“+7  “4” NR
Zander XY ISH/IS 1 AML 44 NR PBSC NR F NR 15d TBBX DAD 0.0 ND NR
SpB/EMA 2 HD 41 NR PBSC NR F NR 53d  TBBX Pneumonitis 1.8 ND NR
3 NHL 20 NR PBSC NR F NR 23d TBBX DAD 0.0 ND NR
4 CML 54 NR BM NR F NR 314d TBBX DAD 0.0 ND NR
Brocker LCM/STR vs. ISH 13 AML 41 NR NR NR M  Yes 450d Surgical OB ND ND 4

CD45/CD68/SMA 14 OMF 30 NR NR NR F  Yes 3y Explant OB ND ND 6.4-132

AA = Aplastic anaemia; AC = agranulocytosis; ALL = acute lymphoblastic leukaemia; AML = acute mylogenous leukaemia; ATG = antithymocyte globulin; BM = bone marrow;
Bu = busulfan; CB = cord blood; CML = chronic myelogenous leukaemia; DAD = diffuse alveolar damage; EMA = epithelial membrane antigen; Endo = endothelial; Epith =
epithelial; FISH = fluorescent in situ hybridisation; Flu = fludarabine; GVHD = graft versus host disease; HCC = hepatocelular carcinoma; HD = Hodgkin’s disease; HSC =
haematopoietic stem cell; IS = immunostaining; Lymph = lymphoma NOS; Mel = melphalan; MUD = matched unrelated donor; N/A = not applicable; ND = note done; NHL =
non-Hodgkin’s lymphoma; NR = not reported; OB = obliterative bronchiolitis; OMF = osteomyelofibrosis; Pancyto = pancytokeratin; PBSC = peripheral blood stem cells; RCC =
renal cell carcinoma; SpA = pro-surfactant A protein; SpB = pro-surfactant B protein; SpC = pro-surfactant C protein; TBBX = transbronchial lung biopsy;
TBI = total body irradiation; Xplant = transplant; © = no haematopoietic engraftment; * = non-myeloablative regimen.

HDINS 1 'd  8SY
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Figure 1: Examination of lung specimens from female HSCT recipients using immunos-
taining with epithelial cell-specific antibody (cytokeratin), followed by fluorescent ISH for
the sex chromosomes. (a and c) Staining of specimens with epithelial cell-specific antibody
(cytokeratin, yellow) and nuclear dye (DAPI, blue) showing distribution of epithelium in the
alveolar wall (a) and terminal bronchiole (b). Arrows indicate same cells in paired images
(a and b, c and d). (b and d) Same specimens labelled by in situ hybridisation of X (red)
and Y (green) chromosomes, showing presence of donor-derived (male, green) epithelial
cells (arrows) in the alveolar walls and distal airways. Reprinted from Suratt et al. (2003)."
© The American Thoracic Society.

universal finding of injury and/or infection in lung biopsies or autopsy
specimens of HSCT patients (see Table 1). This is accompanied
by extensive tissue infiltration of leukocytes, which may be extremely
difficult to identify morphologically. Several authors have attempted to
exclude leukocytes using immunostaining for leukocyte-specific antigens
such as CD45.*'""1 Yet, without multiplanar confocal imaging, which
is not feasible in the absence of simultaneous dual-immunostaining/
ISH, the possibility remains that leukocyte contamination may account for
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a significant portion of the donor-derived cells identified in these studies.
A further consideration, though apparently not nearly as common, is the
occurrence of cell fusion and the formation of polyploidy. Such a situation
could potentially give rise to cells containing donor marker chromosomes,
and thus might be misinterpreted as being donor-derived through differ-
entiation. Thorough studies in mice have suggested that the incidence of
this in the lung is extremely low following HSCT,'*" but it remains a
potential concern in human studies. Efforts to control for this have
focussed on direct examination of ploidy as part of ISH, but again this
approach is dependent on the investigator’s ability to evaluate completely
the cell nucleus, for instance through the use of confocal microscopy.

Beyond the technical aspects, the use of XY ISH presents an
additional limitation: only sex-mismatched HSCT cases are appropriate
for examination. This, in addition to the considerations of tissue avail-
ability and usability, rapidly narrows the number of patient samples
appropriate for study. For example, in our study of human pulmonary
chimerism,'" we examined 161 consecutive allogeneic HSCT cases from
a six-year period to find 46 instances of male HSC transplantation into
female recipients, and of these only four patients had usable lung tissue
samples. Similar difficulties were reported by Albera and colleagues,®
who screened >200 HSCT patients from two centres to obtain three appro-
priate lung samples for study.

One alternate approach reported is the use of short tandem repeat
(STR) PCR. This approach relies on genetic polymorphisms that exist at
high levels in the general population to define markers for both donor
and recipient cell origin, and thus does not have the constraint of requir-
ing sex-mismatched HSCT. The use of PCR, however, requires that the
cells examined be retrieved from archived tissue samples using laser
microdissection. This is essential in order to collect cells of specific type
(e.g. bronchial epithelium), and, perhaps more importantly, to avoid
leukocyte contamination. In the two published reports employing this
approach to examine the lung,'*'® the authors used laser microdissection
of immunostained tissue sections, followed by PCR of a highly polymor-
phic STR marker within the human B-actin-related pseudogene,
H-B-Ac-psi-2, in their examination of both HSCT and lung allograft
patient samples (see Fig. 2). Using quantitative PCR and calibration
curves similar to those used to determine mixed leukocyte chimerism in
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Figure 2: Short tandem repeat (STR) PCR analysis of bronchi from recipients of bone
marrow transplantation. (A) Representative bronchial epithelium from one patient who had
received therapeutic bone marrow transplantation. Note the infiltration of single lympho-
cytes into the epithelial layer (arrows). (B) Electropherograms demonstrating the absence
of chimerism within microdissected bronchi (see text for details). Reprinted from
Kleeberger et al. (2003)."® With permission from the American Society for Investigative
Pathology.
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HSCT, the authors were also able to estimate the degree of tissue
chimerism present. The limitations of this approach include a requirement
for greater quantities of archival tissue compared to ISH (with a higher
detection threshold), as well as the availability of pre-transplant patient
tissue samples (for derivation of a calibration curve). It is important to
recognise, also, that this approach is perhaps even more susceptible to
error than ISH, due to leukocyte contamination or cell fusion, as it relies
critically on accurate laser microdissection as the only safeguard against
such error.

4. Evidence for Pulmonary Chimerism Following HSCT

As with reports of experimental animal models of pulmonary chimerism
following HSCT, the findings of human studies vary widely (Table 1).
Following the initial report of Davies and colleagues,'” who found no
evidence of donor-derived upper respiratory epithelium from nasal
brushes of HSCT patients, the primary focus of investigators has been on
pulmonary epithelial chimerism following HSCT. Starting with our
group’s report in 2003," which suggested levels of epithelial chimerism
of up to 8%, several other investigators have reported the presence of
donor-derived epithelial cells in the airways and alveoli of HSCT recipients.
Among other findings of the collected reports, the occurrence of
chimerism may be related to tissue injury,'"'* and appears to predominate
in the alveoli more than the airways.*'"'> These findings are consistent
with animal experiments suggesting that a threshold of injury must be
reached before chimerism occurs,'®!” and that epithelial chimerism more
commonly occurs in the alveoli than the airways.'*** Comparable work
has been reported from another clinical “model” of human lung
chimerism examining recipients of lung transplant.®'*%>*-2* Much of this
work has been presented by the same groups reporting findings in
HSCT patients (often in the same publications), and comes to a similar
array of conclusions, but with a wider range of epithelial chimerism rates
(0 to 26%).

As shown in Table 1, although some have found significant epithelial
engraftment of the lung®'"'? others have found vanishingly little,
or none at all"® following HSCT. This is consistent with the findings of
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various animal models,'” and gives rise to speculation regarding the

source of such variability. As may be appreciated from the data presented
in Table 1, the patients examined in the seven reports to date vary widely
in a number of potentially important clinical characteristics, among them
transplant conditioning regimen, HSCT graft source, duration of HSC
engraftment at sampling, and the degree/mechanism of tissue injury
present in the lung samples.

Conditioning regimen and severity of tissue injury have previously
been shown to alter levels of lung chimerism following HSCT in mouse
models."®" In particular, the use of total body irradiation (TBI) has been
associated with greater levels of chimerism, thus, one might expect
patients conditioned with TBI to have higher levels of chimerism.'® This
was seen in our series, in which the two patients with measurable
chimerism had received TBI conditioning, whilst a third patient who had
not received TBI (but who had haematopoietic engraftment) showed no
evidence of chimerism." Other factors related to tissue injury may be
operative as well, but there exists no clear correlation when examining the
cumulative patient series, at least on the basis of reported lung histologi-
cal changes (see Table 1). In animal models, the source of transplanted
HSC also appears to be relevant, as the engraftment of different tissues of
the lung may be dependent on the population of cells infused during trans-
plantation.”” Examination of this variable in the reported human subjects
is limited, but no trend is evident (Table 1). Similarly, time since trans-
plant varies significantly among the reported patients (15d to over 3y) and
has been hypothesised to affect levels of tissue chimerism;!' yet there is
again no consistent correlation between pulmonary chimerism and this
variable across the entire cohort (Table 1).

Non-clinical variables in the reported literature are likely to have had
significant effects on the results as well. These include the means of lung
tissue sampling and the chimerism detection techniques used. Lung tissue
may be sampled in one of three ways: transbronchial biopsy (TBBX)
during bronchoscopy (typically very small — a few millimetres — with
significant architectural distortion), surgical biopsy (larger — 1-2
centimetres — with preserved architecture), and autopsy (large, but often
with some degree of tissue degradation). Reports that have relied on
TBBX samples'** have shown very little evidence of chimerism, and in



464 B. T. Suratt

at least one report'® the authors comment on the possibility that extremely
small biopsy size may have limited their ability to detect donor-derived
cells (for instance alveolar tissue could not be examined). The use of
autopsy specimens has also been associated with difficulties due to loss
tissue morphology and failure of antigen retrieval.® As discussed in the
previous section, aspects of detection technique also are likely to alter
results. In the case of ISH, for instance, it has been shown that antigen
(XY) retrieval may be markedly different between leukocytes and epithe-
lial cells in the same sample.”® Thus, retrieval conditions must be tailored
to the cell-type of interest, and donor marker detection normalised to the
overall detection rate of host marker (e.g. %XY/%XX), or the findings
may appear falsely low or negative. Lastly, one of the major concerns
raised by the disparate reported findings is that reports of donor-derived
cell incorporation may be altogether erroneous, and in fact represent
artefacts of the techniques used. This possibility will be discussed in
greater detail in the next section.

Chimerism of lung tissues other than the epithelium has been reported
as well following human HSCT (see Table 1). The appearance of donor-
derived endothelial cells, in particular, was quite significant in our series
(36—42%)," and was also noted in the report of Albera and colleagues.®
A more recent report examining sex-mismatched lung allografts by ISH*
found a much lower incidence of endothelial chimerism (1.3-2.1%), but
the meaning of this discrepancy is unclear. Several reasons may be
suggested: 1) the mechanism of HSCT (infusion or donor cells that pass
through the lung) and the particular cell populations infused (marrow and
cord blood-derived cells in particular)®” may facilitate engraftment of the
endothelium; 2) the lungs examined in the lung transplant study were only
mildly injured while endothelial chimerism may require more severe
injury; and 3) lungs from this study were sampled only by transbronchial
biopsy, with limited tissue available for examination. Although the pres-
ence of donor-derived inferstitial tissue in the lung has been demonstrated
in a number animal studies,*®>? it has only been described in one human
study to date.'® In this study, the authors examined two HSCT patients
with obliterative bronchiolitis, a fibrosing process of the small airways,
and found donor-derived fibroblasts in the lesions of both patients (examined
by STR), accounting for 6-13% of these cells in one patient sample when
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examined by ISH. Similar results were seen in lung transplant patients in
the same study.

5. Possible Origins of Pulmonary Chimerism

The excitement that has surrounded reports of human pulmonary
chimerism following HSCT arises due to the view that this finding may
reflect the ability of circulating adult stem cells to not only incorporate but
differentiate into elements of human lung tissue. However, substantial
controversy has arisen as to the mechanisms behind this phenomenon, and
hence its biological significance and therapeutic potential. Certainly, as
suggested in numerous reports, there are other potential aetiologies, both
biological and methodological, to explain these findings.

One possibility is the occurrence of so-called maternal-foetal
chimerism,* in which it is believed that foetal cells transit to the maternal
circulation and may embed in maternal tissues, including the lung. Studies
have suggested that this phenomenon may occur following blood transfu-
sions as well.*** One recent report describes the occurrence of lung
chimerism in tissue from 10/38 women examined who had borne male
children.’® Although the male cells described were found largely in the
alveolar septae and airspaces of the samples (suggesting they were leuko-
cytes), the authors did not use immunohistology, and cell types could
therefore not be determined. Of the reported HSCT patients described in
Table 1, transfusion status is unknown (but suspected to be fairly preva-
lent given the clinical setting), and only two reports (Suratt et al.,'" and
Zander er al.”) include data on pregnancies (two patients had male
children; patients 4 and 2, in the respective series). However, studies using
STR should distinguish foetal- or blood donor-derived cells from HSC
donor-derived cells, and none have been reported.’” Thus, although tissue
chimerism related to pregnancy or transfusion cannot be completely ruled
out in many of the reported studies, it appears unlikely to explain their
findings.

Cell fusion, in which two or more cells fuse to form one cell, typically
with a polyploid nucleus, is another possible explanation for the findings
of “donor-derived” cells in the lung, and has received growing attention
in relation to the reported chimerism studies. Although data on cellular
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fusion in the lung is limited, mouse models have either shown no evidence
of this process'* or that it may occur at extremely low rates and only in the
setting of repeated injury to the lung.'" This second study is, nevertheless,
relevant, as the setting of recurrent lung injury applies to most human data
reported. None of the clinical studies using ISH, however, have found sig-
nificant levels of polyploidy (though this may not be sufficient to rule out
fusion);"” and in our study we found that despite multiple HSC infusions
in one patient (#4), no chimerism was evident, suggesting that at least cell
fusion during initial pulmonary vascular transit may not account for the
chimerism phenomenon.

Lastly, as discussed in Section 3, serious consideration must be given
to the possibility that methodological limitations and artefact may influ-
ence the findings of chimerism studies. Just as issues of tissue sample size
and differential antigen retrieval may lead to an under-appreciation of
chimerism, failure to effectively exclude leukocytes may lead to falsely
positive results. This may occur due to use of insufficiently specific anti-
gens and reagents to define cell type (as has been suggested may occur
with cytokeratin staining),'® failure to adequately remove leukocytes from
the tissue analyzed (as may be seen with laser microdissection for STR),
or inability to recognise leukocytes in the full tissue thickness (as may
occur with ISH, particularly without confocal microscopy). Currently it is
impossible to determine to what degree such error may account for false
positive findings in the reported studies, but it should be noted that as
detection techniques used in animal models have improved in the past five
years, the reported rate of lung tissue chimerism in these studies has
dropped substantially. This has led some to suspect that although
chimerism may indeed occur, it may occur at such vanishingly low rates
that, in the absence of successful techniques to increase these rates, struc-
tural engraftment of the lung through HSCT or other variants of adult
stem cell infusion may yield limited therapeutic prospects.*® Furthermore,
it is critical to note that no study of archival tissue can demonstrate
evidence of cellular function. Thus, irrespective of the true degree of pul-
monary chimerism, it has not been shown that such chimerism results in
functionally differentiated cells of the lung in humans, and such data is
scarce in murine models.
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6. Conclusions and Future Perspectives

The discovery of donor-derived cells incorporating and apparently
differentiating into human pulmonary tissue following HSCT or lung
allografting has relevance to both the therapeutic and even broader bio-
logical realms. Although this phenomenon has only been described in
humans in the incidental setting of transplantation (and perhaps transfu-
sion or pregnancy), the implication is that such a process occurs in the
absence of such conditions, relying on endogenous circulating marrow-
derived stem cells to either directly repair or remodel the lung or to act
more indirectly to these ends through replenishment of tissue-resident
stem cell niches.*® As discussed elsewhere in this volume (see Chapter 5),
animal models have yielded conflicting findings pertaining to the mecha-
nisms and even relevance of such structural chimerism. Although this has
recently to some degree dampened enthusiasm for the therapeutic use of
marrow-derived stem cells, it remains unknown whether the development
of techniques that might increase pulmonary engraftment of such cells
would render this phenomenon clinically relevant. The use of cytokine
manipulation, specific stem cell populations, or genetic alteration of these
cells may yet yield enhanced tissue engraftment.

Beyond the concept of circulating stem cells as a sort of “therapeu-
tic spackle”, one must also consider the possibility that the processes
evidenced by pulmonary chimerism may to some degree underlie
human disease states such as obliterative bronchiolitis, pulmonary
fibrosis, or even pulmonary hypertension. Furthermore, it is possible
that certain diseases may in part reflect a failure of marrow-derived
stem cells to properly respond, as has been suggested by recent human
studies of both COPD* and ARDS.* It is therefore likely that even if
direct strategies to use infused marrow-derived adult stem cells fail,
efforts to exploit our understanding of the endogenous process may
lead to more effective therapies to alter disease progression through
manipulations of this axis. Moreover, the therapeutic effects of mes-
enchymal stem cells, although likely to be independent of significant
structural engraftment, appear to be a promising new avenue for
cellular therapies (see Chapter 5).
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Although controversy continues to surround reports of human
chimerism following both HSCT and lung allografting, it is important to
recognise that whether the reports represent some other source of
chimerism (such as maternal—foetal) or even cellular fusion, the incorpo-
ration of donor-derived cells into the lung, should it represent not only
antigenic but functional conversion to lung tissue and be inducible at
sufficient frequency, would present broad therapeutic possibilities.
Furthermore, the study of this phenomenon may yield insights into
disease pathogenesis that present even further therapeutic avenues,
beyond the use of stem cells themselves. As clinical trials of cellular ther-
apies progress, it will be critical to use our rapidly advancing technical
expertise honed by animal studies to investigate further the behaviour and
effects of adult stem cells in humans, as it is evident that much is yet to be
learned.
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Chapter 17
Stem Cells and Lung Cancer

Arielle C. Lebrenne, Shahriar Islam
and Malcolm R. Alison

Lung cancer is the most common cause of death from cancer. It is
estimated that every 15 minutes in the UK, one person dies of lung cancer
and in both the UK and USA more people die of it than any other type
of cancer,* it being responsible for about one quarter of all deaths from
cancer. Its high mortality rate is also reflected on a global scale, with
lung cancer accounting for more than 1 million deaths per year.* Lung
cancer is usually sub-divided into three types: small cell lung cancer
(SCLC), non-small cell lung cancer (NSCLC), and mesothelioma — a
rare type of cancer that affects the pleura. Stem cells and cancer are
inextricably linked; the perceived wisdom is that the process of carcino-
genesis initially affects normal stem cells or their closely related
progenitors, and then at some point, neoplastic stem cells are generated
that propagate and ultimately maintain the process. Many, if not all
cancers contain a population of self-renewing stem cells; the so-called
cancer stem cells (CSCs) that are entirely responsible for sustaining the
tumour as well as giving rise to proliferating but progressively differen-
tiating cells that contribute to the cellular heterogeneity typical of many
solid tumours. Thus tumours, like normal cell populations, may have a
hierarchical structure. Adherents of the CSC hypothesis believe that the
bulk of the tumour is therefore not the clinical problem, and so the iden-
tification of CSCs and the factors that regulate their behaviour are likely
to have an enormous bearing on the way we treat neoplastic disease in
the future. This chapter summarises 1) the histogenesis and molecular
pathogenesis of lung tumours that probably take origin from normal
pulmonary stem cells; 2) the evidence for the existence of CSCs in
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neoplastic lung tissue; and 3) illustrates some of the cellular pathways,
often related to stem cell behaviour, that are frequently aberrant in lung
cancer and may represent druggable targets.

Keywords: Stem cells; bronchioalveolar duct junction (BADJ); lung
cancer; CD133; SP; drug resistance.
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1. Stem Cells and the Origins of Lung Tumours

Progress in identifying lung stem cells has been impeded by the slow
turnover of airway and alveolar epithelium. The consensus view is that
there is no single multipotential stem cell for the lung, but rather there are
regiospecific stem cell zones in the proximal and distal lung (Fig. 1) (see
Chapter 4). In the mouse trachea, basal cells scattered in the ducts of sub-
mucosal glands expressing high levels of CKS5 that were label-retaining
cells (LRCs) after a period of BrdU labelling during tracheal injury, are
likely stem/progenitor cells for this pseudostratified epithelium.” Other tra-
cheal basal cells are also present, probably acting as progenitor cells, and
expression of p63 appears important for their self-maintenance.® The mouse
bronchial tree is lined by a number of cell types including basal cells, cili-
ated cells and non-ciliated cells (serous, goblet and Clara cell secretory
protein (CCSP)-expressing (CE) cells). Here, both CE cells and basal cells
appear to be able to act as transit amplifying/progenitor cells, and when
CE cells are selectively ablated, a major subset of basal cells (basal cells
identified by the binding of the lectin Griffonia simplicifolia isolectin B,
(GSI-B,) upregulate CK14 and are able to regenerate the entire epithe-
lium.” In the bronchiolar epithelium, stem cell function appears to be the
property of rare pollutant-resistant CE cells, co-localised with pulmonary
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TUMOUR

Tracheobronchial tree

Figure 1: Probable locations of stem/progenitor cells in the respiratory tree and the
tumours that might arise from them. BADJ, bronchioalveolar duct junction; NEB, neuroep-
ithelial body; NSCLC, non small cell lung cancer; PNECs, pulmonary neuroepithelial cells;
SCC, squamous cell carcinoma; SCLC, small cell lung cancer; SMG, submucosal gland; vCE,
variant (CCSP) expressing cell.

neuroendocrine cells (PNECs), normally located in cell clusters termed
neuroepithelial bodies (NEBs); PNECs can only act as progenitors for
more PNECs.® Pollutant resistance of CE cells appears to be related to a
deficiency in the phase I drug metabolizing enzyme CYP450 2F2. At the
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bronchioalveolar duct junction (BADJ), Giangreco et al.” have identified
other pollutant-resistant CE cells, not associated with NEBs, that proba-
bly serve a stem cell function in the terminal bronchioles; CE cells that
were also LRCs were located within three cell diameters of the BADJ. A
non-haematopoietic (CD457) SP population has been isolated from murine
lung and, like NEB-associated variant CE (vCE) cells, these cells showed
expression of CCSP and absence of CYP450 2F2; a frequency of <0.9%
amongst intrapulmonary conducting airway epithelia is consistent with a
low abundance of stem cells.'” At the BADJ are rare CE cells that also
express the type II pneumocyte marker, surfactant protein C (SP-C), sug-
gestive of both bronchiolar and alveolar differentiation potential,
deserving of the appellation bronchioalveolar stem cells (BASCs)." In the
mouse, these BASCs also express CD34 and Sca-1, but not the
haematopoietic or endothelial markers CD45 and CD31." In the alveoli,
type Il pneumocytes are widely believed to be progenitor cells, undergo-
ing hyperplasia in response to the loss of the squamous type I
pneumocytes, giving rise to type I cells as well as self-renewing. Type 11
cells are characteristically recognised by the presence of intracellular
lamellar bodies and the production of surfactant proteins.

The phenotypic diversity of lung tumours, related to their location
within the pulmonary tree, is highly likely to be partly a reflection of these
complex region-specific variations in stem cell nature." As Kim and
colleagues' observed in murine models, it seems that only certain specific
locations can foster tumour development, there being a proximal to distal
distribution pattern; moving distally from the trachea these are squamous
cell carcinomas (SCCs), small cell lung carcinomas (SCLCs) and bron-
chioloalveolar carcinomas (BACs)/adenocarcinomas (Fig. 1). We cannot
be quite so certain of the origins of human lung cancers. The notion that
there may be pro-oncogenic stem cell niches is reinforced by the fact that
in murine models where there has been global knockdown of a tumour
suppressor gene (e.g. p53) or upregulation of a proto-oncogene under the
regulation of a widely expressed lung-specific promoter, in essence a
“field cancerisation” effect, there has not been a similarly wide distribution
of tumours produced. For example, K-RAS mutations are very common in
human lung cancer, but murine models with widespread K-ras mutations only
result in atypical adenomatous hyperplasia and eventually adenocarcinoma in
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the bronchioalveolar region.'* This seems to be related to expansion of self-
renewing, multipotent BASCs in the BADJ." Thus, although extensive
field cancerisation has been observed in the human tracheal-bronchial tree
with an identical TP53 codon 245 transversion found at 7/10 sites in both
lungs, presumed to derive from a single mutated clone,'* any synchronous
carcinoma development would seem to depend on the location of the var-
ious stem cell niches.

2. Histogenesis and Molecular Pathogenesis
of Lung Tumours

2.1. The development of SCLCs

Human SCLCs localise to mid-level bronchioles, and express a number of
neuroendocrine markers including calcitonin gene-related peptide
(CGRP) normally expressed by PNECs in NEBs. As such, the consensus
view is that SCLCs have origin in PNECs.'?> Murine models that delete
both Rb and p53 demonstrate hyperplasia specifically in the microenvi-
ronment of NEBs with resulting metastatic SCLCs."”” The proposed
relationship between PNECs and SCLC is further strengthened by the fact
that the Hedgehog and Notch-delta pathways both have roles in PNEC
growth and SCLC progression.'®!”

2.2. The development of NSCLCs

Squamous cell carcinomas (SCCs) generally occur in the proximal
airways and appear to develop in a step-wise fashion beginning with basal
cell hyperplasia, progressing to squamous metaplasia, dysplasia, carcinoma
in situ and finally invasive SCC'® (Fig. 2a). An origin from CK14-positive
basal cells found either in the submucosal gland ducts or intercartilage-
nous boundaries is consistent with their increased numbers in mouse
models of SCC, and the fact that they occur in the same locations where
SCCs arise."

Adenocarcinomas sometimes co-express airway and alveolar traits,
e.g. CCSP and SP-C, and together with the observed expansion of BASCs
prior to tumour formation in mouse models, the evidence strongly
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membrane

Dysplasia/ CIS

Squamous cell carcinoma
(a) (b)

Figure 2: Simplified cartoons illustrating the major recognisable stages in the histological
development of (a) squamous cell carcinoma (SCC) and (b) adenocarcinoma, presumed
to reflect the multistage nature of lung cancer development. For detailed morphological
descriptions the reader is referred to Ref. 18. The development of SCC begins in the upper
airways with basal cell hyperplasia, proceeding to squamous metaplasia, increasing
dysplasia resulting in carcinoma in situ (CIS), and finally invasive squamous carcinoma.
Peripheral adenocarcinoma may have its origin in BASCs at the BADJ, and proceeds
through atypical adenomatous hyperplasia (AAH), bronchioloalveolar carcinoma (BAC),
finally to invasive adenocarcinoma. AAH is thought to be equivalent to an adenoma in the
adenoma-carcinoma sequence. CC, clara cell; CiC, ciliated cell; GC, goblet cell.

suggests that many adenocarcinomas arise from BASCs at the BADJ,"*

although an origin from Clara cells or type II pneumocytes is also possible.
Likewise, many CCSP or SP-C promoter-driven murine models of
lung adenocarcinoma, including mutated epidermal growth factor (EGF)
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receptor’! and activated K-ras (G12D)," produce mixed phenotype tumours
located close to terminal bronchioles resembling human bronchioalveolar
carcinomas (BACs), again suggesting that the cell of origin of adenocar-
cinoma and BAC resides at or near the BADJ. The Polycomb repressor
Bmil, often overexpressed in NSCLC, is required for normal stem cell
maintenance and tumorigenicity in many tumours, functioning, for example,
by blocking expression of p197 that would normally sequester mdm2
thereby raising p53 levels. In the K-ras initiated model of lung adenocar-
cinoma, loss of Bmil inhibits tumorigenesis by blocking prior expansion
of BASCs.*

The molecular regulation of BASCs at the BADJ has come under
close scrutiny. In K-ras (G12V) activated lung tumorigenesis in the
mouse, loss of the stress activated protein kinase (SAPK) p38ca., also
known as MAPK14 and required for lung branching morphogenesis,”
results in hypercellularity at the BADJ with increased numbers of CCSP/
SP-C expressing cells, rendering the mice highly sensitive to K-ras-induced
lung tumorigenesis.** Loss of p38c was associated with a loss of differ-
entiation signals such as the transcription factors C/EBPo. and HNF3,
but an increase in proliferation signals including EGFR and cyclin DI.
The relevance of p38a to human lung cancer was clear, since compared
to normal lungs, the human tumours only expressed about one third of the
levels of p38a.. Furthermore, mutation of p27%%’ and loss of p18™“ are
also associated with increased numbers of BASCs in mouse lung.?*
P38o. negatively regulates the cell cycle activity by inhibiting c-Jun
N-terminal kinase (JNK)-c-Jun pathway, and p38a deficiency in newborn
Mapk*'® mice have a very distorted alveolar structure.”’

Class I phosphatidylinositol 3-kinases (PI3Ks) phosphorylate
phosphatidylinositol 4,5-bisphosphate (PIP2) to produce phosphatidyli-
nositol 3,4,5-trisphosphate (PIP3). PI3K is required for the initial events
in Ras-induced tumour formation. In two mouse models of K-ras-induced
lung cancer, BASC expansion and tumour progression were retarded by
pharmacological inhibition of PI3K, but enhanced by genetic inactivation
of Pten, a negative regulator PI3K.?® Phosphatase and tensin homologue
deleted on chromosome ten (PTEN) removes phosphate groups from
PIP3, PIP3 being essential for the activation of the serine/threonine
kinase known as Akt (also know as protein kinase B); in turn this leads to
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Figure 3: The relationship between three signalling pathways involved in the disease
syndromes Peutz Jeghers (LKB1), Cowden’s disease (PTEN) and tuberous sclerosis (TSC1-
TSC2) that essentially do not cause malignancy or pulmonary disease, but nevertheless
illustrate interactions between molecules frequently implicated in lung cancer.>? LKB1 acts
as a sentinel, halting cell division in times of energy stress (overriding growth factor
signalling) through phosphorylation of AMPK (5’-AMP-activated kinase), that in turn
activates the tuberous sclerosis complex (TSC1-TSC2). Mutations in TSC1 or TSC2 impair the
GTPase activity of the complex for Rheb (Ras homologue enriched in brain), leading to
inappropriate mTOR signalling. Thus, targeting mTOR would seem to be potentially beneficial
to lung cancer patients with not only activation of growth factor signalling pathways but also
with inactivating mutations/loss of LKB1, PTEN or TSC genes.

upregulation of mammalian target of Rapamycin (mTOR) that is associ-
ated with cell cycle progression (Fig. 3). In a similar vein, conditional
inactivation of Pten in SP-C expressing cells can result in spontaneous
lung tumours.?”? Moreover, Pten conditional deletion models for a variety
of organs show upregulation of stem/progenitor cells with activation of
mTOR, suggesting that mTOR is an important therapeutic target.”’
Examining CCSP/SP-C double positive murine BASCs, it has been
suggested that micro RNAs (miRNAs) play a significant role in self-
renewal and that their dysregulated expression is a major event in cancer
progression.’!

The study of three genetic syndromes, Peutz-Jeghers syndrome
(gene affected LKBI), Cowden’s disease (PTEN) and tuberous sclerosis
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(TSC1/TSC2), all of which share parallel phenotypes of primarily
non-malignant and non-pulmonary disease, has nevertheless provided
an important insight into a common pathway activated in a significant
proportion of lung cancers®* (Fig. 3). A tumour suppressor gene LKBI,
also known as STKII (serine/threonine kinasell), largely responsible
for Peutz-Jeghers syndrome, is inactivated in 30% of human lung
cancer.’? In times of energy stress (high AMP/ATP), LKB1 negatively
regulates mTOR via TSC1-TSC2, thus blocking cell proliferation,
overriding growth factor (e.g. EGF) signalling (Fig. 3). In animal mod-
els the homozygous loss of Lkb/ in combination with K-ras mutation
produces considerably more aggressive lung tumours than those
produced by mutant K-ras alone.*> Clearly our increasing knowledge
regarding the regulation of BASCs, seemingly the cells of origin of
many NSCLCs, is going to have a major impact on the development of
new therapies for lung cancer, particularly those that target mTOR and
related pathways.

Most adenocarcinomas develop in a step-wise manner, with the first
recognisable precursor lesion being atypical adenomatous hyperplasia
(Fig. 2B), AAH (a clonal lesion), that progresses to BAC and then to
adenocarcinoma; the fact that AAHs can express markers of Clara cells
and type II pneumocytes reinforces the belief that AAH arises from
BASCs and AAH is the forerunner of adenocarcinoma.* In general, the
number and severity of mutational load (e.g. EGFR mutation)** is seen to
increase with each successive stage, though strangely no major differ-
ences in MMP expression were seen between non-invasive BACs and
invasive adenocarcinomas,” though as observed for many tumours, the
MMP expression is largely confined to the desmoplastic cancer-associated
fibroblasts.*®

2.3. Molecular pathology of established tumours

A detailed discussion of the genetic abnormalities in lung cancer is
beyond the remit of this chapter. A number of reviews are available for the
interested reader.”’* In SCLC, the common tumour suppressor genes
inactivated are TP53, RB and FHIT (fragile histidine triad gene) along
with overexpression of BCL-2. In NSCLC, inactivation of INK4A, TP53
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and to a lesser extent RB and FHIT, are common, along with EGFR over-
expression and K-RAS mutation. In a detailed analysis of 623 genes
potentially related to cancer in lung cancer, other genes implicated in lung
cancer pathogenesis included those encoding c-erbB-4, ephrin receptors
and KDR (VEGFR2) along with NF1, ATM and LRP1B (LDL receptor-
related protein 1B).* Attempts have been made to classify human lung
cancers based on association with stages of murine lung development,
on the premise that murine orthologs of human genes upregulated in
lung cancer would be downregulated with time during mouse lung
development.** As expected, overexpressed genes in lung tumours had a
significant likelihood of having a mouse lung developmental profile
that, in the mouse, decreased with time. In particular, there was an asso-
ciation between placement along the mouse lung development trajectory
and patient survival.

Two immortalised bronchial epithelial cell lines exposed to chemical
carcinogens had increased levels of cytosine-DNA methyltransferase I
(DNMT1), the major methyltransferase, associated with promoter hyper-
methylation of a number of genes, particularly of the cadherin family.*
Stable knockdown of DNMTT reversed transformation, suggesting that
demethylation therapy could be a primary prevention strategy for lung
cancer in smokers. Similarly, promoter hypermethylation of Cadm! (also
known as TSLCI, for tumour suppressor in lung cancer 1), a member of
the Ig superfamily of cell adhesion molecules (CAMs), is seen in tumour
cells isolated from c-myc and c-raf double transgenic mice;* gene expression
could be restored with the demethylating agent, 5-aza-2’-deoxycytidine.
Hypermethylation of the TSLCI promoter seems to be the second hit in
many human cases of NSCLC with loss of heterozygosity.*’ There is little
information on hereditary cancer syndromes associated with increased
lung cancer incidence. The best known examples are Li Fraumeni
syndrome; smokers who carry a 7P53 mutation are more at risk than non-
smokers with the same mutation, and carriers of RB mutations have a
higher lifetime risk of lung cancer.®®

KEAPI gene mutations have been identified in a number of lung
cancer patients, therefore conferring a cytoprotective advantage to the
mutated cells since the transcription factor Nrf2 is now available to upreg-
ulate cytoprotective genes.*’ Thus, inhibition of Nrf2 maybe useful in patients
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with activation of Nrf2. TTF-1 (thyroid transcription factor-1) is required
for lung development and regulates expression of surfactant proteins;™ in
stage 1 adenocarcinoma, TFF-1 expression defines a favourable prognostic
group.”’ A genome-wide association study has identified region 5p15.33
as a lung cancer susceptibility locus, implicating the TERT (human telom-
erase reverse transcriptase) gene.”> A group of conserved genes known as
homeobox (HOX) genes are important regulators of development, and in
humans there are four HOX gene clusters. They are highly expressed in
the developing lung, but levels of most HOX genes decline with advanc-
ing maturation. Since the neoplastic process often recapitulates ontogeny,
HOX genes are increasingly implicated in neoplastic development.
Upregulation of HOX genes is seen in SCLC,” and in NSCLC there is
even increased expression of HOX genes not seen in the developing
lung.>* Lack of response to the negative growth influences of TGFp are
also apparent in human SCLC, possibly related to the mutagenicity of
benzo[a]pyrene, a component of cigarette smoke causing defective TBRII
expression,” and CpG hypermethylation of the TBRII promoter is seen
in NSCLC.* Inhibiting Wnt signalling results in increased apoptosis
in human NSCLC, seemingly related to downregulation of the human
inhibitor of apoptotic proteases, survivin.’’ Activating mutations in
CTNNBI (B-catenin) are seen in a significant proportion of human
adenocarcinomas.*®

3. Cancer Stem Cells

For many years it has been apparent that stem cells feature in processes as
diverse as wound healing, metaplasia and cancer. Two-stage models of
skin cancer in rodents carried out in the 1950s strongly suggested that can-
cers had their origins in long-lived epidermal stem cells, but the idea that
cancers themselves might have malignant cancer stem cells (CSCs) is
only just gaining widespread acceptance, despite the fact that Hamburger
and Salmon, in 1997,” using colony formation in soft agar as a surrogate
stem cell assay, found that for many human tumours, only 1 in a 1,000 to
1 in 5,000 cells was able to form a macroscopic colony.

Cancer could arise from the dedifferentiation of mature cells that have
retained the ability to divide, or it could result from the “maturation
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arrest” of immature stem cells.® The idea of “blocked ontogeny” has
gained wide acceptance, and we now believe that the arrested differentia-
tion of tissue-based stem cells or their immediate progenitors is closely
linked to the development of not only teratocarcinomas and haematologi-
cal malignancies, but also carcinomas. Some of the most frequent cancers
occur in tissues with a high cell turnover such as the skin and the epithe-
lial lining of the gastrointestinal tract. It is argued, not unreasonably in our
view, that in these tissues the stem cells are the only cells with sufficient
lifespan to acquire the requisite number of genetic abnormalities for
malignant transformation. Additionally, with a self-renewal mechanism
already in place, seemingly fewer alterations are required to change
normal stem cells into CSCs. In the now classical two-stage model of
mouse skin carcinogenesis, severely delaying the interval between 7,12-
dimethylbenz(a)anthracene (DMBA) initiation and the application of the
phorbol ester promoter had no bearing on subsequent tumour yield —
strongly suggestive of an origin in a long-lived cell, an epidermal stem
cell.®!

3.1. Markers of CSCs

Considerable effort is being expended in the search for “markers” of stem
cells, with every expectation that many of the molecules expressed by
normal stem cells will also be found in their malignant counterparts.
Collectively these molecules appear to be involved in maintaining “stem-
ness” (transcription factors such as Oct-4 and Nanog), ensuring adhesion
to the niche and involvement in cytoprotection.®” For example, in the
human epidermis, superior colony forming ability has been found in cells
selected on the basis of expression of the hemidesmosomal integrin
06, which partners 4 to attach cells to the basement membrane compo-
nent, laminin V,** while Jones and Watt noted that selection of basal
keratinocytes based upon high expression of the B1-integrin enriched for
colony-forming ability.** Likewise, in the murine mammary gland, either
the B-1 integrin (CD29) or the -6 integrin (CD49f) has been used to iso-
late multipotential stem cells, each capable of generating entire mammary
glands after in vivo transplantation.®>%
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Many putative stem cells have acquired the ability to withstand cyto-
toxic insults through either efficient enzyme-based detoxification systems
or the ability to rapidly export potentially harmful xenobiotics. In 1996,
Goodell et al. reported on a new method for the isolation of HSCs based
on the ability of HSCs to efflux a fluorescent dye,”” an ability that was
inhibited by verapamil. Cells are subjected to Hoechst 33342 dye staining
and fluorescence-activated cell sorting (FACS) analysis; those that
actively efflux the Hoechst dye appear as a distinct population of cells on
the side of the profile, hence the name “side population” (SP). The SP
phenotype of HSCs in mice and humans is largely determined by the
expression of a protein known as the ABCG2 transporter (ATP-binding
cassette [ABC] subfamily G member 2, also known as BCRP1).%*% The
ABC superfamily of membrane transporters is one of the largest protein
classes known, and is characterised by expression of an ATP-binding
cassette region functioning to hydrolyse ATP to support energy-dependent
substrate exportation against steep concentration gradients across mem-
branes, principally from the intracellular cytoplasm to the extracellular
space.” Various websites detail the 49 human ABC transporters, which
are organised into seven families, A—G (see http://www.nutrigene.4t.com/
humanabc.htm).

ABC transporters play a role in the transport of drugs (xenobiotics)
and drug conjugates. Their role is exemplified by MDR1 (ABCBI1 or
P-glycoprotein), MRP1 (the multidrug resistance protein 1, ABCC1) and
BCRP1 (breast cancer resistance protein 1, ABCG2), whose expression is
associated with multidrug resistance (MDR) in cancer cells.”' Drug resist-
ance results from the ability of the transporters to extrude several classes
of anticancer drugs, lowering effective concentrations within the cell. For
example, MDRI1 is able to cause the greatest resistance to bulky amphi-
pathic drugs such as paclitaxel (taxol) anthracyclines and Vinca alkaloids.
SP cells can be isolated from human tumours, and probably contribute
significantly to tumour drug-resistance.”” ABC transporters have emerged
as an important field of investigation in the regulation of stem cell
biology” and, significantly, ABCG2, an ABC transporter found in many
stem cells, is upregulated in hypoxic environments, e.g. stem cell niches,
mediated by HIF1-o..”*
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ABC transporters are not the only cytoprotective molecules present in
adult stem cells; the aldehyde dehydrogenase (ALDH) gene superfamily
encode detoxifying enzymes for many pharmaceuticals and environmen-
tal pollutants.” Using ALDEFLUOR staining of live cells, combined with
low side scatter (an indication of undifferentiated cells with few
organelles and protrusions), clonogenic, multipotential stem/progenitor
cells have been isolated from the likes of mouse CNS,’ and human bone
marrow.”” As expected, high expression of ALDH can be detrimental to
tumour eradication; cyclophosphamide treatment of human colonic
xenografts enriches for CD44+ALDH+ cells, and these double positive
cells are more tumorigenic than cells selected by solely CD44-positivity.”
A further mechanism that stem cells appear to employ to reduce suscepti-
bility to potential toxins is through low expression of certain cytochrome
P450 enzymes, a superfamily of haemoproteins involved in oxidative
(phase 1) metabolism; in the pulmonary airways there are so-called
pollutant-resistant stem cells (see Fig. 1) that evade toxic insult by virtue
of low cytochrome P450 enzymes.'”

Another proposed stem cell marker is Bmil, a member of the Polycomb
Group family of transcriptional repressors required, for example, for the
self-renewal of HSCs.” Loss of Bmil leads to a depletion of neural stem
cells, associated with upregulation of p16™* ¥ The premature senescence
of murine neural stem cells is prevented by Bmil, suppressing transcrip-
tion at the Ink4a/Arf locus that encodes p16™* and p19*7.*' Perhaps the
most “popular” marker of putative stem cells is Prominin-1 (CD133), the
first identified member of the rapidly growing prominin family of pentas-
pan membrane proteins.**® The specific functions and ligands of the
prominins are still relatively unclear, but they are distinct in their
restricted expression within plasma membrane protrusions, such as
epithelial microvilli.** Two antibodies, CD133/1 (aka AC133) and
CD133/2 (aka AC141) recognise different glycosylated epitopes, and
most studies use CD133/1. In combination with other markers, CD133
has been used to isolate HSCs and endothelial progenitor cells (EPCs), but
its greatest utility has been in the enrichment of cells with tumour-initiat-
ing ability (so-called cancer stem cells) in immunodeficient mice from a
variety of human solid tumours including brain, prostate, liver and
colon.* However, a recent study has found that most normal
and malignant colonic epithelial cells express CD133, and moreover
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CD133-negative cells isolated from colorectal liver metastases were at
least as tumorigenic as their CD133-positive counterparts.®

CSCs are believed to have stem cell characteristics, particularly the
ability to self-renew and to give rise to a hierarchy of progenitor and
differentiated cells, albeit in a disorganised manner that gives rise to
more CSCs. Operationally, at present CSCs are regarded as prospec-
tively purified cells that are more tumorigenic than the bulk of the
marker-negative tumour population in a suitable tumour development
assay, e.g. after transplantation to NOD/SCID mice. More stringently a
CSC should be a cell that can reconstitute, in a recipient animal, a
tumour identical to the original tumour in the patient, which can then be
serially xenotransplanted indefinitely. At present, most putative CSCs
are identified by their tumour-initiating ability and are thus referred to
as tumour-initiating cells (TICs). The conventional wisdom is that CSCs
are rare, based upon having to xenotransplant large numbers of human
tumour cells into immunodeficient mice to further propagate the
tumours; however, this might have more to do with a hostile murine
microenvironment. For example, a few as ten mouse lymphoma or AML
cells can regularly propagate the tumours when transplanted into
histocompatible mice, so are all cells in these tumours possible TICs?¥
Using standard immunodeficient mice, the frequency of TICs in human
melanoma has been reported to be in the order of 1 in 10%® but even
single human melanoma cells can form tumours in more highly immu-
nocompromised NOD/SCID/IL2Ry null mice.* The rarity of cancer stem
cells has also been questioned in lung cancer; using up to a dozen murine
lung cancer cell lines, cell colonies could be regularly generated from
randomly selected cells, and when 2 X 10° cells from these clonally
derived colonies were allografted into histocompatible mice, tumours
were consistently produced, suggesting that perhaps the TICs do not have
a unique surface marker signature.” Thus, perhaps we need to modify the
CSC hypothesis accordingly:

1. CSCs are cells that can be prospectively isolated and initiate malignant
growth in vivo.

2. CSCs are not necessarily rare, but they must be effectively targeted
for definitive cures since they can often be especially radioresistant
and chemoresistant.
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3.2. CSCs in lung cancer

Evidence for the existence of CSCs in the lung was first described more
than 25 years ago in a study by Carney er al’' In this study, a small
population of cells (<1.5%) isolated from the tumours of both adenocarci-
noma of the lung and SCLC patients were able to form colonies in a soft
agar cloning assay. As with other solid tumours, CD133 expression features
predominantly in the search for CSCs in the lung. In NSCLC, one thousand
CD133"* cells could form tumours in SCID mice, but 10* CD133-negative
cells never did.”” The CD133-positive cells showed enhanced expression of
Oct-4 and ABCG2; siRNA knockdown of Oct-4 blocked clonogenicity and
enhanced chemosensitivity. Expression of Oct-4 has been claimed to occur
in BACs, but the data were unconvincing.” In both SCLC and NSCLC a
small (<1%) population of CD133-positive cells has been found, with 10*
of these cells capable of forming tumours in SCID mice with features of the
parent tumours.” These in vitro sphere-forming cells often expressed Oct-4
and Nanog along with CCSP and SP-C. Exploiting the perceived chemore-
sistance of CSCs, CSCs have been enriched in a NSCLC cell line by
treating with the likes of cisplatin and doxorubicin;® 5 x 10* drug selected
cells regularly formed tumours in SCID mice. These cells expressed
CD133, CD117, and the embryonic stem cell markers SSEA-3, TRA1-81
and Oct-4, and had nuclear B-catenin. In the cell line, the SP fraction was
5.2%, but after drug treatment this was increased to 35%. Clearly drug
resistance and lung CSCs are heavily entwined. In the A549 NSCLC cell
line a large (24%) SP has been found, with enhanced resistance to doxoru-
bicin and methotrexate related to ABCG2 activity.”® In a number of SCLC
cell lines, a subpopulation (1-4%) of urokinase plasminogen activator-pos-
itive cells has been found that were more resistant to traditional
chemotherapies such as 5-FU, cisplatin and etoposide, seemingly associated
with enhanced MDR1 (ABCBI1) activity.”

3.3. Implications for treatment

For tomorrow’s oncologist, a variety of druggable targets and strategies
related to CSCs present themselves, including:

e  Wnt signalling
e Hedgehog signalling



Stem Cells and Lung Cancer 489

e Notch/Delta signalling

e mTOR

e ABC transporters

e Targeting the stem cell niche

e Small molecule cancer therapeutics (miRNAs, tyrosine kinase
inhibitors)

e Gene therapy

e Tissue engineered implants.

Proliferation of CSCs is likely to involve dysregulation of the pathways
present in normal stem cell self-renewal such as the Wnt-/B-catenin,
PTEN, Notch and Hedgehog pathways, as well as the products of the
Bmil and other polycomb genes. A detailed account of these pathways in
lung development and pathology can be found elsewhere.”® In many
tissues key regulators of stem cell renewal appear to be members of the
Polycomb group protein family of transcriptional repressors (Bmil,
Rae28, Mel-18). Bmil targets genes such as p/6™** and p14*** preventing
stem cell senescence by respectively maintaining cyclinD/Cdk4 signalling
and Mdm?2 destruction of p53. Bmil is in fact a downstream target of the
morphogen sonic hedgehog (Shh) through the latter’s activation of the Gli
family of latent transcription factors. Shh acts on the receptor complex of
Patched (PTCH) and Smoothened (SMO), blocking the restraining
influence of PTCH on SMO, resulting in SMO signalling activating the
Gli family of transcription factors and so activating target genes like
Bmil. Inhibiting the action of SMO with the anatogonist cyclopamine is
a highly effective strategy against some cancers. It has been claimed that
almost all SCLCs ubiquitously express Bmil,'” and antisense Bmil RNA
therapy reduces proliferation of A549 cells.'” The Notch family of recep-
tors is also critical for stem cell self-renewal. Engagement of ligands of
the Delta and Jagged families causes cleavage, mediated by the y-secretase
protease complex, of the intracellular portion of Notch and its translocation
to the nucleus, where it binds to the transcription factor CSL, changing it
from a transcriptional repressor to an activator. The use of y-secretase
inhibitors may have utility in cancers where Notch-signalling is inappro-
priately activated.'” As discussed, many pathways activated in human
lung cancer converge on mTOR (Fig. 3), with obvious therapeutic
possibilities.
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Apart from the renewal and proliferation pathways, there are many
other potential molecular targets relating to lung CSCs. As many
lung tumours have SP fractions, almost certainly enriched for CSCs,
targeting ABC transporter activity will be an obvious strategy for over-
coming chemoresistance as well as directly eradicating stem cells,”>*~7
drug resistance being particularly problematic in SCLCs.'” In NSCLC, a
small molecule, YM155, has been used to target the Inhibitor of Apoptotic
Protease (IAP) called survivin, rendering the cells more sensitive to
radiation induced apoptosis.'*

Antibody-based targeting of CSCs exploiting the overexpression of
the likes of CD133 is another possible approach, while CSCs may reside
in areas rich in blood vessels, so-called “vascular niches”. So while anti-
angiogenic therapy, used to debulk tumours through disruption of their
blood supply, is not new, the destruction of the CSC niche adds a new
twist to the story. Small molecule therapeutics that target growth factors,
growth factor receptors and their kinases, and more specific tyrosine
kinase inhibitors, such as imatinib, that target c-Kit-positive cells are also
gaining widespread usage. RNA interference will become an increasingly
important strategy, and targeting Oct-4 in lung cancer has been shown to
increase apoptosis.'® In lung cancer, adenocarcinoma can be reliably
distinguished from SCC based on the expression of a minimal set of 17
genes predicted to be the targets of just three lung-enriched miRNAs
(miR-34b/34¢/449).' This gene signature could be used to predict lung
cancer from bronchoscopy biopsies of cigarette smokers. Further thera-
peutic approaches might well include gene therapy, introducing the likes
of prodrug activating enzymes once stem/progenitor cells become better
characterised.'”” Finally the prospect of implanting whole tissue implants
has become closer to reality with the successful implantation of a donor
trachea coated with autologous cells to treat a patient with end-stage
bronchomalacia.'®

4. Conclusion and the Way Forward

This chapter has summarised our current understanding of pulmonary
stem cells, noting a diversity of stem/progenitor cells along the length of the
conducting airways. A role of BASCs from the BADJ in the histogenesis of
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BACs and adenocarcinoma seems compelling. Lung cancer cells are
certainly heterogeneous in terms of proliferative activity, clonogenicity
and, significantly, chemo- and radioresistance. CD133" and SP fractions
seem to fit our current notions about CSCs, and a number of stem/
progenitor-targeted therapeutic approaches seem to be on the horizon for
the treatment of this dreadful disease.
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