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PREFACE

The possibility of treating cancer, a disease defined by genetic defects, by introducing
genes targeting these very alterations has led to an immense interest in gene therapy for
cancer.  Although incremental successes have been realized, enthusiasm for gene therapy
has declined due to an increasing number of obstacles.  These obstacles include vector
systems that do not reach systemic metastases, therapeutic genes with redundant mecha-
nisms allowing for cellular resistance, and toxicities in clinical trials leading to premature
closure of these studies.  Different tactics to overcome or circumvent these obstacles have
catalyzed the development of a wide range of gene therapy approaches.  Thus far, almost
two-thirds of gene therapy trials have focused on cancer.  This reflects the concept that
gene therapy approaches for the treatment of cancer do not necessarily require long-term
expression of the gene as is necessary for the treatment of primary genetic defects like
hemophilia or juvenile diabetes.  Unlike the treatment of genetic defects, where expres-
sion of the corrected gene needs to be strong, permanent and, sometimes regulated, tactics
to treat tumors can be based on temporary and locally limited effects.  In addition, cancer
cells have different properties than normal cells and this allows for targeting gene therapy
to specific cells, a major advantage over current antitumor therapies, which are also toxic
to normal cells and tissues.

Gene Therapy for Cancer covers the current ideas and technology of gene therapy, as
well as the demanding task of bringing it to and applying it in clinical trials.  The book
is divided into three major parts:  (1) Vectors used in gene therapy against cancer, (2)
targets and specific approaches for the therapy of cancer, and (3) clinical applications of
cancer gene therapy.

The delivery of an antitumor gene, a toxic agent, or an immunostimulating drug
selectively to tumor cells is one of the most crucial steps in achieving successful cancer
gene therapy.  We have dedicated a considerable portion of Gene Therapy for Cancer to
a description of the various aspects of gene delivery including vehicles (vectors), their
characteristics, and production methods.

Knowledge of the specific strategies and targets for the treatment of cancer has increased
dramatically over the past decade.  These range from methods that induce immediate cancer
cell death through expression of genes that trigger the cell-death program or by reactivating
pathways that render mutated cells susceptible to antitumor agents.  Additional methods run
the gamut from the correction of underlying defects at molecular levels to activation of
the immune system or the tumor microenvironment.  Understanding the basic underlying
oncogenic changes allows for development of vectors engineered to exploit these gene
mutations through selective spread of the vector in tumor cells with the specific changes.
Background knowledge, technical details, and preclinical and clinical results are pro-
vided by specialists in each of these approaches.

Probably more so than in any other antitumor therapy, bringing gene therapy approaches
to the clinic is a difficult task burdened by numerous regulations and limited by scarce
funding opportunities.  We have asked experts in clinical gene therapy trials to discuss the
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trials and tribulations of realizing advances in gene therapy at the preclinical level to the
benefit of patients with cancer.  The readers will gain significant insight into these
difficulties and learn how to overcome the obstacles on the way from the laboratory to
the bedside.  Gene therapy approaches and results that have reached the stage of clinical
testing are described by their principal investigators.

With Gene Therapy for Cancerwe have sought to provide a comprehensive and in- depth
view of currently available techniques for cancer gene therapy, including their limitations
and the potential for future advances.  This should prove to be a valuable resource for both
researchers and clinicians in the field.  With this approach we hope to provide an oppor-
tunity for clinicians and researchers to communicate their perspectives, allowing for
increased collaboration and perhaps more rapid advances in this challenging field.

We would like to thank all the specialists who dedicated their valuable time to provide
the most important and exciting advances in cancer gene therapy for this book.  We are
deeply grateful to our families for their continuous support, endless patience, and under-
standing.

Kelly K. Hunt, MD

Stephan A. Vorburger, MD

Stephen G. Swisher, MD



Preface ............................................................................................................... v
Contributors ...................................................................................................... ix

I VECTORS
1 Adenovector-Mediated Cancer Gene Therapy ....................................... 3

Bingliang Fang and Jack A. Roth
2 Efficacy, Toxicity, and Immunogenicity of Adenoviral Vectors ......... 23

Dmitry M. Shayakhmetov
3 Lentiviral and Retroviral Vector Systems ............................................ 39

Renata Stripecke and Noriyuki Kasahara
4 Vaccinia and Pox-Virus ......................................................................... 73

Sricharan Chalikonda and David L. Bartlett
5 Herpes Simplex Virus as a Therapy for Cancer ................................... 87

Ian J. Mohr
6 Alphavirus Vectors for Gene Therapy Applications .......................... 109

Kenneth Lundstrom
7 Vesicular Stomatitis Virus and RNA Viruses

as Gene Therapy Vectors ................................................................. 121
Glen N. Barber

8 Parvovirus Vectors .............................................................................. 141
Selvarangan Ponnazhagan

9 Nonviral Vector Systems..................................................................... 157
Pui-yan Lee and Leaf Huang

 II GENE THERAPY APPROACHES
10 Oncogenes, Tumor Suppressor Genes, and Apoptosis-Inducing

Genes Utilized in Cancer Gene Therapy ......................................... 173
Lidong Zhang and Bingliang Fang

11 Gene Silencing Therapy Against Cancer ............................................ 185
Chao-Zhong Song

12 Tumor Targeting–Retargeted Adenovirus .......................................... 197
Masato Yamamoto and David T. Curiel

13 Oncolytic Herpes Simplex for Gene Therapy
in Preclinical and Clinical Trials ..................................................... 213
Richard H. Pin, Maura Reinblatt, Yuman Fong,
and William R. Jarnagin

vii

CONTENTS



14 Cytokine Gene Therapy for Genitourinary Cancer ............................ 223
Terry L. Timme, Tetsuo Fujita, Hongyu Wang, Koji Naruishi,
Dov Kadmon, Robert J. Amato, Brian J. Miles, Gustavo Ayala,
Thomas M. Wheeler, Bin S. Teh, E. Brian Butler,
and Timothy C. Thompson

15 Combination of Gene Therapy with Radiation ................................... 243
Anupama Munshi and Raymond E. Meyn

16 Gene Transfer for Chemoprotection and Enrichment
of Hematopoietic Stem Cells ........................................................... 257
Justin C. Roth and Stanton L. Gerson

17 Nonviral Genetic Vaccines for Cancer ............................................... 281
Steven R. Little, Daniel G. Anderson, and Robert Langer

18 Gene Therapy Targeted at Angiogenesis and Lymphangiogenesis
for Cancer Treatment ....................................................................... 301
Anita T. Tandle and Steven K. Libutti

19 Tumor-Specific Replicating Adenoviruses:
 24 for Human Gliomas .................................................................331

Giacomo G. Vecil, Juan Fueyo, and Frederick F. Lang

III CLINICAL APPLICATIONS
20 Problems, Side Effects, and Disappointments

in Clinical Cancer Gene Therapy .................................................... 351
Ta-Chiang Liu and David H. Kirn

21 Trials and Tribulations in Developing Clinical Trials
of Gene Therapy: E1A for Breast or Ovarian Cancer ....................387
Naoto T. Ueno, Judith K. Wolf, David M. Gershenson,
Gabriel N. Hortobagyi, and Mien-Chie Hung

22 Phase I Clinical Experience with Intravenous Administration
of PV701, an Oncolytic Virus ......................................................... 399
Andrew L. Pecora and Robert M. Lorence

23 MDA-7/IL-24 as a Multi-Modality Therapy for Cancer .................... 413
Sunil Chada, Dora Bocangel, Abujiang Pataer,
Abner M. Mhashilkar, Satoshi Inoue, Ryo Miyahara,
Jack A. Roth, Elizabeth A. Grimm, Stephen G. Swisher,
Kelly K. Hunt, and Rajagopal Ramesh

24 Development of Therapeutic Genes for Breast Cancer Treatment .... 435
Mien-Chie Hung and Duen-Hwa Yan

25 Steps in a Translational Cancer Gene Therapy Trial .......................... 447
Urs W. von Holzen and Stephen G. Swisher

Index .................................................................................................... 461

viii Contents



ROBERT J. AMATO • Scott Department of Urology, Baylor College of Medicine, Houston, TX

DANIEL G. ANDERSON • Chemical Engineering Department, Massachusetts Institute of
Technology, Cambridge, MA

GUSTAVO AYALA • Department of Pathology, Baylor College of Medicine, Houston, TX

GLEN N. BARBER • Department of Microbiology and Immunology, University of Miami
School of Medicine, Miami, FL

DAVID L. BARTLETT • Division of Surgical Oncology, University of Pittsburgh, Pittsburgh, PA

DORA BOCANGEL • Introgen Therapeutics, Houston, TX

E. BRIAN BUTLER • Department of Radiology, Baylor College of Medicine, Houston, TX

SUNIL CHADA • Introgen Therapeutics, Houston, TX

SRICHARAN CHALIKONDA • Division of Surgical Oncology, University of Pittsburgh,
Pittsburgh, PA

DAVID T. CURIEL • Gene Therapy Center, University of Alabama, Birmingham, AL

BINGLIANG FANG • Department of Thoracic and Cardiovascular Surgery–Research,
The University of Texas M.D. Anderson Cancer Center, Houston, TX

YUMAN FONG • Department of Surgery, Memorial Sloan-Kettering Cancer Center,
New York, NY

JUAN FUEYO • Department of Neuro-Oncology/Research, The University of Texas M. D.
Anderson Cancer Center, Houston, TX

TETSUO FUJITA • Scott Department of Urology, Baylor College of Medicine, Houston, TX

DAVID M. GERSHENSON • Department of Gynecologic Oncology, The University of
Texas M.D. Anderson Cancer Center, Houston, TX

STANTON L. GERSON • Division of Hematology-Oncology, Case Western Reserve University
School of Medicine, Cleveland, OH

ELIZABETH A. GRIMM • Department of Experimental Therapuetics, The University of
Texas M.D. Anderson Cancer Center, Houston, TX

GABRIEL N. HORTOBAGYI • Department of Breast Medical Oncology, The University of
Texas M.D. Anderson Cancer Center, Houston, TX

LEAF HUANG • Center for Pharmacogenetics, Department of Pharmaceutical Science,
University of Pittsburgh, Pittsburgh, PA

MIEN-CHIE HUNG • Department of Molecular & Cellular Oncology, The University of
Texas M.D. Anderson Cancer Center, Houston, TX

KELLY K. HUNT • Department of Surgical Oncology, The University of Texas M.D.
Anderson Cancer Center, Houston, TX

CONTRIBUTORS

ix



SATOSHI INOUE • Department of Thoracic and Cardiovascular Surgery, The University
of Texas M. D. Anderson Cancer Center, Houston, TX

WILLIAM R. JARNAGIN • Hepatobiliary Service, Department of Surgery, Memorial Sloan-
Kettering Cancer Center, New York, NY

DOV KADMON • Scott Department of Urology, Baylor College of Medicine, Houston, TX

NORIYUKI KASAHARA • Department of Medicine, UCLA Geffen School of Medicine,
Macdonald Research Laboratories, Los Angeles, CA

DAVID H. KIRN • Department of Clinical Pharmacology, University of Oxford Medical
School, Oxford, UK

FREDERICK F. LANG • Department of Neurosurgery, The University of Texas M. D. Anderson
Cancer Center, Houston, TX

ROBERT S. LANGER • Chemical & Biomedical Engineering, Massachusetts Institute of
Technology, Cambridge, MA

PUI-YAN LEE • Center for Pharmacogenetics, Department of Pharmaceutical Science,
University of Pittsburgh, Pittsburgh, PA

STEVEN K. LIBUTTI • Surgery Branch, National Cancer Institute, Bethesda, MD

STEVEN R. LITTLE • Departments of Chemical Engineering and Bioengineering, University
of Pittsburgh, Pittsburgh, PA

TA-CHIANG LIU • Molecular Neurosurgery Laboratory, Massachusetts General Hospital,
Harvard Medical School, Boston, MA

ROBERT M. LORENCE • Wellstat Biologics Corporation, Gaithersburg, MD

KENNETH LUNDSTROM • BioXtal / Cancer Therapeutic Sciences, Switzerland

RAYMOND E. MEYN, JR. • Department of Experimental Radiation Oncology, The University
of Texas M. D. Anderson Cancer Center, Houston, TX

ABNER M. MHASHILKAR • Introgen Therapeutics, Houston, TX

BRIAN J. MILES • Scott Department of Urology, Baylor College of Medicine, Houston, TX

RIO MIYAHARA • Department of Thoracic and Cardiovascular Surgery, The University
of Texas M. D. Anderson Cancer Center, Houston, TX

IAN J. MOHR • Department of Microbiology, New York University School of Medicine,
New York, NY

ANUPAMA MUNSHI • Department of Experimental Radiation Oncology, The University
of Texas M. D. Anderson Cancer Center, Houston, TX

KOJI NARUISHI • Scott Department of Urology, Baylor College of Medicine, Houston, TX

ABUJIANG PATAER • Department of Thoracic and Cardiovascular Surgery, The University
of Texas M.D. Anderson Cancer Center, Houston, TX

ANDREW L. PECORA • The Cancer Center, Hackensack University Medical Center,
Hackensack, NJ

RICHARD H. PIN • Department of Surgery, Memorial Sloan-Kettering Cancer Center,
New York, NY

SELVARANGAN PONNAZHAGAN • Department of Pathology, University of Alabama at
Birmingham, Birmingham, AL

x Contributors



RAJAGOPAL RAMESH • Department of Thoracic and Cardiovascular Surgery–Research,
The University of Texas M.D. Anderson Cancer Center, Houston, TX

MAURA REINBLATT • Department of Surgery, Memorial Sloan-Kettering Cancer Center,
New York, NY

JACK A. ROTH • Department of Thoracic and Cardiovascular Surgery–Research, The
University of Texas M.D. Anderson Cancer Center, Houston, TX

JUSTIN C. ROTH • Division of Hematology/Oncology, Case Western Reserve University,
Cleveland, OH

DMITRY M. SHAYAKHMETOV • Division of Medical Genetics, Department of Medicine,
University of Washington, Seattle, WA

CHAO-ZHONG SONG • Division of Medical Genetics, Department of Medicine, University
of Washington, Seattle, WA

RENATA STRIPECKE • Department of Medicine, David Geffen School of Medicine, University
of California (UCLA), Los Angeles, CA

STEPHEN G. SWISHER • Department of Thoracic and Cardiovascular Surgery, The
University of Texas M. D. Anderson Cancer Center, Houston, TX

ANITA T. TANDLE • Surgery Branch, National Cancer Institute, Bethesda, MD

BIN S. TEH • Michael E. DeBakey Veterans Affairs Medical Center, Houston, TX

TIMOTHY C. THOMPSON • Scott Department of Urology, Baylor College of Medicine,
Houston, TX

TERRY L. TIMME • Scott Department of Urology, Baylor College of Medicine, Houston, TX

NAOTO T. UENO • Department of Blood and Marrow Transplantation, The University
of Texas M. D. Anderson Cancer Center, Houston, TX

GIACOMO G. VECIL • Department of Neurosurgery, The University of Texas M.D. Anderson
Cancer Center, Houston, TX

URS VON HOLZEN • Department of Surgical Oncology, The University of Texas M. D.
Anderson Cancer Center, Houston, TX

STEPHAN A. VORBURGER • Department of Visceral and Transplantation Surgery, Inselspital
Bern, University of Bern, Bern, Switzerland

HONGYU WANG • Scott Department of Urology, Baylor College of Medicine, Houston, TX

THOMAS M. WHEELER • Department of Pathology, Baylor College of Medicine, Houston, TX

JUDITH K. WOLF • Department of Gynecologic Oncology, The University of Texas M.
D. Anderson Cancer Center, Houston, TX

MASATO YAMAMOTO • Gene Therapy Center, University of Alabama, Birmingham, AL

DUEN-HWA YAN • Department of Molecular and Cellular Oncology, The University of
Texas M. D. Anderson Cancer Center, Houston, TX

LIDONG ZHANG • Department of Thoracic and Cardiovascular Surgery, The University
of Texas M. D. Anderson Cancer Center, Houston, TX

Contributors xi



VECTORSI



Summary
Early-region (E1)-deleted, replication-defective adenovectors have been widely used in preclinical

and clinical studies of cancer gene therapy. Recently, the use of conditional replicating or oncolytic
adenovectors in cancer gene therapy or virotherapy has received much attention. Clinical trials with
E1-deleted adenovectors and oncolytic adenovirus have shown that adenovector-mediated cancer
gene therapy is well tolerated and can produce clinical responses in patients with advanced diseases.
Moreover, numerous strategies to improve vector safety and therapeutic efficacy have been explored,
including vector modification and the development of vector formulations to enhance transduction
efficiency, to modulate tropism for vector targeting, to improve controlled or tissue-specific transgene
expression, and to reduce vector-related toxicity. Yet, much has to be improved in this type of vector
system to ensure its future success in clinical applications.

Key Words: Adenovirus; gene therapy; neoplasia; vector targeting; apoptosis; clinical trials.

1. INTRODUCTION

The use of adenoviruses as expression vectors in mammalian cells and in the devel-
opment of recombinant vaccines dates back to the mid-1980s (1–3). Their use as
vectors in gene therapy was inspired by a report in 1990 that in vivo administration of
an adenovirus expressing ornithine transcarbamylase corrected inherited defects of this
enzyme in mice (4). Since that time, numerous adenovectors expressing a variety of
genes for in vivo gene transfer have been reported. Most of these adenovectors have
been constructed by replacing the adenoviral early (E)1 region with an expression cassette
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for the desired transgene. Because adenovectors are amenable to construction and
purification to high titers and can efficiently transduce a variety of tissues in vivo
(5–10), they are today one of the most widely used vectors for in vivo gene delivery
and gene therapy. They are the most frequently used vectors in clinical studies of cancer
gene therapy (11–15) .

Numerous promising preclinical studies on adenovector-mediated cancer gene
therapy have led to many phase I/II clinical trials of this vector. For example, published
data from clinical trials of a p53 adenovirus and an oncolytic ONYX-015 adenovirus
have shown that repeated administration of these adenoviral vectors is feasible and well
tolerated. Repeated intratumoral administration of Ad-p53 results in continued transgene
expression of the wild-type p53 gene and can mediate clinical responses, including a
pathologically complete response in a subset of patients with cancers resistant to
chemotherapy or radiotherapy (16–19). However, these studies also found that the
effects of gene therapy alone were often limited. The favorable clinical responses
were observed most often in patients whose treatment was combined with conventional
therapies (16–19). Other preclinical and clinical studies, however, have demonstrated
that vector-related lethal toxicity can occur when a vector is administered systemically
at a high dose (20–22). Thus, it is clear that much still needs to be improved in adeno-
vector-mediated cancer gene therapy to achieve maximal therapeutic efficacy and
minimal toxicity.

2. BIOLOGICAL BASIS OF ADENOVIRUSES

The adenovirus was first isolated in the early 1950s as a cytopathogenic agent from
primary cell cultures derived from human adenoids and respiratory secretions of patients
with acute respiratory illnesses (23,24). This virus was actually a group of nonenveloped
viruses containing linear, double-stranded DNA encapsulated in an icosahedral protein
capsid. To date, more than 100 types of adenoviruses that infect a wide range of mam-
malian and avian hosts have been identified (25). At least 51 human adenovirus serotypes
have been isolated; they are classified into six subgroups (A to F) (25,26) on the basis
of their ability to agglutinate red blood cells (27). Except for the group C and E viruses,
other human adenoviruses can induce tumors in rats and hamsters, yet no evidence has
been found that links adenoviruses to cancers in humans (25). Adenovirus infections in
humans usually result in mild signs and symptoms of respiratory illness, conjunctivitis,
or gastroenteritis (25). However, an adenovirus infection can be fatal in immunocom-
promised individuals (26).

Most of the adenovectors used in gene therapy are based on adenovirus serotypes 2
and 5 (Ad2 and Ad5) [subgroup C], whose total DNA content is about 36-kb in length.
The base sequences of these two viruses are more than 95% identical (28,29). At each
end of the DNA strand there is an identical inverted terminal repeat that is required for
viral DNA to replicate. Reading the DNA from 5 to 3 , next to this inverted terminal
repeat is a DNA sequence of about 160 bp that is required for viral DNA to be pack-
aged into viral particles (30–32). More than 40 proteins are encoded by various genes,
which have been termed early (E1 through E4) and late (L1 through L5) regions,
depending on whether they are expressed before or after the initiation of viral DNA
replication (Fig. 1). Eleven of these proteins, four in the core of the virus and seven in
the outer shell, combine with the viral DNA to form an icosahedral viral particle that is
approx 150-MDa in molecular weight and approx 90-nm in diameter (25,33). The outer
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shell capsid is organized into hexon and penton subunits (25). Projecting from the
penton base is the fiber formed from a trimeric fiber protein that interacts with a cellu-
lar receptor protein to attach the virus. The cellular receptor for Ad5 and most other
adenovirus serotypes is the coxsackievirus and adenovirus receptor (CAR) (34). After
attachment, the virion is then internalized by endocytosis through the interaction of its
penton base with v 3 and v 5 integrins on the host cell surface (35). Studies have
shown that some major histocompatibility molecules may serve as receptors for Ad5
fiber and that other integrin molecules may interact with the penton base. Once inside a
cell, the virion undergoes a stepwise disassembly, releasing the DNA into the cell’s
nucleus (36). Expression of E1, E2, and E4 genes in host cells is required for viral
DNA replication and for the expression of late genes, which encode structure proteins
used for encapsidation of viral DNA. One lytic cycle of adenovirus replication typi-
cally takes between 36 and 48 h. One cell can produce as many as 104 viral particles,
which are released at the end of each lytic cycle.

3. REPLICATION-DEFECTIVE ADENOVECTORS

Most replication-defective adenovectors are generated by replacing the E1 region
with a therapeutic gene (Fig. 1). Up to 3.2 kb of an E1 region can be removed. Adeno-
viruses can effectively package 105% of the length of the wild-type gene genome
(37,38). Removal of the E1 region provides a total of packaging capacity about 5 kb for
foreign inserts (39). Removal of the E3 region may provide another 2.7 kb of packag-
ing space without producing dramatic effects on replication and viral stability (38,39).
Although the genes in the E3 region are dispensable for the viral life cycle, those in the
E1 region function as transactivators for other viral gene expression and are required
for viral replication. Removal of the E1 region renders a virus defective in lytic replica-
tion. Therefore, whereas a vector can express the genes it carries, it cannot replicate in
most cells. Nevertheless, vectors can be generated and propagated in packaging cells,
such as 293 and 911 cells, those which provide E1 region functions in trans (40,41).
Several methods have been reported for generating such vectors, including homologous
recombination in packaging cells (42), homologous recombination in bacteria (43), and
in vitro ligation (44,45).

Chapter 1 / Adenovector-Mediated Cancer Gene Therapy 5

Fig. 1. Simplified diagrams of adenoviral genome and E1-deleted adenovector. Most of adenovectors
are constructed by replacing E1 gene with a therapeutic gene.



Various in vivo studies have demonstrated that an E1-deleted adenovector can effi-
ciently deliver transgenes to a variety of tissues in various animal models, including
mouse, rat, rabbit, swine, dog, and monkey. However, these studies have also revealed
that the transgene expression and therapeutic effects that occur in adenovirus-mediated
gene transfer in immunocompetent animals are transient, primarily because of the host
immune response to the E1-deleted recombinant adenoviral vectors and to the trans-
gene product expressed in transduced cells (46–48). This transient expression suggests
that repeated administration would be required for treating most genetic disorders and
cancers. Unfortunately, in these studies host humoral immune responses to the vectors
abrogated any therapeutic effects of the adenovirus-mediated gene transfer after
repeated systemic administration (47,49).

Because of this problem, numerous efforts have been made to modify adenovectors
by removing or inactivating other viral genes, including those in the E2 (50) and E4
regions (51–53) and in most of the entire viral coding regions (54–56). A packaging
cell line for adenovectors in which most of an encoding region or the entire region has
been removed is not available. Adenovectors with such large deletions are produced
using a helper virus that contains all the viral genes required for replication but that has
a conditional defect in its packaging (54,56). In immunocompetent animals, these
modified vectors have been shown to be less toxic and have less immunogenicity and
mediated prolonged transgene expression (57,58).

Additional strategies for improving adenoviral vector-based gene delivery systems
have also been explored. For example, chemically or genetically modified capsid pro-
teins to enhance the transduction efficiency in CAR-defective cells or to redirect vector
tropisms have been rigorously tested and it has been reported that the formulation of an
adenovector in protamine or other pharmaceutical excipients enhance in vivo transduc-
tion in the lung after systemic administration, intratracheal instillation, or aerosolized
vector delivery (59,60). Furthermore, several small molecules, such as Syn3 and some
anticancer agents (61,62), have been reported to dramatically enhance adenovector-
mediated gene delivery. Treating animals with low-dose etopside can suppress the
formation of neutralizing antibodies and thus enhance intratumoral transgene expres-
sion in immunized animals (63). Moreover, the modification of adenovectors with
polyethylene glycol (64–68) and formulations of adenoviral vectors in a collagen-based
matrix (69), in a liposome, and in a synthetic surfactant (70–72) have all been reported
to improve gene transfer in animals with antiadenovirus immunity. Several clinical
trials have also demonstrated favorable outcomes in patients treated with adenovector-
mediated cancer gene therapy plus conventional chemotherapy or radiation therapy.
Although the mechanisms are yet to be determined, gene delivery by such a combina-
tion regimen has been shown to be enhanced in vitro in a cultured cell system.

4. ONCOLYTIC ADENOVIRUSES

The use of conditional replication-competent adenoviruses (CRADs) for cancer gene
therapy gained much attention after a report published in 1996 stated that an adeno-
virus with a mutation in the E1B region (designated dl1520 or ONYX-015) replicates
specifically in p53-mutated tumors (73). It is therefore conceivable that the destructive
effect of a replication-competent adenovirus would be beneficial for cancer therapy as
long as this destructive effect was limited to tumors. Because p53 is the most frequently
mutated gene in human cancers (74), an adenovirus that would specifically destroy

6 Fang and Roth



p53-negative or-mutant cells would thus be regarded as a powerful anticancer agent.
However, subsequent studies indicated that a lytic infection of cells with an E1B-
mutated adenovirus did not depend on the cellular p53 status and that p53 might play a
necessary part in mediating cellular destruction via a productive adenovirus infection
(75,76).  Nevertheless, the notion that in situ amplification of CRADs and the resulting
burst of viral progeny from the lysed cancer cells could enhance the local spread and
penetration of these vectors, thereby greatly increasing therapeutic efficacy, spurred the
creation and testing of various other CRADs for cancer therapy. This is because pre-
clinical and clinical studies have shown that one of the major limitations of a replica-
tion-defective adenovector was the incomplete transduction of target cells because of
poor vector penetration in tumor tissue. Indeed, the intratumoral injection of E1-deleted
vectors often resulted in the transduction of only a small portion of the tumor cells
surrounding a needle track. CRADs are believed to overcome this problem by producing
cycles of replication, oncolysis, and local dissemination within tumor tissues that will
ultimately eradiate all the cancer cells. It is noteworthy that CRAD and E1-deleted
vectors are alike in most ways except for replication capability. Thus, resistance to an
adenovirus infection resulting from lack of CAR expression, inflammatory response, or
immune response which have all been observed in E1-deleted vectors, may also cause
resistance to CRADs. However, these problems may be overcome through use of the
same strategies used to enhance the transduction efficiency of E1-deleted vectors.

Two techniques have been used to create CRADs. In the first, a tumor-specific
promoter is used to control the expression of an essential early gene, most frequently
E1A. Several CRADs whose E1A gene is driven by a tissue-specific promoter have
been reported to elicit tumor-specific cell lysis (77). The promoters used in these studies
included the prostate-specific antigen (PSA) promoter for prostate cancer (77), the 

-fetoprotein promoter for liver cancer, and human telomerase reverse transcriptase for
various cancers (78). Similarly, expressing the viral E1B and E2 genes from the pro-
moters controlled by the Tcf4 transcription factor targeted CRADs to colon cancers,
which resulted in the constitutive activation of the wnt signaling pathway (79).

In the second approach, viral mutants with defective functions that are required for
viral replication in normal cells but that are dispensable for replication in cancer cells
are explored for virotherapy. Because mutations or deletions of the p53 and retinoblas-
toma (Rb) genes are frequently found in cancers, CRADs that selectively replicate in
cells with p53 or Rb defects have been sought for anticancer therapy (19,73,80). For
example, E1A protein binds to Rb to trigger cell-cycle progression into the S phase. An
adenovirus (Ad- 24) with a deletion of eight animo acids from the Rb binding region
of the E1A protein was reported to replicate specifically in Rb-defective cells (80). It
was also reported that a virus associated-I (VAI) RNA mutant adenovirus can be used
for Ras-dependent oncolytic virotherapy (81). It is noteworthy, however, that even
though the E1-deleted adenovirus is generally regarded as replication defective, certain
cancer cells may express E1-like factors that can accommodate replication of the 
E1-defective vectors (51,82,83). In fact, it has been reported that E1-deleted adeno-
viruses were able to replicate in HeLa and H1299 cells when the cells were infected
with high multiplicities of infections (51,82).

It should be noted, however, that the outburst, or release, of CRADs from the cells in
which they replicate may also depend on their ability to induce cell death during a late
stage of infection. Indeed, it has been found that many cancer cells that have a defective
p53 pathway do not support CRAD-induced cell death, whereas exogenous expression

Chapter 1 / Adenovector-Mediated Cancer Gene Therapy 7



of p53 in human cancer cells during adenovirus replication augmented viral progeny
release and increased antitumor potency. For example, a clinical trial of the ONYX-015
vector showed that even though the vector was present and replicating in tumors as
much as a week after intralesional injection, no obvious tumor necrosis or apoptosis
was detected (84), suggesting that replication alone is not sufficient to induce cell
death. On the other hand, a p53-expressing CRAD, Addl24-p53, was shown to have an
advantage over Addl24, which does not express p53 (85,86). Similarly, a CRAD over-
expressing the adenovirus death protein (ADP), a 11.6-kDa protein from the E3 region,
was found to be more effective in killing tumor cells than the CRAD lacking ADP (87).

5. VECTOR-RELATED TOXICITY AND SAFETY ISSUES

Local administration of adenovectors for cancer therapy is generally well tolerated.
However, the death of a young man in 1999 who had been enrolled in a clinical trial of
the adenovector-mediated transfer of ornithine transcarbamylase gene raised much
concern about adenovector-related toxicity. Because of this death the Office of
Biotechnology Activities (OBA) at the National Institute of Health (NIH) established
the Working Group on Adenoviral Vector Safety and Toxicity (AdSAT) to investigate
the incident. This group has now completed a comprehensive review and analysis of
scientific, safety, and ethical issues associated with adenovector-based human gene
transfer; and concluded that the man’s death was caused by a systemic, adenovirus vector-
induced shock syndrome, which resulted from a cytokine cascade that led to dissemi-
nated intravascular coagulation, acute respiratory distress, and multiorgan failure
(20,22). The toxicity was dose related and had occurred over a very narrow dose range.
The AdSAT working group also concluded that human gene transfer experiments using
adenovectors should continue, though with caution (22). In particular, they stated that it
was advisable to have arithmetic rather than logarithmic dose escalations in trials
designed to measure the dose range of toxicity. Another NIH group, The Recominant
DNA Advisory Committee, also recommended the development of standards for vector
potency (e.g., particle number, titer, dose), vector strength (e.g., transgene expression,
transduction efficiency, and specificity), vector quality (e.g., identity, purity, integrity,
and homogeneity), and vector-or treatment-related toxicity. They also advocated the
development of a centralized database for collecting and organizing of safety and toxi-
city data (22). Several additional recommendations were made to improve the safety of
clinical studies and their participants, including rigorous pharmaceutical analyses,
inclusion of vector controls, a rigorous analysis of each participant’s immune status, and
other procedures (22).

The acute toxic effects of adenovectors administered systemically typically begin
within minutes of administration and peak around 6 h later. This toxicity is mediated by
the interaction of vectors with reticuloendothelial cells and the release of several pro-
inflammatory cytokines, such as interleukin 6 (IL-6), tumor necrosis factor- (TNF- ),
IL-8, and granulocyte macrophage-colony stimulating factors (GM-CSF) (88). Within a
few days, the expression of the transgenes, or adenoviral genes, leads to inflammatory
and immune responses mediated by the infiltration of lymphocytes and the formation
of antibodies. A lethal response, which includes severe endothelial injury, disseminated
intravascular coagulopathy, or both, may occur in an individual treated with a high dose
(21). Nevertheless, adenoviruses administered locally via different routes (e.g., nasal
epithelium, bronchial epithelium, percutaneous to solid tumor, intradermal, epicardial
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injection of the myocardium, and skeletal muscle) have been reported to be well toler-
ated, with only 0.7% of the incidences of the major adverse events likely caused by an
adenovector (17,89,90).  For example, one study found that Adp53 could be delivered
by bronchoalveolar lavage in doses as high as 2 × 1012 vp/cycle and that as many as 14
cycles administered to all lobes of the lung were well tolerated (17).

6. VECTOR TARGETING

In cancer therapy, the cytotoxic/oncolytic agents must be targeted directly to the cancer
to minimize toxicity reactions. One way to do this is by local or locoregional delivery
of a therapeutic gene. Unfortunately, local administration in clinical settings has lim-
ited application. In fact, it is applicable only in situations in which a local, unresectable
tumor is the major problem, as is the case  in some head and neck, lung, brain, pancreatic,
and liver cancers. Thus, many investigators have tried to develop other strategies for the
use of targeted cancer gene therapy. Generally, such strategies have fallen into two
categories: using vectors that specifically transduce cancer cells (targeted transduction)
and controlling transgene expression with tumor-specific promoters (after nonspecific
transduction).

6.1. Targeted Transduction
Various studies have found that viral particles can be modified by reshaping pre-

formed vector particles with bispecific conjugates, a process resulting in viral particles
with altered tropism (91,92). Bi-specific conjugates are molecules that can bridge vec-
tors and target cells by binding specifically to surface molecules on the vectors and the
target cells. Various forms of bispecific conjugates have been used for targeting adeno-
vectors to various cell types. Examples include the antiadenovirus knob antibody and
its Fab fragment conjugated with folate (93), with growth factor (94,95), and with anti-
bodies against growth factor receptor (96,97). Recombinant fusion proteins containing
a single-chain antibody (scFV) against knob and against epidermal growth factor or
antigrowth factor receptor scFV have also been used for retargeting adenovectors
(96,98–100).

Vector targeting can also be achieved by modifying the genes encoding the viral capsid
proteins, a process that results in viral particles with modified surface proteins or incor-
porated ligands. Fibers of adenovectors can be modified to redirect vector tropism. For
example, in one study, an adenoviral vector that contained a chimeric fiber of Ad3 and
Ad5 is reported to enhance the transduction efficiency in certain cell lines (101). In
another study, replacing Ad5 fiber with Ad35 fiber led to increased tropism in hemato-
poietic cells (102). Other researchers found that ligands can be added to adenoviral fiber
genetically. For example, adding polylysine to the fiber by erasing the stop codon targeted
a viral vector to broadly expressed, heparin-containing cellular receptors (103). Such a
vector can effectively transduce a variety of cell types that are CAR defective or
unreceptive to commonly used Ad2 or Ad5 vectors (103,104). Alternatively, peptides
containing arginine-glycine-aspartatic acid (RGD) sequences can be added to the knob
of anadenoviral fiber. Adenovectors with an RGD fiber can effectively bind v-integrin-
positive cells, leading to the enhanced transduction of endothelial cells, dendritic cells,
smooth muscle cells, and various cancer cells in vitro and in vivo (105–108).

However, despite these promising advances in the genetic engineering of tumor-
specific adenoviruses numerous hurdles and obstacles remain. For example, to genetically
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engineer such a vector, it is necessary to abrogate the native tropism of the virus, incor-
porate a tumor-specific ligand into the capsid proteins, and generate a cell line permis-
sive for the production of the vector (91). Moreover, it is sometimes difficult to find
candidate receptors present in cancer cells only because of their scarcity. Generally,
even classical tumor receptors, like folate receptors, or growth factor receptors over-
expressed in certain types of cancer cells are also present in a variety of normal cells
and, thus, nonspecific. To identify peptides that can specifically bind to cancer cells or
cancer vasculature, several groups have used phage display libraries and other tech-
niques (109–112). For example, the RGD-4C motif for v integrins (113) and NGR
motif for aminopeptidase N (CD13) (114) can specifically bind to tumor blood vessels
(109). Moreover, adenovectors with RGD-4C incorporated into their fiber can effec-
tively target primary tumor cells (106). Nevertheless, incorporating such a targeting
ligand may increase transduction in refractory cells but doing so is not necessary to
block the natural tropism of a vector. There may be several reasons that account for
this. First, the ligand for natural tropism is not abolished by the modification in the
targeting vector (115). Second, vector-host cell interaction may not completely depend
on ligand-receptor interaction. Rather, nonspecific adsorption of targeted vector particles
to cells could be sufficient for transduction (116). Finally, the in vivo distribution and
tropism of a vector depend largely on the bioavailability of the vector in a specific site
or organ. The difficulty of a vector passing through blood vessels and reaching the target
cells imposes a major limitation for in vivo targeting via vector transduction. The large
molecular size of gene-based medicines decreases their extravasation from blood into
tissue and increases their clearance by macrophages, immunoglobulins, and comple-
ments. Thus, even if adenovectors are ablated of the capacity to bind to CAR, their in
vivo distribution is quite similar to that of commonly used Ad5 vectors, most of which
end up in the liver (117).

6.2. Targeted Transcription
The use of tissue- or tumor-specific promoters for selective transgene expression

after nonselective gene delivery has also been zealously pursued in cancer gene ther-
apy (118,119). A number of promoters have been identified as being more active in
cancer cells than their normal counterparts. These include the carcinoembryonic anti-
gen promoter for colon and pancreatic cancers (120,121), the -feto-protein pro-
moter for hepatic cancers (122,123), the probasin promoter and prostate-specific
antigen promoter for prostate carcinoma (124,125), the mucin-secreting 1 promoter
for mucin-secreting adenocarcinoma (126), and the E2F promoter for cancers with a
defective retinoblastoma gene (127). The completion of the human genome project
and the development of new technologies will undoubtedly lead to the identification
of more genes that are overexpressed in cancer cells and whose promoters can be
used for targeted cancer gene therapy.

Nevertheless, despite this promising outlook, there are also limitations for promoter-
based targeting. First, most promoters are tissue specific rather than tumor specific.
Vectors generated with these tissue-specific promoters are applicable only to certain
types of tumors and cannot be used broadly in tumors of different origins. Second,
most of these promoters are much weaker than commonly used viral promoters, such
as the cytomegalovirus early promoter. Strong promoters are key to highly efficient,
noninflammatory, and noncytotoxic adenoviral-mediated transgene delivery in vivo
(128). Fortunately, these two limitations can be overcome by using promoters that are

10 Fang and Roth



active in a variety of cancer types and by using transcriptional factors to augment trans-
gene expression.

Evidence has shown that human telomerase reverse transcriptase (hTERT) promoter
(129) can be used to target proapoptotic genes to cancer cells (130,131). Telomerase is
a specialized type of reverse transcriptase that is responsible for the replication of chro-
mosomal ends, or telomeres (132,133). It is highly active in immortalized cell lines and
in 85% of human cancer cells but silent in differentiated normal human somatic cells
(134–136). A growing body of evidence suggests that the catalytic subunit, telomerase
reverse transcriptase (TERT), plays a key role in the activation of telomerase (137–139)
and that the gene for TERT is expressed at high levels in primary tumors in the cells of
various cancer cell lines, and telomerase-positive cells. Thus, the hTERT promoter may
be able to function as a universal tumor-specific promoter. In vitro studies have shown
that the hTERT promoter is highly active in human and murine cancer cells derived
from carcinomas of the lung, colon, liver, breast, ovary, and brain (130,140–144). It is
not active in normal human fibroblasts (130); in normal human epithelial cells from the
trachea (130), breast (144), and ovary (142); in normal human primary hepatocytes
(143); in normal human CD34+ progenitor cells (140); or in normal mouse fibroblasts
(140). In vivo studies have shown that systemic administration of adenovectors express-
ing proapoptotic genes, such as Bax or TRAIL, from the hTERT promoter results in no
detectable transgene product or liver toxicity (130,143), suggesting that the hTERT
promoter is indeed dormant in adult somatic tissues (130,140) and may be used to tar-
get cancer cells. Thus far, the hTERT promoter has been used for the tumor-specific expres-
sion of proapoptotic/cytotoxic proteins (130,140,143,145), and cytokine/chemokines, and
for E1A expression in CRAD vectors (146,147).

It has been reported that transgene expression from a weak, tumor-specific promoter
can be dramatically augmented using a transcriptional factor (148,149). This augmen-
tation happens because a small amount of a potent transcriptional factor, such as a
GAL4/VP16 (150) or a tetR/VP16 (tTA) (151) fusion protein, expressed from a tumor-
specific promoter is sufficient to activate their target promoters upstream of a transgene
and so increase transgene expression. Findings in our laoratory showed that the GAL4
gene regulatory system could augment transgene expression from the carcino-embryonic
antigen (CEA) promoter could be augmented up to 100-fold, both in vitro or in vivo,
without the loss of its specificity (148). Similarly, the levels of lacZ gene expression from
the hTERT promoter via the GAL4 regulatory system were dramatically augmented
(152). An adenovector expressing the TRAIL gene from the hTERT promoter via the
GAL4 regulatory system (Ad/gTRAIL) has also been shown to induce high levels of
transgene expression and apoptosis in various human cancer cells (142–144). In vitro and
in vivo studies have also shown that Ad/gTRAIL causes relatively little transgene expres-
sion and apoptosis induction in human fibroblasts, human primary hepatocytes, mammary
epithelial cells, and ovarian epithelial cells in culture (142–144).

7. CLINICAL TRIALS

As previousely discussed, adenovectors can effectively transduce in both dividing and
nondividing cells in vivo and because long-term transgene expression is not a common
prerequisite for cancer therapy, adenovectors are the most commonly used vector in cancer
gene therapy (Journal of Gene Medicine Website, www.wiley.co.uk/genmed/clinical).
The genes used in adenovector-mediated cancer therapy include tumor-suppressor genes

Chapter 1 / Adenovector-Mediated Cancer Gene Therapy 11



(e.g., p53, Rb, and p16), prodrug activator or suicide genes (TK and CD), and genes
encoding cytokine (GM-CSF, IL-2, IL-12, interferon [IFN]- , IFN- , IFN- , IL-7, MDA-7,
and CD40L), tumor antigens or costimulatory molecules (MART-1, pg100, PSA, AFP,
B7-1), and the single-chain antibody for erbB2. Among these genes, those encoding p53,
herpes-simplex tyrosine-kinase (HSV-tk) and GM-CSF are the most frequently used in
clinical trials. In addition, the replication-competent adenovector, ONYX-015, has also
been used extensively in clinical trials. The results of several of these trials have already
been published .

7.1. Adp53 Gene Therapy
A phase I trial enrolled 28 non-small-cell lung carcinoma (NSCLC) patients whose

cancers were unresponsive to conventional treatments. Gene transfer was demonstrated
in 80% of evaluable patients (153). Gene expression was detected in 46%; apoptosis
was demonstrated in all but one of the patients expressing the gene; no clinically signifi-
cant toxicity was observed. More than a 50% reduction in tumor size was observed in
two patients, with one patient remaining free of tumor more than 1 yr after concluding
therapy and another experiencing nearly complete regression of a chemotherapy and
radiotherapy resistant upper lobe endobronchial tumor.

A phase I study of 33 patients with head and neck squamous cell carcinoma
(HNSCC) showed that transfer of the Adp53 construct caused little toxicity. Clinical
response was observed in 9 out of 18 clinically evaluable patients (154). A subsequent
phase II clinical trial of Adp53 in over 200 recurrent or refractory HNSCC patients
resulted in demonstration of complete or partial responses in approx10% of patients,
with minor responses or stabilization observed in 60% of patients (155,156).

Twenty-four NSCLC patients with tumors that did not respond to conventional
treatment were enrolled in a phase I trial of Adp53 in sequence with cisplatin (157).
Seventy-five percent of the patients had previously experienced tumor progression on
cisplatin or carboplatin containing regimens. Up to six monthly courses of intravenous
cisplatin, each followed 3 d later with intratumoral injection of Adp53, resulted in 17
patients remaining stable for at least 2 mo, 2 patients achieving partial responses, 4 patients
continuing to exhibit progressive disease, and 1 patient unevaluable as a result of progres-
sive disease.  Seventy-nine percent of tumor biopsies showed an increase in number of
apoptotic cells, 7% demonstrated a decrease in apoptosis, and 14% indicated no change.

A phase II clinical trial evaluated two comparable metastatic lesions in each NSCLC
patient enrolled in the study (158). All patients received chemotherapy, either three
cycles of carboplatin plus paclitaxel or three cycles of cisplatin plus vinorelbine, and
then Adp53 was injected directly into one lesion.  Adp53 treatment resulted in minimal
vector related toxicity and no overall increase in chemotherapy related adverse events.
Detailed statistical analysis of the data indicated that patients receiving carboplatin plus
paclitaxel, the combination of drugs providing the greatest benefit on its own, did not
realize additional benefit from Adp53 gene transfer, however, patients treated with the
less successful cisplatin and vinorelbine regimen experienced significantly greater
mean local tumor regression, as measured by size, in the Adp53 injected lesion as com-
pared with the control lesion.

A phase I/II clinical study of recurrent ovarian cancer patients by Buller and coworkers
demonstrated safety and tolerability of single dose and multiple dose intraperitoneal
Adp53 in combination with platinum-based chemotherapy (159). Long-term follow-up of
these patients indicated that those individuals receiving multiple dose Adp53 with
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chemotherapy had a median survival of 12 to 13 mo, whereas those treated with a single
dose of Adp53 had a median survival of only 5 mo (159). More than 20 mo after conclu-
sion of multiple-dose treatment for recurrent disease there were 10 long-term survivors,
whereas only 2 patients receiving a single dose of Adp53 were long-term survivors.

Preclinical studies suggesting that p53 gene replacement might confer radiation sen-
sitivity to some tumors (160–162) led to a phase II clinical trial of p53 gene transfer in
conjunction with radiation therapy (163). Data from 19 patients with localized NSCLC
revealed a complete response in one patient (5%), partial responses in 11 patients
(58%), stable disease in 3 patients (16%), and progressive disease in 2 patients (11%),
whereas two patients (11%) were nonevaluable as a result of tumor progression or early
death. Three months following completion of therapy, biopsies showed no viable tumor
in 12 patients (63%) and viable tumor in 3 (16%). The tumors of 4 patients (21%) were
not biopsied because of tumor progression, early death, or poor performance status.
The 1-yr progression-free survival rate was 45.5%. Among 13 evaluable patients after 
1 yr, 5 patients (39%) had a complete response and 3 (23%) had a partial response or
disease stabilization. Most treatment failures were caused by metastatic disease.

Recently, the first randomized clinical trial of p53 gene therapy was reported. Ninety
patients with squamous cell carcinoma of the head and neck were randomly allocated
to receive intratumoral injection of Adp53 (1012 VP/dose/wk for a total of 8 wk) in
combination with radiation therapy (70 GY/8 wk) or radiation therapy alone. Complete
remission was seen in 64.7% of patients receiving Adp53 combined with radiation ther-
apy compared with 20% of patients receiving radiation therapy alone, which was highly
significant statistically (164).

7.2. HSV-tk Gene Therapy
In another study, the HSV-tk gene was delivered by both retrovirus-packaging cells

and adenoviruses as therapy for malignant glioma in combination with ganciclovir
(165). Intratumoral injection of the adenovirus resulted in a substantial increase in anti-
adenovirus antibodies and the frequency of epileptic seizures in some patients. Mean
survival times for the retrovirus, adenovirus, and control groups were 7.4, 15.0, and 8.
3 mo, respectively (165). In addition, a phase I trial was reported of the HSV-tk express-
ing adenovector (AdHSV-tk) injected intratumorally in combination with ganciclovir
administered intravenously to treat patients with metastatic colorectal adenocarcinoma
in the liver (166). Sixteen patients were treated with an adenovector dose ranging from
1.0 × 1010 to 1.0 × 1013 virus particles/patient. The results indicated that AdHSV-tk
could be safely administered by percutaneous intratumoral injection in patients with
hepatic metastases at doses of up to 1.0 × 1013 virus particles/patient. The toxic effects
observed in some patients included grade 1 elevation in serum aminotransferase levels,
grade 2–3 fevers, grade 3 thrombocytopenia, and grade 2 leucopenia. Most of these effects
resolved within 1 wk, suggesting that HSV-tk gene therapy is safe and well tolerated.
However, no partial or complete response was observed in this trial. Similarly, a phase I/II
trial of combined radiotherapy and in situ Ad-mediated HSV-tk gene/valacyclovir with or
without hormonal therapy for the treatment of prostate cancer also showed that this
combination therapy was safe and well tolerated (167).

7.3. ONYX-015 Gene Therapy
More than 200 cancer patients have been treated with the replication-competent virus

ONYX-015 in more than 10 clinical trials. Intratumorally injecting the virus into head
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and neck cancers or into intrahepatic and intrapancreatic tumor masses revealed no maxi-
mal tolerated dose or dose-limiting toxicity after doses as high as 2 × 1012 viral
particles/injection (18,168,169). No clinically significant incidence of hepatitis or pan-
creatitis was seen. The most frequently reported adverse events were fever, chills, injec-
tion site pain, asthenia, and nausea. In addition to intratumoral injection, the
intraperitoneal, intra–hepatic arterial, and intravenous administration routes have also
been used with this vector (18,168,169). Intraperitoneal administration was feasible at
doses as high as 1013 viral particles divided over 5 d. The most common toxic effects
included fever; abdominal pain; nausea, vomiting, or both; and bowel-motility changes
(i.e., diarrhea and constipation). No dose-limiting toxicities were seen for doses as high
as 2 × 1012 viral particles/single dose with intra–hepatic arterial administration or 
2 ×1013 particles/cycle (single injection/week for 3 wk) with intravenous administration
(18,168). Nevertheless, the treatment of patients with head and neck cancer with five
intratumoral injections of ONYX-015 a day resulted in an unconfirmed response ( 50%
shrinkage at a single time point) rate of only about 13%. No objective responses were
demonstrated for intratumoral injections into pancreatic or gastrointestinal carcinomas
or with intraperitoneal, intra–hepatic arterial, and intravenous administration in patients
with metastatic carcinomas (18,168). In a phase II trial of intratumorally injected
ONYX-015 combined with standard intravenously administered cisplatin and fluo-
rouracil in patients with recurrent head and neck cancer, about 60% responded to the
combination therapy. Two of the four chemotherapy-refractory tumors responded to sub-
sequent therapy with ONYX-015 combined with the same chemotherapy to which the
tumors had previously been resistant (19). In another trial, 15 patients with colorectal
carcinoma who failed to respond to ONYX-015 alone or to chemotherapy alone were
treated with a combination of intra–hepatic arterial infusion of ONYX-015 and intra-
venous administration of 5-fluorouracil combined with leukovorin. One patient had a
partial response, and 10 experienced stabilization of their disease for 2 to 7 mo (18).
However, none of the patients responded who had been given doses of less than 6 × 1011

viral particles in combination with chemotherapy (170).

8. FUTURE PROSPECTUS

In spite of the promising results obtained from preclinical studies of adenovector-
mediated cancer gene therapy, the response rates in clinical trials of this vector as a single
agent have continued to be very low. One possible reason for this is that most of the
reported clinical trials have been phase I or phase I/II trials that examined toxicity and
dose escalation. Most of the patients entered in these trials either were at a terminal
stage or had failed to respond to chemotherapy, radiotherapy, or both. It is also evident
that improvements in this vector system are critically needed for the future success of
clinical studies. Two major obstacles remaining in adenovector-mediated cancer gene
therapy are the incomplete transduction of target cells resulting from limited penetra-
tion and distribution of the adenovirus within tumor tissues and the resistance of the
target cells to an adenovirus infection caused by a loss of CAR expression. Possible
solutions to these problems include the development of a replication-competent vector
or a CRAD carrying an additional therapeutic gene, the modification of the capsid protein
for efficient or specific transduction of tumor cells, the enhancement of tumor-specific
therapeutic gene expression, and the development of vector formulations to improve
vector quality and in vivo transduction. Furthermore, methods for noninvasive in vivo
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monitoring of vector distribution, vector penetration, and transgene expression will
facilitate pharmacokinetic evaluations of gene-based medicine. Monitoring immune
responses and host-vector interactions in both immunocompetent and immunocom-
promised conditions is also important, especially for CRAD vectors. Clinical studies
have also shown that the combination of conventional chemotherapy or radiotherapy
with gene therapy greatly improves the antitumor potency of the gene therapy delivered
using the both replication-defective and replication-competent adenovectors, indicating
that combinational therapy should be studied further.
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Summary
To date, over 60% of all gene therapy clinical trials in the United States have focused on the

development and validation of new therapies for cancer. Many of these trials utilize Ad vectors as
novel anticancer therapeutics. In recent years, however, initial enthusiasm and high expectations for
successful clinical application of Ad-based vectors as efficient anticancer therapeutics has been
dampened based on the data obtained during a series of clinical trials. Along with the major concerns
over the safety of systemic Ad application, which was found to be associated with immediate innate
and inflammatory host responses and can also lead to fatalities, such issues as rapid clearance of
the bulk of administered vector by cells of the reticulo-endothelial system, neutralization of virus par-
ticles by highly prevalent pre-existing antibodies, and poor transduction of primary tumors resulting
from low-level Ad receptor expression and/or anatomical barriers, including extracellular matrix
surrounding tumors, have established a great need for research to further improve existing Ad vectors
and unravel their true therapeutic potential as anticancer agents. This chapter reviews and discusses
the current status, limitations and future challenges for the Ad vector development field with respect
to their efficacy, toxicity and immunogenicity.

Key Words: Adenovirus vectors; oncolytic viruses; innate antiviral response; disseminated
tumors; pathways of adenovirus infection; intravascular virus administration.

1. INTRODUCTION

Adenoviruses (Ad) are promising vectors for therapeutic interventions in humans.
To date, over 60% of all gene therapy clinical trials in the United States have focused
on the development and validation of new therapies for cancer, and many of these trials
utilize Ad vectors as novel anticancer therapeutics (1). Over recent years, however,
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initial enthusiasm and high expectations for successful clinical application of Ad-based
vectors as efficient anticancer therapeutics has been dampened based on the data
obtained during a series of clinical trials. Along with the major concerns over the safety
of systemic Ad application, which was found to be associated with immediate innate
and inflammatory host responses and can also lead to fatalities (2,3), such issues as
rapid clearance of the bulk of administered vector by cells of the reticulo-endothelial
system, neutralization of virus particles by highly prevalent pre-existing antibodies,
and poor transduction of primary tumors resulting from low-level Ad receptor expres-
sion and/or anatomical barriers, including extracellular matrix surrounding tumors,
have established a great need for further research to improve existing Ad vectors and
unravel their true therapeutic potential as anticancer agents. This chapter reviews
and discusses the current status, limitations, and future challenges for the Ad vector
development field with respect to Ad efficacy, toxicity and immunogenicity. 

2. FACTORS AFFECTING EFFICACY OF AD 
AS AN ANTICANCER AGENT

Initial attempts to utilize Ads as anticancer therapeutics were undertaken shortly
after their discovery in early 1950s (4). Administration of wild-type Ads into patients
with cervical carcinomas did not demonstrate significant efficacy. As a result, further
development of Ad-based anticancer therapeutics was essentially abandoned for four
decades. By the mid-1990s, accumulated data on the virus genome organization
and protein expression coupled with significant insights into mechanisms governing
Ad-host cell interactions revived the idea of using Ad for the therapy of cancer in
humans resulting primarily from the following three remarkable features of the virus:
(1) its great efficiency in killing infected cells during virus replication, (2) it’s ability to
infect a variety of primary human cells in vitro, and (3) it’s relative safety and ease of
propagation and large-scale production in the laboratory.

A number of academic research teams and companies worldwide have focused their
efforts on developing Ad-based cancer therapeutics. Three major strategies are primarily
being pursued: (1) delivery of genes cytotoxic for tumor cells or restriction of virus
replication exclusively to tumor cells; (2) enhancement of virus potential to spread
through the tumor mass, and (3) restriction of viral infection in the body only to the
tumor cell via modification of virus–host cell interactions.

2.1. Restriction of Virus Replication to Cancer Cells
Initially, mutants with deletions in one or more critical viral genes (located within

the E1 and E3 regions) were constructed as replication-incompetent vectors to deliver
genes exerting antitumor activity (e.g., p53, prodrug-activating enzymes) (5–8). As a next
step, Ads were engineered to replicate selectively within tumor cells in vivo, so-called
conditionally replicating Ads (CRADs) (see Chapter 1) (5).

One of the most studied CRAD is ONYX-015 (dl1520), which lacks the expression
of the functional E1B-55kD gene (9). In wild-type Ad this gene interacts with the host
cell to suppress its p53 mediated cell-cycle arrest or apoptosis, which would then abrogate
viral amplification. Hence, efficient replication of this E1B-devoid vector is thought to
be restricted to cells with p53-deficient phenotype (9–12). Because more than 50% of
tumors possess no functional p53 protein, there has been considerable enthusiasm for
the use of ONYX-015 as a selective anticancer agent. In phase I and II clinical trials,
both intratumoral and intravascular administrations of ONYX-015 were demonstrated
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to be safe at doses up to 2 × 1013 viral-particles (vp) (13). However, using the intravas-
cular route of administration only 14% of patients in one study (14) and none in the other
(15) demonstrated tumor regression, whereas progressive disease was eventually found in
all participants of the trials. In a phase II clinical trial in patients with gastrointestinal
carcinoma metastatic to the liver (14), intravascular administration of 2 × 1012 vp of
ONYX-015 by hepatic artery injection (two injections with a 7-d interval), resulted in
partial tumor regression in 3 out 27 patients. Using an intratumoral route of administra-
tion in patients with advanced head and neck squamous cell carcinoma (16) (multiple
injections of 2 × 1011 vp), 14% of patients demonstrated partial to complete tumor
regression. Importantly, virus replication was clearly detected in tumor biopsies
between 5 and 14 d post-treatment, and its efficiency was, indeed, dependent on the
p53 status of the tumor.

Another approach to limit the replication of oncolytic viruses to tumor cells is by
transcriptional regulation of the expression of genes essential for virus replication (e.g.,
E1A, E4, or both). Most CRADs developed using this strategy possess E1A or a com-
bination of E1A and E4 genes under the control of tumor- or tissue-specific promoters,
like the human telomerase reverse transcriptase (hTERT) (17), the prostate-specific
antigen (PSA) (18), and the -feto-protein (AFP) (19). Thus, by using the -fetoprotein
promoter to control E1A gene expression, selective replication of CRADs in human
hepatocellular carcinoma cells was demonstrated (19,20). Similarly, using rat probasin
(21) or human PSA promoters (22), Ad vectors were generated that replicated specifi-
cally in prostate cancer cells. Despite the fact that the feasibility of these approaches
has been convincingly demonstrated in multiple preclinical animal models of human
cancers (8,23–26), a series of clinical trials with multiple tumor types and routes of
administration demonstrated limited efficacy in humans to date (27–29). In a dose-
ranging phase I study of a prostate-specific, replication-restricted Ad for the treatment
of prostate cancer, the safety and activity of intraprostatic delivery of CV706 virus has
been shown (30). Twenty patients in five groups were treated with 1 × 1011 to 1 × 1013

vp. No severe virus associated toxicity was reported, and in the patients receiving the
highest virus doses, reduction of serum PSA has been demonstrated, suggesting, thus,
some efficacy of the direct intratumoral application of CRADs.

2.2. Enhancing Virus Spread in the Tumor Tissue
Whereas virus replication in cancer cells can be efficiently regulated by controlling

the expression of a relatively small number of genes (e.g., E1A, E1B, E4), boosting
virus spread through the tumor mass is, apparently, a more complex task. To date, there
are only preclinical data on using Ad mutants, which are capable of efficiently spread-
ing through the tumor resulting from specific genetic modifications. So far, the best
evidence for improved oncolytic potential of Ad via boosting intratumoral virus spread
was provided by Doronin et al. (31,32). In Ad vectors KD1 and KD3, the E3 region of
the Ad genome was modified to overexpress Ad death protein (ADP), which facilitates
cell lysis during later stages of virus life cycle. In comparison with parental vectors,
KD1-SPB variants demonstrated superior antitumor efficacy in a human H441 cell
xenograft model (33). An alternative approach to boost virus spread through the tumor,
which was also investigated in preclinical model systems, is to induce apoptosis of
virus infected cancer cells during late stages of virus replication (34). Although poten-
tially advantageous, none of the vectors with improved efficacy of intratumoral spread
to date has been tested in clinical trials. This is, among other factors, partly the reuslt of



concerns that the enhanced spreading of Ad is not limited to the tumor mass, but that it
could also lead to increased toxicity as a result of leakage from the oncolytic virus to
the surrounding (healthy) tissue.

2.3. Restriction of Viral Infection by Modification of Virus-Host Cell
Interactions

Analysis of Ad entry into cells, and, specifically, approaches to target Ad infection
selectively to tumor cells has been an area of major investigation recently. Whereas
understanding of the Ad infection process in vitro has been greatly increased since the
mid 1990s, there are still a very limited number of examples where these fundamental
findings have been successfully applied to improve antitumor efficiency of existing
Ads. Because the spectrum of initial virus-host interactions is dictated by Ad capsid
proteins (see Chapter 12), genetic modification of these proteins, which alters the natural
tropism of Ad represents the main approach to achieve virus targeting to tumor cells.
Currently, two targeting ligands have been successfully incorporated into the fiber
protein of tumor targeted Ads—polylysine and short RGD motif-containing peptides.
Addition of twenty lysine residues to the C-terminus of the Ad fiber knob domain
(F/K20 fiber) resulted in improved infectivity of the Ad toward human malignant
glioma cell lines, which express heparan sulfate proteoglycans, a putative receptor for
F/K20 fibers (35,36). Combination of F/K20 fiber modification with E1B gene mutation
in one vector enhanced both the oncolytic properties in vitro and the antitumor activity
in preclinical models, using U373-MG human glioma cells (36). Incorporation of the
RGD motif-containing peptides into the Ad fiber HI-loop allowed efficient infection of a
variety of v-integrin-expressing cancer cells (37–39). Importantly, combination of
this capsid modification with genetic modification of E1A (Ad5- 24RGD [40,41] and

-24RGD [26]) (see Chapter 19) was found to increase oncolytic potential of Ad vec-
tors toward human lung carcinoma and glioma cells in preclinical models in vivo.

Summarizing the existing clinical data, it is evident that despite encouraging results
obtained from preclinical studies, the clinical trials involving Ads as sole anticancer
agents demonstrated their poor efficacy. Whereas direct intratumoral administration
was found to be safe, intravascular administration of existing vectors is limited by the
severe and potentially lethal side effects, caused by the host antiviral innate and inflam-
matory responses. These side effects limit the vector load that can be delivered safely to
patients via the intravascular route (about 6 × 1011 vp/kg), suggesting that improvement
of the Ad antitumor efficacy cannot be achieved by merely escalating the administered
amount of vectors (42). Mathematical modeling of oncolytic Ad interactions with the
tumor and analysis of the critical parameters affecting vector efficacy demonstrated
that tumor eradication requires widespread distribution of the virus within the tumor at
the time of initial infection, a goal that is rarely achieved with existing Ad vectors (43).
It was also speculated that inefficient replication and cell lysis, slow speed of virus
spread through the tumor, and the presence of an innate immune response could
severely affect the ability of virus to “control” and/or eradicate the tumor. The validity
of these initial assumptions and the importance of identified factors find their confor-
mation in experimental data obtained from model systems in animals and clinical trials
in humans. The efficacy of oncolytic 01/PEME virus, possessing multiple genetic modi-
fications to restrict replication to tumor cells and boost virus spread through the tumor,
was analyzed in a mouse model with subcutaneous PC3 prostate cancer tumors using
both intratumoral and intravascular routes of vector administration (44). This study
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clearly demonstrated that Ad applied intratumorally was more than 1000 times more
efficient at tumor eradication than the same vector applied via the vasculature.
Moreover, it was found that the levels of vector replication in the tumor might not be a
reliable parameter to predict the Ad antitumor efficacy. Instead, the authors concluded
that efficient initial distribution of Ad to the tumor site is one of the most immportant
parameter affecting the efficacy of oncolytic Ads.

In summary, whereas great progress has undoubtedly been made with regard to both
developing Ad vectors capable of selective replication within a variety of tumor cells in
vitro and of efficient spread through the three-dimensional tumor architecture, disap-
pointingly little has been achieved in targeting efficient virus infection to tumor cells in
vivo, especially via the intravascular route of administration. Therefore, future studies
are needed to improve our understanding of the mechanisms governing the infectivity
and toxicity of Ad in vivo in order to improve the performance of the currently existing
oncolytic vectors.

3. PATHWAYS OF AD INFECTION IN VITRO AND IN VIVO

According to the currently accepted model, which is based primarily on in vitro
data, Ad infects cells in a two-step process (45–47). The first step is the fiber coat
protein-mediated binding of Ad to the primary cell surface receptor. Ads belonging
to subgroups A through F, except subgroup B, can utilize coxsackie and Ad receptor,
CAR, as a primary attachment receptor for infection (48–51). We and others have
recently found that the ubiquitously expressed complement regulatory protein,
CD46, represents a major subgroup B Ad receptor on human cells (52,53). As CAR
lacking its intracellular domain is sufficient to mediate virus infection (54), the
role of signaling downstream of CAR upon its binding to Ad is currently considered
to be negligible for efficient virus infection. However, the role of signaling down-
stream of CAR in the initiation of innate in vivo responses to Ad requires further
investigation.

Following initial attachment, RGD motifs within the Ad penton base interact with
cellular integrins, allowing for the internalization of attached virus particles into the
cell (55). It has been shown that a number of RGD motif-interacting integrins ( v 1,

v 3, v 5, v 6, 5 1, M 2, L 2) can serve as secondary receptors, promoting
Ad internalization into different cell types in vitro (47,55–59). Viral interaction with
cellular integrins initiates downstream signaling through the activation of two inde-
pendent but synergistic pathways (60). The first pathway includes the lipid kinase phos-
pho-inositol-3-kinase (PI3K), the small G proteins cdc42 and rac1, and p38 kinase
mitogen activated protein kinase (MAPK) (61–64). The second pathway involves sig-
nal transduction through focal adhesion kinase, Raf-1 and ERK1/2 protein kinases
(65–68). The signal transduction through either of these pathways can induce actin
polymerization near the site of the virus attachment triggering endocytosis (60).
Importantly, the activation of p38 MAPK and ERK1/2 was linked to the translocation
of NF- B into the nucleus and the initiation of proinflammatory cytokine and
chemokine gene expression (60,69–71).

Upon acidification of the intraendosomal environment, Ad escapes to the cytosol by
disrupting endocytic vesicles, and the particles then engage in bidirectional movement
along microtubules (72,73), ultimately leading to the docking of partially disassembled
capsids to the nuclear pore complexes and the translocation of virus genomic DNA into

Chapter 2 / Ad Vectors 27



the nucleus. Recent studies have shown that Ad internalization into cells expressing 5-
integrins with mutated cytoplasmic domains occurred normally; however, the virus was
unable to efficiently escape from the endosomes (74). The authors suggested that sig-
naling downstream of the 5-integrin subunit is important for the endosome escape
step of virus infection. These data also imply that integrin-mediated signaling may
involve different target/adaptor molecules upon virus internalization and upon its escape
from the endosome into the cytoplasm. Clearly, binding of Ad to integrins, which varies
dramatically in different tissues, may contribute to the diverse cellular responses to
virus infection. It was previously found that integrins can have several activation states
and their adaptor/signal transduction molecules may be involved in activation of the
early cellular response genes (e.g., 1-integrin signaling through integrin linked kinase
[ILK] was associated with NF- B-dependent activation of the proinflammatory genes,
including interleukin-1 (IL-1) and tumor necrosis factor (TNF- )(75–79).

Although cellular CAR expression levels correlate well with susceptibility to Ad
infection in vitro, most recent data demonstrate that disrupting CAR binding does not
appreciably impact the level and pattern of Ad distribution in vivo (80–84). These data
indicate that the presence of CAR on cells is not a critical factor in determining their
susceptibility to group C Ad infection in vivo. Recently, a number of novel moieties,
including heparin sulfate glycosaminoglycans and dipalmitoyl phosphatidylcholines,
were characterized as potential Ad5 primary attachment receptors; however, their roles
in governing Ad infectivity in vivo remains unknown (85,86). It has also been reported
that Ad binding to integrins is not necessary for efficient hepatocyte transduction in
mice and rats (87).

Numerous studies of Ad pharmacokinetics in animals after systemic administration
have shown that within the first minutes more than 99% of an injected dose is cleared
from the circulation (27,88). The cells of the hepatic reticulo-endothelial system, in
particular the Kupffer cells, are believed to be responsible for the rapid clearance of Ad
from the blood (82,88–90). Because of the natural kinetics of Ad clearance, the liver is
the predominant organ in the body transduced with Ad after systemic application.
Following Ad administration, transduction of liver cells is directly associated with a
strong innate immune response and systemic toxicity that can be fatal for the host
(91,92–95). In this regard, it has been demonstrated that inactivation of Kupffer cells
prior to Ad injection can partially reduce the manifestations of this acute toxicity and
increase the levels and prolong the duration of the vector-encoded transgene expression
(96,97). Thus, in clinical settings, where specific delivery of therapeutic genes or anti-
tumor Ad vectors to multiple organs or metastases is necessary, rapid liver-mediated
removal of the virus from the circulation and related manifestations of viral toxicity
represent the major hindrances to safety and efficacy.

Different approaches to avoid liver mediated clearance of Ad from the blood have
been tested, including intraperitoneal vector application or modification of the Ad
fiber shaft domain (81a,98,99). Although data obtained from these studies are encour-
aging, the molecular mechanisms responsible for these phenomena require further
investigation. Our recent analyses of factors responsible for the liver-mediated
clearance of Ad from the blood revealed that the rapid deposition of Ad5-based vectors
in the liver does not correlate with liver cell transduction and occurs independently
of Ad fiber knob-mediated interactions with liver cells receptors (100). On the
contrary, the levels of the innate and inflammatory responses to systemically adminis-
tered Ads correlated well with the efficiency of Ad hepatocyte transduction. These
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data demonstrated that different molecular mechanisms are likely to be responsible
for liver-mediated clearance of Ad from the blood and for liver cell transduction.
Systematic analyses of proteins interacting with Ad fiber knob domain in mouse and
human plasma revealed that several blood factors (including coagulation factor IX)
can bind Ad5 fiber protein and target the virus infection to hepatocytes and Kupffer
cells in vivo via interaction with heparin sulfate proteoglycans and low-density
lipoproteins (LDL) receptor-related protein, LRP (101). Although these findings are
helpful in understanding the biodistribution of systemically applied Ad vectors, the
relationship between these new mechanisms of virus infection and vector-associated
innate toxicity remain unknown. 

4. UNDERSTANDING THE HOST RESPONSES TO NATURAL AD
INFECTION

Ad infections occur worldwide as epidemic, endemic, and sporadic infections. Of
the 51 human Ad serotypes currently known, the most common in clinical materials are
the respiratory types of subgenus C (Ad1, Ad2, Ad5) and subgenus B (Ad3 and Ad7)
(102,103). Along with being an important cause of respiratory tract infections, Ad can
also cause conjunctivitis and gastrointestinal disease. Ads have been implicated in asep-
tic meningitis, encephalitis, hepatitis, and hemorrhagic cystitis and may cause severe
disseminated infections in immunocompromised patients of all ages (104). In humans,
the majority of Ad infections in immunocompetent hosts are subclinical, meaning that
no apparent symptoms are present. This feature has made Ad an attractive platform for
numerous gene therapy applications, including cancer. However, like most human virus
pathogens, Ads possess a substantial genetic armamentarium to interfere with the
immune system of the host to ensure their evolutionary survival (105–108). Infection
with Ad results in inhibition of cellular macromolecular synthesis leading to cell dam-
age and death. To avoid clearance from the host, Ads express a number of viral genes
that interfere with responses of both the innate and adaptive immune systems. It has
been shown that the early Ad genes E1B-55K and E1B-19K inhibit intrinsic p53- and
BAX-mediated apoptosis of infected cells (109,110). Expression of virus associated
VAI-RNA and E1A genes results in inhibition of cellular responses to interferons
(111,112). The Ad E3-19K protein binds major histocompatability complex (MHC)
class I molecules in the endoplasmic reticulum, reducing their transport to the cell sur-
face (113,114) and thus preventing the detection and killing of infected cells by cyto-
toxic T-lymphocytes (CTLs). Lastly, E3-RID, E3-14.7K and E1B-19K proteins
interfere with TNF signaling and inhibit cellular apoptosis induced through the death
domains (108,115,116).

The data on the immune response to natural Ad infection in humans are scarce. In
children with fatal Ad infection, TNF , IL-6, and IL-8 were detected in the serum
(117). However, in patients with only mild disease, none of these cytokines were found
at elevated levels in the blood. In a cotton rat model of Ad infection, which closely
resemble the pathology of virus infection observed in humans (118,119), two phases in
the pathogenesis of Ad2- and Ad5-caused pneumonia have been described. The early
histopathologic changes, which are induced by TNF- and reach the maximum 3 to 5 d
after infection, are characterized by mild to moderate injury to bronchial epithelial cells
and infiltration of monocytes/macrophages, neutrophils and lymphocytes into peri-
broncheal and alveolar regions. During the late phases, 5 to 10 d after infection, a
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peribroncheal and perivascular infiltration is mostly composed of CD8+ lymphocytes,
reflecting a virus-specific cytotoxic T-cell response to infected cells. Ad infection
induces the formation of neutralizing antibodies that granted protection against reinfec-
tion with the same serotype. In the human population, the prevalence of anti-Ad5 neutra-
lizing antibodies is approx 50 to 80% (120). The high prevalence of pre-existing
antibodies is one of the factors that may limit significantly the efficacy of proposed Ad-
based gene therapy. A number of approaches are currently under development to avoid
neutralization of therapeutic Ad vectors by pre-existing immunity. One of them is con-
jugation of virus particles to polyethylene glycol (PEG), that was found to protect Ad
from antibody binding (121,122). Another approach is the construction of therapeutic
vectors using alternative Ad serotypes. Analyses of the prevalence of neutralizing anti-
bodies to different Ad serotypes revealed that neutralizing antibodies to group B Ad11
and Ad35 are least prevalent in human populations (less that 10%) (123). Therefore,
significant efforts have been made to construct Ad vectors based on these human
serotypes (124,125). Alternatively, vectors based on different animal Ad serotypes
(canine Ad, CAV1-3, bovine Ad, BAV-3, chimpanzee Ads) are currently being devel-
oped to avoid pre-existing neutralizing immunity (126–130).

5. INNATE IMMUNE RESPONSE TO SYSTEMICALLY APPLIED AD

Even though natural infections with Ads are largely harmless in humans, intravenous
Ad administration for gene delivery purposes, especially at high doses, stimulates
strong innate and adaptive immune responses and can be fatal for the host (91a,92,94).
It is currently recognized that the initiation of this acute systemic inflammation depends
on interactions of the Ad capsid with host cells. Upon systemic application of Ads in
rodents, rhesus monkeys, and humans, a rapid liver-mediated vector removal from the
circulation was observed (5a,88a,89a,93). Despite significant knowledge regarding Ad
interactions with cells in vitro, the molecular mechanisms governing Ad biodistribu-
tion, hepatic tropism and toxicity in vivo remain poorly understood.

Systemically applied Ads induce two phases of inflammatory gene expression in the
liver. The first phase of acute inflammation depends entirely on virus capsid interac-
tions with host cells and occurs within 24 h after virus administration (2,60a). The second
phase begins 3 to 4 d after Ad administration and requires viral gene expression (96). In
animal models, intravenous Ad administration has been shown to induce transcription
and release of a number of cytokines and chemokines, including IL-6, TNF- , RANTES,
IP-10, IL-8, MIP-1 , MIP-1 , and MIP-2 into the serum (64a,69a,70a,95,96,131,132).
Macrophages, including tissue residential macrophages (e.g., Kupffer cells in the liver),
and dendritic cells throughout the body are considered to be the primary source of these
cytokines and chemokines following their transduction with Ads (60a). Additionally,
rapid clearance of Ad from the circulation by Kupffer cells may have a protective role
against the dissemination of Ads to the lymphoid organs, therefore reducing systemic
inflammation. In several gene therapy clinical trials it has been found that after systemic
Ad administration at high doses (2 × 1012 – 4 × 1013 vp), serum levels of IL-6, IL-10 and
IL-1 were elevated (133–136). However the role of these cytokines in the initiation of an
immediate innate immune response remains, so far, unclear. Histological evaluation of
tissues, including lung, liver, and spleen, revealed areas of leukocyte and neutrophil
infiltration as well as microinfarctation, indicating that most tissues in the body are
involved in the inflammatory response to systemically applied Ad (our unpublished
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observation) (132,137). However, it is apparent that Ad-mediated liver damage plays a
central role in the pathogenesis of acute systemic inflammation caused by intravenous
Ad administration. To this end, it has been found that activation of the MIP-2
chemokine is critical for neutrophil attraction to the liver tissue, and inactivation of
MIP-2 with an anti-MIP-2 antibody reduces observed liver pathology and markedly
decreased systemic Ad toxicity (132). To date, it is not known which cell type(s) in the
liver tissue or other organs (such as spleen, lung and lymph nodes) are primarily respon-
sible for the initiation of the systemic anti-Ad innate immune response. Interestingly,
significant Ad-induced systemic inflammation was also observed in splenectomized or
Kupffer cell-depleted mice (own observation) (131,138). Recently, a role for liver sinu-
soid endothelial cells in the initiation of an anti-Ad innate immune response has been
suggested (138). However, because the primary mediators of the antivirus inflamma-
tory response in vivo remain unidentified, this hypothesis still awaits substantiation.    

It is conceivable that the cell types transduced by Ad upon intravascular administra-
tion directly participate in initiation of antiviral innate response. Therefore, if the
administration of a therapeutic tumor-targeted Ad results in transduction of spleno-
cytes, cells of bone marrow, or lung and liver residential macrophages, the toxicity pro-
file of such a vector would be suboptimal because of this “nontarget” cell transduction.
Because multiple pathways and cell surface receptors are utilized by different virus
serotypes for the Ad entry into cells, identification of pathways, and ablation of virus
interaction with nontargeted cell types is a promising approach to improve the toxicity
profiles of existing oncolytic and tumor-targeted vectors. An alternative approach to
reduce innate immune and inflammatory responses to systemically applied Ads is to
pharmacologically interfere with molecular and/orsignaling pathways involved in the
initiation or maintenance of these responses. Toietta et al. demonstrated that adminis-
tration of anti-TNF- antibody into mice prior to Ad delivery allows reduction of
inflammatory responses toward Ads (139). Our recent data also suggested that IL-1
participates in initiation of an anti-Ad inflammatory response and that pharmacological
interference with IL-1 signaling pathways using anti-IL-1 antibody allows for significant
improvement of the Ad toxicity profile following systemic application (145).

6. ANIMAL MODELS FOR THE ANALYSIS OF INNATE IMMUNE AND
INFLAMMATORY RESPONSES TO SYSTEMICALLY APPLIED AD

Animal models have proven to be an invaluable tool for the analysis of both Ad-
mediated immune responses and the antitumor efficacy of Ad vectors. Because of
ethical, regulatory, and practical issues (such as a large amount of clinical grade vector
stocks), the conduction of routine studies in humans to analyze mechanisms of host
response and optimize existing vectors is not an acceptable option. However, although
being useful, animal models eventually provide only limited knowledge regarding
vector performance in humans. As a result of natural and as yet uncharacterized
species-specific factors, human Ads do not replicate efficiently in mice. This fact
significantly complicates strategies for the analysis of oncolytic vector efficacy in
preclinical mouse models. The use of large animal models (i.e., dogs and primates) is
limited as a result of the relatively few immunochemical reagents on the market (i.e.,
antibodies for specific assays), the large amounts of vectors required for each admin-
istration, and the costs of large animal maintenance. The most abundant data on Ad
performance in vivo was obtained in mice. Numerous studies of Ad pharmacokinetics
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after systemic administration have shown that within the first minutes of intravenous
virus delivery in mice, more than 99% of the infectious particles are removed from the
circulation (27a,88a). Although the kinetics of virus clearance from the blood in pri-
mates (and humans) is somewhat slower than in mice, the liver remains the predomi-
nant organ in the body transduced with Ad after systemic application (2,27a,88a,140).
Upon intravenous Ad administration, serum levels of IL-6 and TNF- are increased
with similar kinetics in both mice and humans (60a,141). Moreover, hepatic injury
plays a key role in the pathogenesis of systemic Ad toxicity observed in mice (60a,131).
It is important to note that immune responses to Ad vary significantly among different
mouse strains and between different species (142). Whereas Ad-induced hepatitis fol-
lowing systemic vector application has been observed in all species, the dose of virus
that resulted in severe toxicity (calculated as particles/kg) differed dramatically. In
addition, it has to be considered that mice and non-human primates are much more
resistant to activation of innate immunity than humans (42a). Considering the limitations
of the each particular animal model, it is apparent that intravenous Ad administration in
mice will continue to be a valuable model for the analysis of cell types, virus capsid-
host interactions, and molecular mechanisms involved in the initiation and maintenance
of anti-Ad immune responses. At the same time, the development of novel small animal
models that reflect more adequately human responses to Ad is highly desirable for the
analysis of antitumor efficacy of Ads. Initials steps toward adapting mouse models for
analysis of the oncolytic potential of Ads have already been taken, and more studies are
currently underway (143).

7. SUMMARY

Currently, data from clinical trials demonstrate relatively low-antitumor efficacy of
existing Ad vectors as a sole therapeutic agent. For vectors applied intravenously, rapid
clearance from the blood by the liver and subsequent systemic toxicity resulting from
inflammatory responses are the major hindrances for its safe and effective use in
humans. Whereas intratumoral vector administration was shown to be efficient for
some types of cancers (e.g., gliomas, head and neck cancer), eradication of dissemi-
nated cancer cells in metastatic disease will, ultimately, require the systemic application
of the therapeutic vector (26a,27a,30a,144). Hence, the prevention of liver-mediated Ad
sequestration would represent a major step toward development of safe and effective
systemically applicable tumor-targeted Ad vectors for the treatment of local and dis-
seminated metastatic disease.

In recent years, a significant body of data on the mechanisms of Ad-host cell inter-
actions in vitro has been accumulated. However, it is currently unknown how these new
findings relate to the pathogenesis of systemic toxicity in animals and humans after
intravenous Ad administration. Although it is largely accepted that the immediate innate
immune response toward Ad is initiated upon virus capsid interactions with host cells
and, hence, does not require viral gene expression, the precise step(s) of virus–host
interactions, the cell types involved and the primary mediators of this response remain
unknown. The development of improved Ad-based therapeutics will ultimately require
additional efforts to further our understanding of the fundamental mechanisms involved
in host response toward systemically applied viral vectors. To this end, the identifica-
tion of cell types or molecular pathways initiating innate anti-Ad immune response and
the development of vectors unable to infect these cell types should represent a rational
approach to improve the safety profile of existing antitumor Ads. Moreover, these studies
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should significantly improve our understanding of fundamental mechanisms of the host
defense against viral pathogens, creating a basis for the development of safe and effi-
cient Ad vectors for the therapy of a wide range of inborn and acquired human dis-
eases, including cancer.
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Summary
Retroviruses have been widely used as gene transfer vectors, and in fact represent the vector system

used in the majority of clinical gene therapy trials for cancer to date. In an ex vivo setting, conven-
tional replication-defective oncoretrovirus vectors can reliably and efficiently achieve permanent gene
transfer which is selective for dividing cells; however, successful application of these vectors in vivo
has been difficult because of their relatively low-transduction efficiency. Recently, however, the field
has been revitalized by the advent of significant improvements in basic retrovirus vector technology,
including the development of lentivirus-based vectors which are capable of efficient gene transfer even
to quiescent nondividing cells, and tumor-selective replication-competent retrovirus vectors which
progressively transduce cancer cells as the virus spreads through the tumor. This chapter reviews these
important recent developments and their potential utility for gene therapy of cancer.

Key Words: Retrovirus; lentivirus; vector; cancer; gene therapy.

1. INTRODUCTION

The development of effective gene transfer methods in the early 1980s, which
exploited the natural mechanisms of viruses for cellular entry and expression of genetic
material, represented an enabling technology that catalyzed the rapid progress of gene
therapy from a distant vision to a clinically feasible therapeutic modality. Among the
first viruses to be converted from pathogenic to therapeutic agent in this manner was
Moloney murine leukemia virus (MMLV), a simple retrovirus with a diploid RNA
genome, which was one of the first viral genomes to be cloned and sequenced in its
entirety. Numerous studies over almost two decades have demonstrated the utility of
these vectors for stable gene transfer to mammalian cells in culture and in small animal
models. However, efforts to translate the results from animal studies to clinical trials
have thus far generally proved disappointing, and the successes in human gene therapy
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using retrovirus vectors have often been sporadic, equivocal, and/or subtherapeutic.
Issues with regard to their low production titers, intrinsic inability to infect quiescent
cells, and overall low transduction efficiency in vivo represent significant technical
obstacles to the success of retrovirus-mediated gene therapy, and many investigators
have sought other, more efficient viruses as vectors for use in clinical trials. 

Nevertheless, retrovirus vectors remain the most frequently utilized clinical gene
delivery modality that is clearly capable of permanent integration into host cells, and
thus far have been used in the majority of human gene therapy trials; in fact, MMLV-
based retrovirus vectors represent the only gene transfer modality to have progressed to
large-scale phase III clinical trials for cancer, even though the results proved disap-
pointing. Recently, however, methodological advances in the clinical application of
retrovirus vectors have now yielded highly promising results, particularly in the ex vivo
setting, including the amelioration of X-linked severe combined immunodeficiency
(SCID) syndrome, arguably one of the leading success stories of human gene therapy
to date but which has also been associated with a sobering reminder of the potential for
risk as well as benefit. Many such successes have resulted from a progressive under-
standing of the characteristic limitations of MMLV-based vectors, which in turn has
spurred the development of numerous incremental but cumulative improvements in
vector production and transduction methods, as well as judicious and rational application
to the most relevant clinical scenarios. Significant improvements in basic retrovirus
vector technology are also being actively pursued; among the most promising of these
in recent years has been the development of lentivirus-based vector systems.
Additionally, significant improvements have been made in the areas of vector design,
pseudotyping and envelope modification, transcriptional regulation, and conditionally
replicating vectors; these developments promise to further enhance the usefulness of
this classic vector system, particularly for gene therapy of cancer. This chapter reviews
the basic technology of retrovirus- and lentivirus-based gene delivery systems, and
provides an overview of ex vivo and in vivo applications to genetic and immunomodu-
latory treatments for cancer in preclinical and clinical studies (Table 1).

2. BASIC PRINCIPLES OF RETROVIRAL VECTOR TECHNOLOGY

2.1. Oncoretroviral Vectors: The Basic Technology
Retroviruses are enveloped viruses that contain a diploid positive-strand RNA

genome, whose life cycle is characterized by their use of reverse transcriptase to convert
the RNA genome to double-stranded DNA, which is then permanently integrated into
the chromosomes of the host cell. As noted above, most retroviral vectors in current use
are traditionally based on Moloney murine leukemia virus (MMLV), a simple
oncoretrovirus that contains 5 - and 3 -long terminal repeat (LTR) sequences flanking
only three gene loci: gag, pol, and env, which encode capsid/matrix, reverse transcrip-
tase/integrase, and envelope proteins, respectively (see Fig. 1). Assembly of these viral
proteins to form a virion is initiated by a cis-acting sequence located next to the 5 -
LTR; identification of this sequence ( ) as the dominant signal for viral packaging (see
Fig. 2) enabled the development of trans-complementing systems for packaging of
replication-defective viral genomes in which the natural coding sequences have been
replaced by therapeutic genes of interest (see Fig. 3). Once the replication-defective
vector RNA has been packaged into the nucleocapsid, the nascent virion buds from the
cell surface, thereby encoating itself with the lipid bilayer membrane of the host cell, in
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Table 1
Strategies for Gene Therapy of Cancer Using Retrovirus and Lentivirus Vectors

A. Ex vivo gene therapy
Target cell population Strategy Transgenes

Hematopoietic stem cells Myeloprotection during Chemotoxin pump proteins
Hematopoietic progenitor cells high-dose chemotherapy (e.g., MDR-1)

Chemotoxin metabolizing enzymes 
(e.g., DHFR, MGMT)

Hematopoietic stem cells Elimination of oncoproteins Antisense RNA, ribozymes,
(e.g., BCR-ABL) siRNA directed against

target mRNA
Cytotoxic T-lymphocytes Abrogation of GVHD after Suicide genes (e.g., HSV-tk)

transplantation to achieve 
GVL effect

Cytotoxic T-lymphocytes Tumor antigen-specific Tumor antigen-specific,
immunocytotoxicity engineered T-cell receptors

DCs, DC progenitor cells Tumor antigen presentation, Tumor-specific antigens 
(e.g., monocytes), other APCs potentiation of antitumoral Immunostimulatory cytokines 
(e.g., macrophages, immune response (e.g., GM-CSF, IL-4, CD40L)
Kupffer cells, microglia)

Leukemia/lymphoma cells, Tumor cell vaccine Immunostimulatory cytokines (e.g.,
Other explantable tumor cells GM-CSF, IL-2, IL-12, IFNs)

Costimulatory molecules 
(e.g., CD80, CD86, 4-1-BB)

B. In vivo gene therapy
Target cell population Strategy Transgenes

Tumor cells Direct cell killing by Suicide genes (e.g., HSV-tk, yCD,
introduction of vector or E. coli PNP)
vector producer cells Proapoptotic genes (e.g., BAX)

Toxin genes (e.g., Diphtheria toxin,
HIV-vpr, hyperfusogenic 
GALV envelope)

Tumor cells Over-expression of genes Tumor suppressor genes 
with tumor suppressor (e.g., p53, BRCA-1, p16,
activity PTEN, MDA-7/IL-24)

Cell-cycle inhibitors 
(dominant-negative cyclin G1)

Tumor cells Inhibition of oncogenes Antisense RNA, ribozymes,
siRNA directed against 
target mRNA

Tumor cells Potentiation of antitumoral Immunostimulatory cytokines (e.g.,
immune response GM-CSF, IL-2, IL-12, IFNs)

Tumor infiltrating immunocytes Costimulatory molecules (e.g.,
and APCs CD80, CD86, 4-1-BB)

Inhibitors of immunosuppressive 
factors (e.g., dominant-negative 
TGF- receptor)

DCs, DC progenitor cells (e.g., Tumor antigen Tumor-specific antigens (e.g.,
monocytes), other antigen presentation, viral antitumor MART-1. NY-ESO-1)

(Continued)



which the viral envelope proteins are embedded (see Fig. 4). The envelope proteins
mediate cellular entry by binding to receptors on the target cell surface. This binding
event triggers a conformational change that activates virus-cell membrane fusion,
allowing the nucleocapsid complex to be released into the cytoplasm. Reverse tran-
scription of the viral RNA yields the double-stranded DNA proviral form, which is then
permanently integrated at relatively random locations in the host cell genome, and is
therefore present in all progeny cells derived from the initially infected host. With wild-
type MMLV, the proviral genome then transcribes additional copies of viral genomic
RNA as well as a spliced message that specifically encodes the env gene (see Fig. 2).
However, with replication-defective vectors, these sequences have been replaced by
therapeutic genes, which are expressed in the host cell and all progeny instead (see Fig. 4).

The generation of high titer retroviral stocks for the efficient transduction of target
cells is an important technical goal for a range of gene transfer applications. This was
first made feasible through the development of packaging cell lines that trans-complement
vector genomes with the MMLV gag, pol, and env proteins required for virus assembly
(1). Replication-defective retroviral vector genomes containing the encapsidation
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Table 1 (Continued )

Target cell population Strategy Transgenes

presenting cells (e.g., vaccine delivered by direct
macrophages, Kupffer cells, in vivo injection
microglia)

Tumor cells Inhibition of tumor Antiangiogenic factors
Tumor endothelial cells neovasculature (e.g., endostatin, angiostatin,

thrombospondin-1, soluble 
VEGF receptor)

Fig. 1. Comparison of oncoretrovirus vs lentivirus genomes. Both types of retrovirus are characte-
rized by LTR sequences flanking the viral structural genes. Oncoretroviruses such as MMLV have
relatively simple genome configurations, with only three structural gene loci: gag (which encodes
viral capsid and matrix proteins), pol (which encodes viral protease, reverse transcriptase, and inte-
grase proteins), and env (encoding the viral envelope protein). Lentiviruses such as HIV-1 are more
complex and contain additional open reading frames encoding “accessory genes” such as tat (viral
transcription factor), rev (facilitates nuclear export of viral mRNA), and various virulence factors 
(f: vif, r: vpr, u: vpu, n: nef). Both oncoretrovirus and lentivirus genomes contain specific packaging
signal sequences ( ), located just downstream of the LTR and generally extending into the 5
sequence of gag, that allow encapsidation of the viral genomic RNA.



signal can be introduced into these packaging cells by by transient transfection with an
appropriate plasmid, or in some cases by viral transduction (see Fig. 3). To obtain retro-
viral stocks of the highest titers, it is necessary to establish additional virus producer
cell lines that not only contain the gag-pol and env cassettes, but also have the proviral
vector genome stably integrated. To identify the highest producing lines, many sub-
clones may then need to be screened, as greatly varying titers are observed between
different subclones. This screening process can take several weeks and the cell lines so
established may lose their packaging ability as they are passaged. As a simpler alterna-
tive system for the production of retroviral stocks without the use of packaging lines,
many groups now utilize a packaging systems for production of high titer helper-free
virus stocks by transient transfection (2). Generally, human embryonic kidney-derived
293T cells are used as they are highly transfectable, and a three-plasmid transient
cotransfection method is used to express: (1) a packaging plasmid expressing gag-pol;
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Fig. 2. Molecular events associated with infection by a replication-competent (wild-type) retro-
virus. The schematic of the infected cell on the left depicts events occurring during infection, the
schematic on the right depicts events after infection has been established. 1: Virion adsorption via
interaction between viral envelope protein and cell surface receptor, followed by virus–cell lipid
membrane fusion. 2: Entry of viral nucleocapsid complex into cytoplasm. 3: Reverse transcription
of viral genomic RNA (single line) to double-stranded DNA (double lines), U3 and U5 sequences
duplicated at 5 - and 3 -ends, respectively, to convert R-U5 and U3-R into matching LTR sequences
flanking viral genome. 4: Entry into cell nucleus, either by passive diffusion upon nuclear mem-
brane breakdown during mitosis (oncoretrovirus) or uptake by active transport (lentivirus). 5:
Integration of proviral DNA into host cell chromosome. 6: Transcription of viral mRNA, encoding
gag, pol, and env structural gene loci. 7: Nuclear export of viral genomic mRNA (7a), and splicing
and nuclear export of viral env mRNA (7b). 8: Viral genomic sequence serves as mRNA for trans-
lation of gag and pol proteins (8a), viral env mRNA directs expression of viral envelope proteins
on cell membrane. 9: Virion assembly: viral proteins encapsidate viral genomic RNA by recogni-
tion of its packaging signal ( ). 10: Budding of virion from cell surface membrane, encoated by
viral envelope proteins.



(2) an envelope plasmid expressing the envelope glycoprotein env (generally the MMLV
amphotropic envelope, which binds to a highly conserved inorganic phosphate trans-
porter, PiT-2, and hence exhibits broad host species binding tropism, including human);
and (3) the transfer vector plasmid expressing the replication-defective retroviral vector
construct containing the gene of interest. Transient cotransfection methods can be opti-
mized to achieve titers of up to 106 helper-free viral/mL stocks within 48 h without the
need to establish and maintain packaging cell lines or stable producer lines, thereby
allowing rapid production of high titer retroviral vectors for subsequent cellular trans-
duction by a convenient, rapid and reproducible method, and enables rapid characteri-
zation of multiple vectors containing different genes of interest. 

As vehicles for the delivery of genes into eukaryotic cells, retroviruses have sev-
eral advantages (3,4): (1) gene transfer is relatively efficient, particularly in a cell
culture or ex vivo setting, as most retroviral vectors are produced from packaging
cells at titers on the order of 106–7 plaque-forming units (pfu)/mL; (2) stable integra-
tion into the host cell DNA is a natural part of the retroviral life cycle, and therefore
the integrated provirus is passed on to all daughter cells and continues to direct the
nonlytic production of its encoded products; and (3) replication-defective vectors can
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Fig. 3. ABCs of constructing conventional replication-defective retrovirus vectors. (A) The structural
genes of the virus are removed and replaced with a transgene expression cassette, which remains
flanked by the viral LTR sequences. This “vector construct” retains the viral packaging signal ( +),
which allows encapsidation of the vector RNA. (B) The gag-pol structural genes are generally
expressed together as a “packaging construct” that can be placed under the control of a heterologous
promoter (pro). (C) The viral envelope protein can be expressed by itself as a separate “envelope
construct.” Separating the env gene from the gag-pol genes facilitates the use of heterologous
envelopes from other species to virus to encoat the vector (“pseudotyping”), and reduces the like-
lihood of recombination events that might lead to the reconstitution of replication-competent wild-
type virus. Note that the packaging signal is deleted or mutated ( ) in the packaging and envelope
constructs so that these mRNAs cannot be encapsidated. All three constructs are expressed together
within a permissive cell (“vector producer cell” or VPC) to generate the virus vector.



easily be created by deletion of all essential viral genes, which renders the vectors
incapable of secondary infection. An additional characteristic specific to MMLV is
that it requires cell division during infection so that the nucleocapsid complex can
gain access to the host cell genome, and hence cannot infect nondividing cells. As
many cell types are considered to be largely quiescent in vivo, the traditional applica-
tion, which has been adopted for MMLV-based retroviral vectors has been to trans-
duce cell lines in culture; when animal studies have been performed using retroviral
gene delivery, this has usually been accomplished by viral infection of primary cells
in culture by the ex vivo method, followed by reimplantation of the transduced cells.
This approach requires surgical acquisition, isolation, and culture of autologous cells.
This is labor intensive and invasive and limits the scope of ex vivo retroviral gene
transfer to those cell types that can be readily accessed, manipulated in culture, and
reimplanted (e.g., hematopoietic cells, skin fibroblasts, and hepatocytes).  On the
other hand, this absolute selectivity for actively dividing cells results in preferential
infection of malignant cells, which can be advantageous for cancer-related research
and therapeutics.
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Fig. 4. ABCs of constructing conventional replication-defective retrovirus vectors, part 2. Viral vec-
tor (A), packaging (B), and envelope (C) constructs are introduced into the producer cell, generally
by simultaneous co-transfection for transient production of virus. Alternatively, cell lines that have
been stably transfected with the packaging and/or envelope construct (“packaging cell lines”), as
well as with specific vector constructs (“producer cell lines”), can be prepared for constitutive virus
production. Only the RNA transcribed from the vector construct (A) contains a packaging signal ( ),
allowing encapsidation by the viral proteins expressed from the packaging construct (B) and enve-
lope construct (C). The virion particle thus assembled buds from the cell surface, and because there
are no viral structural genes present in the vector, only the transgene of interest is transmitted to the
target cell upon infection (“vector transduction”).



2.2. Lentiviral Vectors: The Next Generation
The lentiviridae are complex retroviruses that contain additional regulatory and patho-

genicity-enhancing “accessory” genes in addition to the gag, pol and env structural pro-
teins expressed by oncoretroviruses. For human immunodeficiency virus (HIV), for
example, the additional regulatory genes are tat and rev, and the pathogenicity-enhanc-
ing accessory genes are vif, vpr, vpu and nef (see Fig. 1). Furthermore, although the
overall life cycle of lentiviruses is similar to that of oncoretroviruses, there are several
major differences. As noted above, vectors based on oncoretroviruses such as MMLV
can only transduce cells that divide shortly after infection, because the MMLV preinte-
gration complex cannot achieve chromosomal integration in the absence of nuclear
envelope breakdown during mitosis. 

In contrast, lentiviruses can infect nonproliferating cells, owing to the karyophilic
properties of the lentiviral preintegration complex, which allows recognition by the cell
nuclear import machinery. Correspondingly, lentiviral vectors can transduce cell lines
that are growth arrested in culture, as well as terminally differentiated primary cells
including hematopoietic stem cells, neurons, hepatocytes, cardiomyocytes, endothe-
lium, alveolar pneumocytes, keratinocytes and dendritic cells (5–13). Hence, there has
been a keen interest in the development of vector systems based on a wide variety of
lentiviruses, including HIV), simian immunodeficiency virus (SIV), feline immuno-
deficiency virus (FIV), and equine infectious anemia virus (EIAV) recently. This chap-
ter focuses primarily on HIV-based lentiviral vectors as this technology has progressed
most rapidly and is already in clinical trials.

Furthermore, the possible toxicity of HIV accessory genes retained in lentiviral vec-
tor constructs, as well as the possibility of recombination leading to generation of wild-
type virus, has also been raised as a safety concern. Considerable effort has been
invested in the generation of more efficient and safer vectors (14,15). The lentiviral
packaging system was originally developed by Naldini et al. following a tripartite tran-
sient transfection procedure (5) and later evolved into the “second generation” lenti-
viral vectors, where the four accessory genes of HIV (vif, vpr, vpu, and nef) were deleted
from the viral packaging system without affecting viral titers or transduction efficiency
(15). The only remaining auxiliary gene in this system was, therefore, rev, which, along
with the Rev response element (RRE) as its cognate binding sequence, is required for
efficient export of the vector and packaging construct RNAs from the nucleus during
virus production. Thus both toxicity as well as the likelihood of recombination are
reduced in these second- and third-generation lentiviral vector systems (see Fig. 5).
More recently, further optimization of packaging systems for HIV and other lentiviruses
has aimed at minimizing the risk of homologous recombination with HIV by splitting
the gag-pol genes (16) and by cross-packaging configurations (i.e. using the packaging
system of HIV to encapsidate transfer vectors from other lentiviral origins [SIV, HIV-2,
FIV]) (17,18).

In most cases, the vectors are pseudotyped (i.e., encoated with a heterologous envelope
protein) with vesicular stomatitis virus glycoprotein (VSV-G), which is a rhabdovirus
envelope protein that is reported to bind to cell-surface phospholipids thereby achieving a
wide host range. However, the VSV-G protein is highly fusogenic, and even with the use
of inducible promoters, it has proven difficult to generate high titer stable packaging cell
lines expressing VSV-G as a result of its cytotoxicity. Hence, transient transfection is
the most commonly employed method for lentiviral vector production, and the use of
transiently produced vectors has been approved in the first clinical trial of lentiviral gene
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therapy for acquired immunodeficiency syndrome (AIDS). As with MMLV-based vectors,
the lentiviral vector construct is transiently cotransfected along with the lentiviral
gag-pol packaging construct and VSV-G env construct into 293T cells to produce virus
(see Fig. 5), thereby enabling high-level expression of viral proteins and efficient
packaging of vector genomes without the need for long-term maintenance of stable
packaging cell lines and without the attendant risk of recombination leading to generation
of helper virus over time.
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Fig. 5. Components required for production of 3rd generation lentiviral vectors, based on con-
structs developed by Zufferey et al. (A) The vector construct pRRLsinCMViresGFP contains a
modified 5 -LTR sequence in which the tat-dependent viral promoter in the U3 region has been
replaced with the constitutively active Rous sarcoma virus (RSV) promoter, and a modified 3 -LTR
in which most of the U3 region has been deleted ( U3). This U3 deletion is copied to the 5 -LTR
upon reverse transcription, making this a “self-inactivating” vector in which transgene expression
relies entirely upon an internal promoter (CMV: cytomegalovirus promoter). The packaging signal
( ) spans the region from viral splice donor (SD) sequence and the 5 -end of the gag gene (ga).
The Rev response element (RRE) is attached immediately downstream from the truncated gag 5
sequence and facilitates nuclear export of the unspliced full-length genomic RNA during virus
production and assembly, as does the woodchuck hepatitis virus PRE element (pre) inserted just
upstream of the 3 -LTR. Addition of the central polypurine tract (cPPT) sequence further enhances
titer by facilitating nuclear import and reverse transcription during viral transduction of the target
cell. The transgene expression cassette includes a multiple cloning site (MCS) for insertion of the
therapeutic transgene of interest, and a linked marker gene cassette consisting of the encephalomy-
ocarditis virus (EMCV) internal ribosome entry site (IRES) and the Aequorea jellyfish GFP gene.
(B) Packaging constructs for the third generation system are split into the pMDLg/pRRE 
construct, which expresses the HIV gag-pol loci driven by the CMV promoter, and the pRSV-Rev
construct, which expresses the accessory gene Rev driven by the RSV promoter. The pMDLg/pRRE
construct is deleted of all accessory genes ( env, vif, vpr, vpu, nef, tat, rev) and the pack-
aging signal ( ). SD: splice donor, RRE: Rev response element, polyA: polyadenylation signal.
(C) The envelope construct pMD.G contains a CMV promoter driving expression of the vesicular
stomatitis virus glycoprotein (VSV-G) envelope, which pseudotypes the vector virion and provides
broad host cell tropism.



In parallel with improvements in the packaging system has been the development of
self-inactivating (SIN) lentivirus vector designs, which generally contain a 400
nucleotide deletion in the 3 -long terminal repeat (LTR) (15) (see Fig. 5). Through the
process of reverse transcription, this deletion is copied to the 5 -LTR, thereby abolish-
ing the 5 -LTR promoter activity and hampering recombination with wild-type HIV in
an infected host (15). Therefore, the risk of vector mobilization with the wild-type
virus and subsequent production of replication competent lentiviral vectors is drasti-
cally reduced for the SIN vectors. The self-inactivating vectors with a tat-independent
promoter have been termed “third generation” lentiviral vectors, which could be con-
sidered as appropriate candidates for clinical trials in humans. Subsequently, it was
observed that a sequence within pol, which is thought to be required in cis to promote
more efficient reverse transcription, nuclear entry and integration of lentiviral vectors,
had been removed from the lentiviral vector backbone. It was found that restoring this
central polypurine tract and termination sequence (cPPT/CTS, a 118-bp element) in
some of the newer lentiviral vector designs did, indeed, result in transduction of several
types of human primary cells at a much higher efficiency (19–21) (see Fig. 5).

3. APPLICATIONS OF RETROVIRAL GENE TRANSFER 
FOR CANCER THERAPY

3.1. Ex Vivo Gene Therapy Using Retroviral and Lentiviral Vectors
3.1.1. RETROVIRAL GENE TRANSFER TO HEMATOPOIETIC CELLS:
GENERAL CONSIDERATIONS

The use of hematopoietic stem cells (HSC) in bone marrow transplantation
approaches have convincingly demonstrated the potential of this approach to repopu-
late the different hematologic lineages in mice and in humans, and has found applica-
tion not only in the treatment of hereditary diseases but also in myelo-reconstitution
after high-dose chemotherapy and in controlling graft vs host disease. Because it was
shown that HSC can be persistently transduced ex vivo with retroviral vectors (22),
these vectors have been extensively used in gene replacement or augmentation and
anticancer strategies involving the hematopoietic system.

Numerous technical refinements developed over more than a decade have greatly
increased the efficiency of murine retroviral vectors for transduction of HSC, as
reflected by the recent clinical utility of this approach (23,24). In a study performed by
Alain Fischer and colleagues in Paris, an optimized protocol for ex vivo gene transfer
into hematopoietic progenitor cells was employed to achieve successful retroviral vector-
mediated expression of the interleukin receptor common ( c) chain, a component of
several cytokine receptors that is defective in severe combined immunodeficiency-X1
(SCID-X1) disease (25). Building on a decade of experience, that has led to incremen-
tal yet cumulative improvements in the efficiency of retrovirus-mediated gene transfer
to hematopoietic progenitors, Fischer and colleagues applied the appropriate cytokine-
mediated stimulation including, stem cell factor (SCF), Flt-3 ligand, megakaryocyte
growth and differentiation factor (M-GDF), and interleukin-3 (IL-3), to induce CD34+

proliferation without loss of lymphoid or myeloid potential, resulting in increased trans-
duction efficiency (26). Transduction of c-deficient bone marrow cells was performed
using a retrovirus containing the c gene based on the simple MFG vector backbone pro-
duced from CRIP packaging cells and optimized procedures including immobilization
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of the vector and target cells on fibronectin-coated tissue culture plates. Subsequent
transplantation into a SCIDX1 mouse model resulted in normal levels of immuno-
globulins, normal T- and B-cell interaction, and the presence of lymphocytes 47 wk
post-treatment (25).

This success has further been extended to include the full correction of SCIDX1 in
humans. The CD34+ cells taken from bone marrow of two patients, aged 8 and 11 mo,
were transduced with an efficiency of between 20 and 40% (23). Two weeks after
replacement of the transduced cells, the c transgene was detected in the blood and 
T-cell levels had increased (23). At 10 mo post-treatment, both patients exhibited T and
NK cells expressing the c transgene and functioning at levels similar to normal con-
trols of identical age (23). Since then, an additional nine patients have been treated in
this manner, with successful reconstitution with corrected cells in all but one case. This
was also the first demonstration of a selective growth advantage for genetically cor-
rected cells reintroduced into humans, a hitherto hypothetical idea, that previously had
not been possible to definitively demonstrate in the adenosine deaminase (ADA) gene
therapy trials because of the continued administration of polyetylene glycol (PEG)-
ADA. Long-term follow-up will be necessary to determine how much transduction was
achieved in the earliest multipotent, self-renewing hematopoietic stem cell population.
Nevertheless, this success illustrated the usefulness of MMLV vectors applied using
optimized ex vivo transduction procedures in the setting of a well-thought-out clinical
application in which even relatively low levels of corrected cells can achieve thera-
peutic efficacy through conferral of a selective advantage. Unfortunately, this trial also
demonstrated for the first time in humans the potential for retroviral insertional events
to contribute to the development of oncogenesis; an aspect, which will be discussed
below and in other chapters separately.

More recently, however, it has become evident that lentiviral vectors are more effi-
cient at transducing quiescent HSC than murine retroviral vectors. Thus, some of the
specific applications of hematopoietic gene transfer with implications for cancer gene
therapy using retroviral vectors are presented below, with emphasis on lentiviral vectors.

3.1.2. EFFICIENCY OF RETROVIRAL/LENTIVIRAL VECTOR GENE DELIVERY

INTO LONG-TERM REPOPULATING HEMATOPOIETIC PROGENITORS

As noted above, HSC are predominantly quiescent cells in the G0/G1 phase of the
cell cycle. It has been demonstrated convincingly by several groups that lentiviral vec-
tors, which encode proteins that permit active import of the viral genome into the
nucleus of nondividing cells, are a more efficient system for gene transfer to HSCs than
other retroviral vectors. Early observations based on the initially available generations
of lentiviral vectors used to transduce purified human HSC, showed higher rates of ex
vivo gene delivery by lentiviral vectors compared with retroviral vectors whether in the
presence or absence of growth factors (27–29). Subsequently, animal models of
hematopoietic reconstitution showed that CD34+ cells transduced with lentiviral vec-
tors were capable of stable, long-term reconstitution of nonobese diabetic/severe com-
bined immunodeficient (NOD/SCID) mice. These studies have shown long-term
expression of marker genes from 15 to 22 wk in lymphoid, myeloid, and erythroid
progeny and also engrafted human cells that retained the CD34+ phenotype (30,31).
Importantly, analysis of human progenitor cells isolated from bone marrow of
NOD/SCID recipient animals showed that the overall percentage of gene marking in
colony-forming cells by microscopy was equivalent to the percentage of provirus
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sequences by polymerase chain reaction (PCR) analysis, indicating minimal transgene
silencing in vivo (32). Later, repopulating assays in NOD/SCID mice with lentivirus-
transduced human HSC cells included dose-response analyses to determine the mini-
mal MOI (and hence lower numbers of virus integrants/cell) required to produce
consistent gene marking in serial transplantation assays, demonstrating that even at low
MOI (3) and in the absence of cytokines, lentiviral vectors were able to consistently
produce marking in self-renewing, multi-potent and long-term repopulating hematopoi-
etic cells (33–35). It is interesting to note that lentiviral vectors and MMLV vectors
seem to transduce mouse HSC (lineage-negative cells obtained from bone marrow)
with similar efficiency when performed in the presence of growth factors (IL-3, IL-6,
and stem cell factor), demonstrating that, although not totally essential for transduction,
entry into the cell cycle favors optimal lentiviral transduction (36,37). The comparison
of lentiviral and oncoretroviral vectors has further been extended to nonhuman primate
models. In baboons, efficient lentiviral gene transfer of HSC was dependent on the
presence of cytokines during transduction (38). Surprisingly, as the result of a posten-
try restriction to HIV infection in rhesus macaques, although low levels of marking in
rhesus cells could be detected, it was generally poor (39–41). Further studies assessing
lentiviral vector-mediated gene transfer into HSC and transplantation into primates are
currently being performed by several groups to allow long-term evaluation of safety,
maintenance of gene expression, and potential immune responses against transgene
products in large animal models. Notably, in one recent study, it was noted that
mobilized CD34+ cells transduced with lentiviral vectors expressing enhanced green
fluorescent protein (EGFP) transplanted into myeloablated rhesus macaques resulted in
the induction of specific immunological tolerance toward the foreign transgene (42).

3.1.3. APPROACHES EXPLORING HEMATOPOIETIC RECONSTITUTION

FOR CANCER GENE THERAPY

Retrovirus-mediated gene transfer and overexpression of cytostatic drug-resistance
genes has been envisaged as a myeloprotective strategy that would permit chemothera-
peutic dose escalation beyond normally tolerated levels following bone marrow trans-
plantation (BMT) and reconstitution with transduced hematopoietic progenitors. When
used to express the human multiple drug resistance (MDR-1) gene, retroviral vectors
significantly improved protection to cytostatic drugs in vitro in transduced hemato-
poietic cell lines and in HSC transplanted into mice (43,44).

When MDR-1 transduced HSC were injected into nonirradiated mice, high levels of
long-term engraftment and conferral of chemoprotection were observed (45,46).
Interestingly, it appears that MDR-1 overexpression may somehow alter the ability of
HSC to respond to cytokines in culture, as significant expansion of the repopulating
cell fraction of HSC after MDR-1 transduction at high-copy-number by retroviral gene
transfer has been reported during ex vivo culture in the presence of IL-3, IL-6, and
SCF, but without any drug selection; in contrast, such expansion was not observed after
retroviral gene transfer of the dihyfrofolate reductase (DHFR) gene, also a drug selec-
tion marker (47). However, mice transplanted with these expanded stem cells deve-
loped a myeloproliferative disorder characterized by high peripheral white blood cell
counts and splenomegaly (47). These preclinical results demonstrate that enforced stem
cell self-renewal divisions can have adverse consequences. Nonetheless, using trans-
duced HSC with significantly lower copies of MDR integrations per cell (about 1–2 vs
>10), studies by other groups did not show any signs of myeloproliferative disorder in
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transplanted mice (46). Therefore, the rationale for conducting clinical trials with opti-
mized retroviral vectors containing drug resistance genes such as MDR-1 to prevent
chemotherapy-induced myelosuppression is still under consideration (46), although
this elegant approach faces intense scrutiny prior to clinical implementation. 

In this context, it should also be noted that this general strategy for in vivo drug
selection and amplification of transduced hematopoietic progenitors is now being fur-
ther explored with other drug resistance genes, such as the P140K variant methylgua-
nine methyl transferase gene (MGMT). This drug resistance gene confers resistance to
O6-benzylguanine (BG) and temozolomide (TMZ), as well as 1,3-bis (2-chloroethyl)-
1-nitrosourea (BCNU), allowing efficient in vivo selection of transduced hematopoietic
cells even without extensive prior myeloablation (48,49). In some studies, it has been
reported that this strategy can achieve such efficient amplification and 80 to 90% of
circulating cells are found to be transduced (50,51), to confer protection against
chemotherapy-induced myelosuppression and therapeutically relevant levels of donor
chimerism even in an allogeneic transplant setting (51). Dose-limiting hematopoietic
toxicity of conventional chemotherapy remains a major problem, as observed in a recent
phase II trial of BG/BCNU in patients with nitrosourea-resistant glioma (52), hence
the pursuit of innovative gene transfer strategies to confer myeloprotection are
certainly warranted.

Another interesting concept to improve the efficacy of anticancer treatments with
gene therapy is to manipulate the immune response after hematologic transplants.
Following allogeneic BMT or HSC transplantation in leukemia/lymphoma treatment,
donor lymphocytes are known to mediate a graft-vs-leukemia effect (GVL). However,
a major problem with this approach is the potential development of graft-vs-host dis-
eases (GVHD). One promising solution to prevent GVHD is to genetically modify
donor T-cells with a suicide mechanism that can be activated by administration of a
prodrug if this life-threatening complication should occur. This strategy has been con-
firmed preclinically by several groups using retroviral vector-mediated gene transfer of
the herpes simplex virus thymidine kinase (HSV-tk) suicide gene, which encodes an
enzyme that phosphorylates and thereby activates the antiviral prodrug ganciclovir
(GCV) (53–55). The clinical utility of this system was recently confirmed in a phase 1
study with eight leukemia/lymphoma patients who relapsed and were subsequently
treated with donor lymphocytes transduced with the HSV-tk suicide gene. The trans-
duced lymphocytes survived for up to 12 mo, resulting in antitumor activity in five
patients. Three patients developed GVHD, which could be effectively controlled by
GCV-induced elimination of the transduced cells (56).

Another potential scenario for the utilization of retroviral gene transfer is to “repair”
genetic damage caused by translocations, widely seen in hematologic malignancies.
Chronic myelogenous leukemia (CML) and Philadelphia-positive acute lymphoblastic
leukemia (Ph+ ALL) are malignant diseases caused by gene rearrangement resulting in
the formation of the abnormal fusion protein BCR/ABL. Despite the high remission
rate initially obtained by the advent of new drugs such as Gleevec, a small molecule
inhibitor of BCR/ABL kinase activity, it has become increasingly clear that the emer-
gence of drug resistant clones eventually results in relapse; hence, more definitive treatment
strategies are still being sought. The presence of the BCR/ABL oncoprotein is a neces-
sary event for malignant transformation seen in CML and Ph+ ALL. Thus, genetic mod-
ification of HSC in order to eliminate expression of BCR/ABL might render transduced
CML and Ph+ ALL stem and progenitor cells functionally normal. This approach has
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been successfully shown to work by the use of retroviral vectors expressing antisense
RNA (57), ribozymes (58), and RNAi (59,60). More recently, third-generation lenti-
viral vectors expressing ribozymes directed specifically against the fusion joint in the
BCR/ABL transcript were used to transduce primary Ph+ ALL and CD34+ cells, result-
ing in growth inhibition and apoptosis specifically in the leukemic blasts (61). Thus,
allied with the high efficiency of the lentiviral vector system to transduce HSC, this
technology has the potential to develop into a realistic treatment modality for patients
with CML or Ph+ ALL.

3.1.4. TRANSDUCTION OF DENDRITIC CELLS FOR ANTICANCER VACCINES

Dendritic cells (DCs) provide the most potent pathway for initiating T- and B-cell
immune responses (62). Myeloid DC precursors derived from peripheral blood, bone
marrow or cord blood can be differentiated in vitro and used for immunization with
peptides, protein, cDNA, RNA, or cell extracts (63,64). CD14+ monocytes are a natu-
rally abundant cell population in the peripheral blood, which is an easily accessible
source for production of DCs. Plastic-adherent peripheral blood monocytes can differ-
entiate into “immature DCs” if a mixture of cytokines is added to the culture (65,66).
After differentiation, DCs do not proliferate, and therefore attempts to transduce them
with MMLV vectors were not successful.

Thus, adenoviral vectors, which are capable of transducing nonreplicating cells,
have been traditionally used to transduce DCs. To reach efficient transduction, how-
ever, adenoviral vectors have to be used at high multiplicity of infection (MOI =
100–1000) (67–69) which can produce cytopathic and cytotoxic effects. Furthermore,
the commonly used adenoviral vectors are themselves highly immunogenic in
humans, which may hamper immune responses to weaker “self” tumor antigens
(70), or trigger the rejection of transduced cells coexpressing adenoviral antigenic
determinants (71). In addition, it was shown that transduction of mouse DCs with
null adenoviral vectors at high MOI (>100) induces some degree of activation by
itself (72), with unpredictable effects on the instruction of immune responses by
these DC in vivo.

In contrast to these potential unwanted side effects of using the adenoviral vector
system, lentiviral vectors offer an approach by which simple, efficient, persistent, non-
toxic, and nonimmunogenic gene delivery into monocytes and DCs may be obtained.
HIV-1 is naturally effective in infecting dendritic cells and monocytes, and a number
of groups, including our own, have demonstrated that lentiviral vector transduction is
a suitable methodology for efficient and persistent gene delivery into ex vivo differen-
tiated DCs (13,73–75), and into monocytes obtained from peripheral blood mononu-
clear cells (PBMC) (76). Transduction of DCs with lentiviral vectors expressing the
green fluorescent protein (GFP) did not alter their viability, immunophenotype or the
ability to differentiate into mature DCs capable of stimulating autologous T-cell
responses (75). In a demonstration of their immunostimulatory functionality,
lentivirus-transduced DCs expressing an antigenic HLA-A2.1 restricted Flu peptide
were able to effectively activate autologous Flu-specific CTL responses (74). We have
shown that improved and safer third-generation self-inactivating lentiviral vectors
very efficiently delivered GFP and CD40L genes into DCs with an average transduc-
tion efficiency of 70% (13). After transduction, DC maturation and activation was
stimulated only by the vector containing the CD40L immunocytokine transgene, but
not by a control vector expressing only the GFP marker transgene, indicating that
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Fig. 6. Lentiviral vector-mediated genetic modification of dendritic cell precursors or immature den-
dritic cells. Conventional methods for dendritic cell differentiation and maturation require treatment
with recombinant cytokines and stimulation with T-helper cells or other soluble factors (upper
arrows). Instead, lentivirus-mediated gene transfer (lower arrows) can be used to achieve endogenous
production of immunomodulators, thereby triggering autonomous differentiation.

lentiviral transduction per se is unlikely to cause DCs to differentiate, mature, activate,
or otherwise engage in unpredictable immune stimulation. Transduction of DCs with
the RRL-CD40L vector correlated with a mature DC phenotype as shown by mor-
phology, upregulation of CD83 and other immunological relevant markers and
production of IL-12 (13) (see Fig. 6). Autologous responses against an HLA-A2-
restricted tumor associated antigenic peptide (gp100) and against an influenza peptide
(Flu-M1) were significantly enhanced at non-saturating effector/target ratios when
CD40L transduced DCs were used as antigen-presenting cells for in vitro stimulation
of CD8+ cytotoxic T-lymphocytes (13).

Recently, we have evaluated a one-hit lentiviral transduction approach for genetic
modification of monocytes in order to promote autocrine and paracrine production of fac-
tors required for their differentiation into immature DCs (76). High-titer third-generation
self-inactivating lentiviral vectors expressing granulocyte-macrophage colony stimulat-
ing factor (GM-CSF) and interleukin-4 (IL-4) efficiently achieved simultaneous and
persistent codelivery of the transgenes into purified human CD14+ monocytes (see Fig.
6). Coexpression of GM-CSF and IL-4 in monocytes was sufficient to induce their dif-
ferentiation into lentivirus-modified DCs (“DC/LVs”), as evidenced by their morpho-
logy, immunophenotype, and immune-function. Mixed lymphocyte reactions showed
that the T-cell stimulating activity of DC/LVs was superior to that of DCs grown by
conventional methods. DC/LVs displayed efficient antigen-specific, major histocom-
patability complex (MHC) Class-I restricted stimulation of autologous CD8+ T-cells, as
shown by interferon (IFN)- production and CTL assays. Importantly, DC/LVs exhib-
ited a longer lifespan in culture and could be maintained metabolically active and viable
in culture for 2 to 3 wk in the absence of exogenously added growth factors, compared
with DCs cultured by conventional methods (76).



3.1.5. AUTOLOGOUS LEUKEMIA/LYMPHOMA CELL VACCINES

Relapse remains one of the most important clinical problems in leukemia and lym-
phoma and immune therapeutic strategies designed to eradicate residual disease hold
promise and are an attractive option. The demonstration of immune responses against
leukemia and lymphoma associated antigens supports the concept that normal immune
mechanisms can effectively target leukemia/lymphoma cells. It is thus possible that
major improvements in long-term survival for leukemia/lymphoma patients could be
potentially achieved if a host immune response to several leukemia antigens could be
enhanced to eradicate minimal residual disease after use of induction and consolidation
chemotherapy. Therefore, leukemia/lymphoma cell vaccines would be expected to
result in the presentation of multiple antigens without requiring knowledge of the
precise identity of each antigen. However, inefficient antigen presenting cell (APC)
function, and the poor reactivity of autologous anti-leukemia/lymphoma T-cell medi-
ated immunity, are associated with the inability of leukemia/lymphoma cells to provide
sufficient co-stimulation to autologous T-cells. Indeed, we and others have found
that requisite immune costimulators such as CD80 (B7.1) are frequently lacking
leukemic cells. This provides the rationale to modify leukemia/lymphoma cells into
efficient APCs by genetic manipulation, which has been tested and confirmed preclini-
cally in a variety of models (for review see [77] ).

As human leukemia/lymphoma cell vaccines have moved towards clinical trials, dif-
ferent types of vectors to genetically engineer human leukemia cells have been tested,
including those based on MMLV (78), herpesviruses (79), adenoviruses (80), and plas-
mids (78), but none of those proved to be efficient or consistent enough for clinical
application to the development of autologous cell vaccines. However, primary
leukemia/lymphoma cells are good candidates for lentiviral vector transduction, as they
show poor proliferation in vitro (81). Thus, we and others have been able to show that
HIV-derived lentiviral vectors pseudotyped with the VSV-G envelope were capable of
efficiently transducing human leukemia cells and hematopoietic progenitor cells
(78,82–84).

In our first endeavor to deliver CD80 and GM-CSF genes into human ALL cells, we
used a second-generation lentiviral vector packaging system (see Fig. 7). Functional
experiments were performed to evaluate the response of the patients’ autologous T-cells
against their lentivirus transduced leukemia cells (82). The stimulatory activity of non-
transduced and transduced ALL cells was compared in primary and secondary auto-
logous T-cell stimulation assays. These showed that ALL/CD80 cells, but not
ALL/Mock or ALL/GFP, stimulated significant T-cell proliferation, which could be
abrogated in the presence of an anti-CD80 blocking antibody or the fusion protein
CTLA4-Ig, which blocks the engagement of CD28 by CD80 (82). These results demon-
strated that the transduction of CD80 into ALL cells was capable of converting the
leukemia cells into competent APC. Subsequently, we evaluated a third generation SIN
lentiviral vector coexpressing GM-CSF and CD80 for transduction of primary acute
myeloid leukemia (AML) cells (83). Allogeneic and autologous T-cell stimulation
experiments demonstrated that transduction with RRL-CD80, RRL-GM-CSF and RRL-
GM-CSF/CD80 significantly increased allogeneic T-cell proliferation, in contrast to a
smaller increase in the autologous T-cell proliferation (83). We have more recently
evaluated the insertion of the central polypurine tract and the central termination
sequence (cPPT/CTS) into a SIN lentiviral vector encoding for GM-CSF and CD80
(77). Expression levels of GM-CSF and CD80 were consistently and significantly
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superior for the RRL-cPPT-GM/CD vector. Therefore, “re-insertion” of the cPPT/CTS
element into self-inactivating vectors provided higher transduction rates in primary
AML cells, which we now consider the “state-of-the-art” lentiviral vector design for
future studies of leukemia cell vaccine development.

It should be noted that recently, other malignant hematopoietic cell types that have
been notoriously difficult to genetically modify have also been successfully transduced
through the use of lentiviral vectors (e.g., T-cell lymphoma [85] and myeloma cells
[86]), further attesting to the promise of this approach for immunogenetic therapy.

3.2. In Vivo Vancer Gene Therapy
3.2.1. LESSONS FROM CLINICAL TRIALS OF RETROVIRAL GENE THERAPY

FOR CANCER

Clinical trials involving retroviral gene therapy have thus far yielded mixed results,
often disappointing, but in some recent cases highly promising. Application of retro-
virus vectors in vivo initially focused on delivery of suicide genes into solid tumors.
Introduction of vector producer cells (VPCs) for transduction of the HSV-tk gene into
murine gliomas, followed by administration of the nucleoside analog GCV, resulted in
regression or elimination of the cancerous cells (87,88). However, application to human
glioblastoma multiforme has yielded less successful results. A recent report evaluated
the results of a phase III clinical trial of retrovirus-mediated HSV-tk/GCV treatment in
malignant gliomas, the largest randomized and controlled study of gene therapy for
cancer conducted to date (89). Patients receiving simultaneous surgical resection and
tumor-site injections of HSV-tk retrovirus VPCs, followed by GCV and radiation
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Fig. 7. Lentiviral vector-mediated genetic modification of primary leukemia cells. 1: Lentiviral vec-
tors expressing CD80 and GM-CSF are used to transduce leukemic cells, which frequently evade the
immune response as a result of down-regulation of the CD80 costimulator molecule. 2: CD80 re-
expression mediates direct co-stimulation of T-cells recognizing tumor antigens (Ag). 3: Expression
of GM-CSF from transduced leukemia cells induces recruitment and activation of professional anti-
gen presenting cells (APCs), such as dendritic cells. 4: Activation and proliferation of tumor antigen-
specific cytotoxic T-cells.



treatments, were identical to control patients undergoing conventional surgical resection
and radiation therapy with respect to median time to tumor progression, clinical deteri-
oration and death, as well as 12-mo overall survival rates. These disappointing results
are most likely the result of the inability of the viral vectors to diffuse more than a few
cell diameters from the injection site, and the highly infiltrative nature of human
glioblastomas, resulting in inadequate levels of gene delivery, which were reported to
be less than 0.002% (89).

It is possible that increased transduction efficiency could be achieved through the
simple expedient of further concentrating retrovirus preparations to achieve a higher
titer, particularly with the use of more stable pseudotypes such as the VSV-G envelope.
In fact, it has been reported that by rather labor-intensive measures it is possible to con-
centrate retrovirus vectors to titers of 1010–1011 pfu/mL, allowing gene transfer of
HSV-tk to mouse gliomas to be accomplished at an efficiency of less than 10%, result-
ing in complete eradication by the bystander effect in 80% of the tumors (90). However,
given the low level of vector penetration beyond the injection site by simple diffusion,
it is not clear whether this strategy can be successfully applied to human tumors.
Alternatively, it is possible that improved results could be achieved even with current
titers by repeat administration of retrovirus vectors or VPCs. However, in a recent phase
I/II clinical trial assessing repeat instillation of VPCs via Ommaya reservoir into the
resected tumor cavity, it was concluded that although feasible, this procedure was asso-
ciated with significant potential for complications; more than half of the patients
enrolled in the study experienced adverse events, including a total of 8 out of 30 patients
who developed Ommaya reservoir complications such as infection or blockage, or
acute ventricular/meningeal reactions immediately upon VPC reinfusion (91). In this
study, 6 out of 30 patients survived longer than one year (median survival 492 d, range
390–703 d) but subsequently died from disease progression, and an additional patient
remained alive and progression-free more than 5 yr after enrollment, but specific con-
clusions regarding the antitumoral efficacy of this approach could not be drawn because
of the small sample size (91).

Other phase I trials evaluating tumor suppressive strategies by direct in vivo adminis-
tration of retroviral vectors, including retroviral gene transfer of p53 by intratumoral
injection in patients with lung cancer (92) and multiple intraperitoneal infusions of retro-
virus vectors expressing a tumor-inhibitory splice variant of BRCA1 via indwelling
catheter in patients with ovarian cancer (93), have also been reported to show initial
promise. However, these approaches have largely been abandoned in favor of the greater
gene transfer efficiency afforded by adenoviral vectors (94), or as a result of their failure
to fulfill therapeutic expectations in subsequent phase II trials (95). More recently, daily
intravenous administration of a von Willebrand factor-targeted retrovirus vector carrying
dominant-negative cyclin G1 at doses of up to 3 × 1011 pfu was reported to show promise
in a phase I clinical trial of pancreatic cancer conducted in the Philippines (96).

However, given the generally poor levels of in vivo transduction that have been achieved
thus far using conventional retrovirus vectors, a more promising approach may be to deliver
therapeutic genes encoding secreted proteins. If sufficient levels of secretion could be
achieved, transduction of even a small number of target cells in vivo could result in thera-
peutic efficacy. This approach has been adapted to the delivery of genes encoding a wide
variety of secreted proteins, and may prove to be most useful in the case of cytokines,
which can exert a potent immunostimulatory effect if sufficiently high local concentrations
can be achieved. An early gene therapy trial reported promising results with retrovirus-
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mediated gene transfer of IL-2 to tumor infiltrating lymphocytes, which were reinfused
into the chest cavity of patients with advanced lung cancer (97). Subsequently, Nemunaitis
et al. (98) have tested intratumoral administration of retroviral vectors for delivery of the
interferon- gene in patients with metastatic melanoma. All 8 patients who received multi-
ple injections exhibited stable or improved disease status, as opposed to 1 of 9 who received
a single injection. Additionally, patients who received multiple injections showed immune
reactivity and a survival time twice that of the single injection group (98). In other studies,
peritumoral injection of autologous primary dermal fibroblasts transduced with a retro-
virus vector expressing human interleukin 12 (IL-12) was evaluated by Lotze and col-
leagues in parallel phase I dose-escalation trials conducted at the University of Pittsburgh
and at the Samsung Medical Center in Seoul (97,99). They reported transient but clear
reductions of tumor sizes, with some instances of hemorrhagic necrosis, at injected as well
as non-injected sites in melanoma patients. None of the above clinical studies showed any
evidence of retroviral recombination or generation of replication competent revertants,
attesting to the safety of retroviral gene therapy in vivo.

3.2.2. IMPROVING IN VIVO CANCER GENE THERAPY: APPLICATION

OF LENTIVIRAL VECTORS

The low efficiency of in vivo gene delivery by conventional replication-defective
onco-retroviral vectors is largely a consequence of the fact that a large number of the
cells in the tissues of the adult body are quiescent. With the development of lentiviral
vectors, a new optimism emerged in the field, leading to preclinical testing of lentiviral
vector administration in vivo by several groups. These studies explored high titer lenti-
viral vectors pseudotyped with the VSV-G protein driving the expression of marking
genes (GFP or LacZ) by constitutive promoters (CMV or PGK), which have shown
repetitively that intravenous injections of lentivirus vectors lead to conspicuous gene
transfer into liver and spleen (101–105) and in some cases bone marrow as well
(104,105). Early studies with lentiviral vectors lacking the cPPT-CTS element were
problematic, as gene delivery into spleen or liver could only be assessed with confidence
through the use of very sensitive methods such as quantitative real-time PCR (104) or if
additional procedures for liver regeneration were employed (101). Studies using the SIN
configuration vector with the cPPT-CTS element, however, have consistently demon-
strated that intravenous injection of 108–109 infective particles in mice can elicit signif-
icant marking of cells in the spleen (15–25%) and liver (5–15%) (102). For liver, marking
was observed predominantly in hepatocytes whereas for spleen, APCs (DCs and B cells)
were mostly transduced (102), although lentiviral gene marking has also been observed
in stromal and parenchymal cells of several organs (104). In addition to these positive
biodistribution results, no significant toxicity was observed and transgene expression
could be followed for several months. Hence lentiviral gene transfer may now deliver
the potential of direct gene corrections or insertions directly in vivo.

As a logical progression towards the safety and specificity of lentiviral vectors, the
use of tissue specific promoters for expression targeting has been actively explored: for
example, vectors containing the promoter and enhancer sequences from the Tie-2 gene
demonstrated specific expression in endothelial cells in vitro and in vivo (103), whereas
the albumin gene promoter restricted lentiviral expression to hepatocytes (104).
Successful targeted expression in hepatocytes has been shown to contribute to long-
term expression of Factor IX in mice by intravenous injection of lentiviral vectors was
achieved, which intriguingly limited the immune responses to the transgene (105).
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Of interest to immunotherapy for cancer, direct in vivo administration of lentiviral
vectors by systemic injection has also been successfully explored as a vaccination
approach. Intravenous administration of lentiviral vectors expressing melanoma anti-
gens induced potent melanoma-specific CTL responses in mice (106,107), which is
probably correlated with the high capability of lentiviral vectors to transduce APCs in
the spleen (102). Additionally, lentiviral vector injection into the foot-pad of mice
directly transduced DCs in vivo, which migrated to the draining lymph node and spleen,
leading to antigen-specific CTL responses (108).

Naturally, another potential application is to extend the previous work on retroviral
gene delivery in situ into the tumor, as lentiviral vectors would potentially achieve more
efficient gene transfer into both the nonproliferating as well as the actively proliferating
cell fractions within the tumor. Thus, in an ovarian carcinoma mouse model, lentiviral
vectors pseudotyped with VSV-G delivered GFP 10-fold more efficiently to ovarian can-
cer cells growing ip in SCID mice than conventional replication-defective MMLV-based
retroviral vectors with the same envelope and comparable doses (109). In addition, injec-
tion of ex vivo transduced tumor cells, sorted for GFP expression, indicated that the
lentiviral vector was more resistant to in vivo silencing in comparison with the retroviral
vector (109). High levels of marking using the GFP transgene were also documented
after in vivo injection of high doses of lentiviral vectors into subcutaneous or orthotopic
masses of PC3 and DU145 prostate cancer cells grown in NOD/SCID mice (110). In
another prostate cancer model, lentiviral vectors driving GFP expression from a probasin
promoter (ARR(2)PB) injected into tumors expressed GFP in prostate LNCaP tumors,
but not in A-549 lung or CaKi-2 kidney tumors (111). Antitumor effects of lentiviral
vectors expressing HSV-tk or HSV-tk/GFP fusions combined with GCV treatment
showed that this suicide gene therapy approach could inhibit tumor growth and increase
survival in animal models for ovarian tumor (112) and hepatocellular carcinoma (113).
Insertion of toxic genes as diphtheria toxin A (114), HIV-1 vpr (115) and the gibbon ape
leukemia virus envelope fusogenic membrane glycoprotein (116) into lentiviral vectors
to reduce tumor masses in vivo have also shown success. 

Nonetheless, lentiviral gene transfer into tumors is still restricted by limited diffusion
of the vectors away from the injection site, and in our own studies we have observed
transduction levels only on the order of a few percent in many solid tumors after a single
injection (Shichinohe, Sazawa et al. 2004, submitted). Thus, for any replication-defective
retroviral or lentiviral vector system, is would seem advisable to employ a transgene
which can induce a potent bystander effect, or encoding a secreted protein product (e.g.,
such as a cytokine as discussed above, or an antiangiogenic peptide (9), in order to achieve
the most optimal therapeutic effect relative to the achievable transduction efficiency.

3.2.3. IMPROVING IN VIVO CANCER GENE THERAPY: APPLICATION OF RCR VECTORS

As the inability of standard replication-defective retroviral vectors to achieve effective
transduction of tumors in vivo has been a major obstacle to cancer gene therapy, more effi-
cient transduction could be achieved if a replication-competent retrovirus (RCR) were
used. With an RCR vector, the virus would then replicate and multiply after the initial
infection event and each infected tumor cell would, in effect, become a virus producer cell. 

In fact, the idea of using replication competent viruses as oncolytic agents dates
back almost a century, and a number of different viruses were employed in patients
with advanced cancer during the period from 1950 to the early 1970s. These early
attempts, using wild type viruses that could only be manipulated by classical virological



culture techniques available at the time, generally met with discouraging results, char-
acterized by initial tumor reduction, only to be followed by recurrence in conjunction
with an antiviral immune response. With the advent of modern chemotherapeutic drugs,
the concept of oncolytic virotherapy was largely abandoned.

Now, with advances over the past 25 yr in our understanding of the molecular mech-
anisms involved in viral pathogenesis and in our ability to more precisely manipulate
viral genomic sequences through recombinant DNA technology, and with the realiza-
tion that conventional gene therapy approaches employing replication-defective vectors
have largely failed to achieve significant therapeutic benefit, there has recently been a
renewed interest in the use of conditionally replication-competent viruses for the treatment
of cancer. Replicating forms of a number of different virus species, including adenovirus,
paramyxoviruses, herpes virus, reovirus, poliovirus, and vesicular stomatitis virus are
now being developed as oncolytic agents, particularly for locally advanced or recurrent
cancer. However, these all represent cytotoxic viruses that do not permanently integrate
into the host cells, and hence, as previously, long-term therapeutic benefit had been elu-
sive because of rapid virus clearance by the host and tumor recurrence.

In contrast, MMLV-based RCR vectors can achieve highly efficient and persistent
gene transfer preferentially to replicating cancer cells, and we have found that this sys-
tem has significant advantages over other replicating viruses as an oncolytic agent.
First of all, MMLV is a simple and well-characterized retrovirus for which the mecha-
nisms mediating viral replication are well understood. The MMLV capsid contains no
nuclear localization signals for active uptake across an intact nuclear membrane, and so
the initial rationale for use of retroviral vectors in cancer gene therapy still holds true
for RCR vectors (i.e., MMLV-based vectors can only transduce cells that are actively
dividing). Because the majority of normal cells in many adult tissues are quiescent,
preferential transduction of tumor cells can be achieved.

We have already demonstrated that MMLV-based RCR vectors containing transgene
cassettes inserted precisely at the env-3 UTR border (see Fig. 8) can efficiently trans-
duce and stably propagate over multiple infection cycles, thereby achieving a tremen-
dous in situ amplification effect after initial administration of a small inoculum. As
predicted from their robust replicative capabilities, we have found that intratumoral
injection of as little as 104 total infectious units of RCR vector was found to be capable
of spreading and transmitting an inserted transgene throughout entire solid tumor
masses in vivo, achieving greater than 99% transduction in xenograft models using a
variety of different human cancer cell lines (117,118).

Notably, after direct intratumoral injection, systemic spread of vectors was unde-
tectable in immunocompetent animals by sensitive real-time PCR assays in all normal
tissues examined, including bone marrow, spleen, intestine, and skin. We have also suc-
cessfully tested strategies to further enhance safety and efficiency by targeting RCR
vectors specifically to cancer cells, via modifications of viral envelope tropism (119) or
incorporation into a targetable hybrid vector system (120), and insertion of tissue-specific
or inducible transcriptional regulatory elements (121).

As an intrinsically noncytolytic virus, MMLV is less likely to cause acute toxicity as
a direct consequence of viral infection; however, MMLV-based RCR vectors can rea-
dily be engineered with suicide genes for synchronous killing of tumor cells triggered
by prodrug administration. Using this approach, we have achieved highly efficient
killing of cancer cells in culture and in tumor models in vivo. Interestingly, stable inte-
gration by MMLV appears to result in long-term persistence of viral infection that follows
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cancer cells even as they metastasize to new sites, thus enabling multiple rounds of pro-
drug administration to achieve further prolongation of survival. A multicycle prodrug
regimen after a single dose of RCR vector expressing a suicide gene in an intracranial
U-87 human glioma xenograft model continuously prolonged survival for more than
120 d, compared with 0% survival of control groups in less than 40 d (p < 0.0001 (118)
(see Fig. 9). 

Thus, RCR-vectors can achieve highly efficient, tumor-restricted, and therapeuti-
cally efficacious gene transfer, and we propose that the use of such vectors would be
well justified in clinical scenarios involving highly aggressive and rapidly progressive
solid tumors which arise from a normally quiescent tissue such as localized brain
tumors. Stable genomic integration by RCR vectors enables greater long-term thera-
peutic efficacy, as continuous virus production allows persistent spread of the virus
even as tumor cells migrate to ectopic foci, and continuous suicide gene expression
allows multiple cycles of prodrug administration to be performed even after a single
injection of the vector (see Fig. 9).

4. SAFETY OF RETROVIRAL/LENTIVIRAL VECTORS

The safety of conventional replication-defective retrovirus vectors has been well
established over the past decade of clinical trials. However, as retrovirus technology
improves and transduction levels in vivo increase, so will the potential for adverse
effects. It is already recognized, for example, that the use of human packaging cells
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Fig. 8. An improved design strategy for replication-competent retrovirus (RCR) vectors. The U3
region of the 5 -LTR has replaced with the CMV promoter for higher levels of initial virus pro-
duction. Expression cassettes consisting of the encephalomyocarditis virus (EMCV) internal
ribosome entry site (IRES) sequence and therapeutic transgenes such as the yeast cytosine deam-
inase (CD) or Escherichia coli purine nucleoside phosphorylase (PNP) suicide genes, or marker
genes such as the jellyfish GFP, are inserted precisely at the 3 end of the viral env gene, just
upstream from the 3 untranslated region of the virus genome. All other abbreviations are as
described in Fig. 1.
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Fig. 9. Suicide gene RCR vectors achieve significant inhibition of intracranial gliomas and persist-
ent expression in migrating tumor foci. Upper panel: Brain section from athymic mouse 5 wk after
intracerebral inoculation of U-87 human glioma cells, showing development of multiple tumor foci
(numbered) after control treatment with saline (PBS). Primary tumor inoculation site is designated
as 1. Middle panel: Brain section from athymic mouse with U-87 glioma after single injection of
RCR vector carrying the yeast cytosine deaminase suicide gene (ACE-CD). Immunohistochemical
staining with a retrovirus-specific antibody shows vector has spread throughout all visible tumor
foci, but does not infect normal brain tissue because of the inability of the retrovirus to infect quies-
cent cells. Lower panel: Brain section from athymic mouse with U-87 glioma after single injection
of ACE-CD vector followed by administration of the specific pro-drug, 5-fluorocytosine (5-FC).
This pro-drug is enzymatically converted by yeast cytosine deaminase to the active chemotoxin 
5-fluorouracil (5-FU) only in the RCR-transduced glioma cells, resulting in selective killing of the
tumor foci.



will significantly reduce serum inactivation of retrovirus particles, as the presence of 
-galactose epitopes on proteins produced by nonhuman cells is now known to be the

primary target of such inactivation by preformed anti- -galactose antibodies present in
human serum, the same antibodies that are responsible for hyperacute rejection in xeno-
transplantation (122). Hence retroviral vectors produced in human packaging cells will
persist longer in vivo, and so will their attendant risks (123).

4.1. Genotoxicity and Potential for Carcinogenesis
One major concern for retroviral vectors including lentivirus is, that inappropriate

retroviral integration might lead to insertional mutagenesis and malignancies. This con-
cern was heightened following the development of fatal lymphomas in 3 out of 10 rhesus
macaque recipients of bone marrow cells contaminated with RCR (124). It should be
noted that the macaques that developed malignancies were severely immunocompro-
mised, and similar experiments using less severe immunosuppression showed no evi-
dence of any pathology resulting from systemic inoculation of wild type MMLV
(125,126). Nonetheless, the potential for such adverse events now has clinical precedent
(127), with recent reports of clonal T-cell proliferation in 2 out of 11 immunodeficient
pediatric patients emerging more than 2 yr after correction of interleukin receptor com-
mon -chain deficiency SCID. This serious adverse event has caused major effect on clin-
ical gene therapy trials worldwide. As described above, in this trial, the patients received
hematopoietic stem cells that had been transduced with an oncoretroviral vector express-
ing a functional c gene product. Common denominators for these two patients were
thought to represent potential contributory factors to these serious adverse events (128).
First, viral integration in the clonally proliferating cells occurred in the LMO2 gene in
both cases. Second, both of these patients received relatively high dose of transduced
hematopoietic stem cells. Third, the patients were treated about 3 mo after birth and the
leukemia development had a latency of approx 30 mo. Additionally, at least one of the
patients had a family history of malignancies and showed cytogenetic abnormalities that
predated the clonal proliferation event. With these considerations, a worldwide hold on
clinical trials of retroviral gene therapy was gradually lifted, and the original trial as well
as various similar trials in the United States and the United Kingdom were resumed with
some protocol modifications (number of administered cells, inclusion criteria, age of the
patients to be enrolled, etc.) aimed at reducing the risk of insertional oncogenesis. 

Since the restart of their clinical trial, one new patient has been treated by the Fischer
group in Paris, and another trial conducted by Adrian Thrasher and colleagues (129) has
shown functional immunological recovery in another four children with no evidence of
any serious adverse event. Moreover, recent studies in large animal models indicated
that retroviral integration at the copy numbers achieved using standard protocols were
unlikely to result in leukemogenesis, and suggested that patient- or transgene-specific
factors most likely contributed to the occurrence of leukemia in the SCID-X1 gene ther-
apy trial (130). However, in January 2005, the Agence Française de Securite Sanitaire
des Produits de Sante (AFSSAPS) reported that a third child in the Fischer trial has been
diagnosed with T-cell proliferation (http://afssaps.sante.fr/ang/indang.htm). This child
was 9 mo old when receiving retroviral gene therapy for SCID-X1 in April 2002. At
present, it is not clear whether an LMO2 insertion event was involved, and the molecu-
lar characteristics of this third adverse event are currently under investigation.

The risk factors involved in retroviral gene transfer include the number of integra-
tion hits, the specific integration sites, the nature of the insertional mutagenesis event
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(e.g., disruption of a tumor suppressor or activation of an adjacent proto-oncogene),
ubiquitous vs controlled gene expression, nature of the target cell, cell dose, host
immune competence, host genetic background, and transgene function. Therefore, pre-
clinical scrutiny of the potential effects of insertional mutagenesis will be a prerequisite
for further clinical development of onco-retroviral and lentiviral vectors (131,132). Of
course, however, the multistep nature of carcinogenesis makes it unlikely that retroviral
insertion leading to activation of a proto-oncogene was the sole causative event, and
presumably other factors such as the potent in vivo selective growth advantage caused
by correction of this growth factor receptor deficiency, and a familial predisposition to
cancer documented in at least one of the patients might also represent potential contri-
butory factors. Thus, it will be mandatory to seek a deeper understanding of the risk
factors predisposing retroviral vector-mediated gene therapy to malignancies. 

In addition to understanding (and thereby, presumably, avoiding) relevant risk fac-
tors, additional strategies to avoid the occurrence of insertional activation events are
now being explored. Many of these strategies were initially proposed many years ago
but have rarely been applied to vectors used in clinical trials, including the use of self-
inactivating vectors (133,134), incorporation of chromatin “insulator” domains
(135,136), and the routine addition of suicide genes to future generations of vectors.
However, it is becoming increasingly evident that each of these approaches is not with-
out potential flaws (137,138). Thus, additional strategies for more stringent control of
vector expression, and ultimately, devising methods to achieve site-specific targeting of
viral integration (139) may be necessary to ensure the safety of retroviral and lentiviral
gene transfer, particularly to hematopoietic cells.

4.2. Specific Safety Considerations for Lentiviral Vectors
Specifically with regard to lentiviral vectors, it should be noted that genome-wide

analyses of viral integration sites have recently demonstrated that lentivirus tends to
integrate more within active genes but less frequently upstream of transcriptionally
active promoter regions compared with MMLV-based retrovirus (140,141) [(further
information on retroviral insertion sites in murine hematopoietic tumors is now available
online at the Retroviral Tagged Cancer Gene Database (http://RTCGD.ncifcrf.gov)], and
therefore lentiviral vectors may be less prone to causing insertional activation of adja-
cent proto-oncogenes. Furthermore, it has now been reported that multicopy integration
after HIV-derived lentivirus vector transduction of murine hematopoietic stem cells with
a single round of infection at a multiplicity of 1, 3, 10, or 30 does not appear to promote
clonal proliferation in primary or secondary mouse recipients (141a). Thus, overall, it
appears that lentiviral vectors may be both more efficient and safer than conventional
MMLV-based vectors.

Of course, a major concern with the use of HIV-derived lentiviral vector system
clinically has also been its association with AIDS, with the idea that inadvertent con-
tamination by replication competent lentivirus (RCL) in clinical vector preparations
used to treat patients could potentially cause some variant AIDS-related disease.
Actually, the altered tropism imparted by the VSV-G envelope used to pseudotype most
HIV-based lentiviral vectors (and the absence of the natural CD4-tropic gp160 HIV
envelope in third-generation packaging systems) would seem to make such a scenario
relatively unlikely even if some type of RCL were to emerge. Nonetheless, there has
been discussion as to whether it might be better to develop vectors from alternative
lentiviral species that primarily infect nonhuman hosts (e.g., FIV, EIAV, BIV) and that
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are not known to cause human disease; conversely, it can also be argued that engineer-
ing of previously benign viruses into high titer vectors might result in novel zoonoses
should RCL contaminants be generated.

Ultimately, the biosafety implications of lentivirus-mediated gene transfer for human
gene therapy are still not well known, as these vectors have not yet been sufficiently
explored in clinical trials. A phase-1 clinical trial with HIV-derived lentiviral vectors has
been initiated for HIV-infected patients (www.aegis.com/news/PR/2003/PR030761.html)
and other applications for lentiviral vectors will soon be explored clinically for neuronal
diseases (www.biomedica.co.uk/news/2003-ob-14.htm). These clinical trials will be
pivotal in establishing whether currently available generations of lentiviral vectors are
sufficiently safe for clinical application.

4.3. Specific Safety Considerations for RCR Vectors
If even replication-defective vectors can initiate the process of clonal proliferation,

one would assume that uncontrolled spread of replication-competent virus certainly has
the potential to result in insertional mutagenesis and carcinogenesis, particularly in the
context of immunosuppression, predisposing genetic risk factors, and positive selection
for transduced cells with a proliferative advantage. However, in contrast to gene
replacement therapy, a number of considerations mitigate this concern when contem-
plating the use of retroviral vector-mediated suicide gene transfer for cancer therapy.
Certainly, the possibility of generating replication-competent revertants during produc-
tion of retroviral vectors has been a foremost concern of investigators in the field.
Again, however, the initial rationale for use of retroviral vectors in cancer gene therapy
would still hold true even for RCR vectors (i.e., MMLV-based vectors can only trans-
duce cells that are actively dividing, and transduction is preferential for replicating
tumor cells). Thus, compared with direct transduction and re-infusion of hematopoietic
stem cells as performed in the c-SCID trial, intratumoral injection is less likely to
result in significant transduction of hematopoietic progenitors leading to leukemia.
Furthermore, particularly in the case of terminal malignancies such as glioblastoma,
the lack of effective therapeutic options and the dismal prognosis may render relatively
moot the concerns over potential late-onset risks.

In fact, as noted above, we have already demonstrated that intratumoral injection of
RCR vectors can, indeed, mediate highly efficient transduction throughout solid tumors
in various xenograft models without detectable spread to normal tissues by PCR
analysis (117,118). A recent study by Klatzmann and coworkers did report transduction
of bone marrow and spleen at levels quantitated as 0.0037–0.21 copies/cell by real-time
PCR, but only after direct intravenous injection of replicating MMLV vectors and only
in immunodeficient nude mice; importantly, no such transduction was observed in any
tissue after intravenous injection in immunocompetent Balb/c mice (142). Furthermore,
antiretroviral drugs such as 3 -azido-3 -deoxythymidine (AZT) can readily terminate
replication of wild-type MMLV (143) as well as MMLV-based RCR vectors (118,142),
and in fact, the low-level contamination of bone marrow and spleen by wild type
MMLV after direct intravenous injection in nude mice mentioned above was shown to
be completely suppressed by AZT (142).  Finally, the incorporation of a suicide gene
into the RCR vector would itself constitute a self-destruct mechanism and hence pro-
vides a built-in safeguard, as even noncancerous cells infected by the vector would gen-
erally be eliminated by treatment, although escape mechanisms against suicide genes in
retroviral vectors have also been observed (144). In summary, RCR vector spread to
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extratumoral sites should be inherently limited in immunocompetent hosts and readily
abrograted by antiretroviral agents and suicide gene function, but certainly the risk vs
benefit ratio of this novel and still experimental therapeutic approach remains to be
fully elucidated.

5. CONCLUSION

Retrovirus vectors have long been a reliable workhorse for cancer gene therapy
strategies, and this vector system still retains considerable advantages including a 
well-documented safety record in phase III clinical trials, established methods for large-
scale manufacturing with the use of constitutive producer cell lines, and the ability to
permanently integrate into the host cell genome. Whereas initial clinical trials of retro-
virus-mediated cancer gene therapy proved disappointing, new strategies for applica-
tion of traditional MMLV-based oncoretrovirus and newer HIV-based lentivirus vectors,
based on a clear understanding of their characteristic limitations and advantages with
optimization of ex vivo and in vivo transduction procedures, are actively being pursued
in preclinical and clinical studies. More radical innovations also show promise, includ-
ing the development of replication-competent retrovirus vectors for application to cancer
gene therapy. Even as true therapeutic success was achieved in clinical trials employing
ex vivo retroviral gene transfer, the real risk of insertional mutagenesis leading to malig-
nancy became manifest, providing a sobering lesson pointing to the need for on-going
efforts to improve not only the efficiency but also the safety of retroviral/lentiviral gene
therapy.
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Summary
Vaccinia virus has been studied extensively since its discovery as a smallpox vaccine in 1798. Its

use as a smallpox vaccine documented its safety profile. It was later found that its large size and
ability to accept large fragments of DNA combined with its natural tumor affinity make it an attrac-
tive agent for cancer therapy.

This chapter discusses the history of the vaccinia, the various strains available, the biology of the
virus as well as the steps in creating recombinants. The various clinical and safety considerations
will be addressed. We will also discuss the various methods used to treat cancer using the vaccinia
virus and will review the recent clinical trials using vaccinia in the treatment of cancer.

Key Words: Vaccinia; pox viruses; oncolytic viruse; extracellular enveloped virus; intracellular
mature virus.

1. INTRODUCTION

The concept of tumor directed viral therapy has been extensively studied over the
past few decades. Creating a tumor-specific cytotoxic virus that has minimal toxicity to
the host has long been considered the “holy grail” amongst researchers and clinicians
alike. There are several viruses that are currently being studied as possible vectors for
tumor directed therapy including adenovirus, herpes simplex, reovirus, Newcastle dis-
ease virus, and the vaccinia virus. The use of vaccinia as a cancer treatment modality is
a focus of many ongoing laboratory and clinical research projects. Several avenues are
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currently being explored including: (1) vaccinia as vector for gene delivery; (2) vac-
cinia as a tumor vaccine; and (3) vaccinia as an oncolytic agent.

2. CHARACTERISTICS

Vaccinia virus is a member of the pox family of viruses. It comprises a family of
complex DNA viruses that replicate in the cytoplasm of both vertebrate and inverte-
brate cells. They can be classified into two subfamilies based on host species: chordo-
poxvirinae (vertebrate poxviruses) and entomopoxvirinae (insect poxviruses) (1–3). Its
clinical use dates back more than 150 yr to 1798, when Edward Jenner demonstrated
that vaccination with the cowpox virus offered protection from smallpox. Vaccinia was
used for widespread vaccination against smallpox until 1978 when smallpox was
declared eradicated.

Vaccinia virus has many attributes which make it an attractive vector for tumor
directed therapy including: (1) a quick lifecycle with the ability to form mature virions
within 6 h of infection; (2) the ability to spread from cell to cell efficiently; (3) a large
genome which allows it to accept large fragments of DNA without deletion; (4) the
ability to achieve high levels of transgene expression; and (5) most importantly, it can
infect a large range of human tissues without causing any known human disease (4).
Another very interesting quality of vaccinia virus is its affinity to replicate selectively
in tumor tissue making it potentially valuable for tumor targeting strategies. This tumor
affinity combined with the properties mentioned above make the vaccinia virus the
focus of ongoing anticancer research worldwide. 

3. BIOLOGY OF VACCINIA VIRUS

The vaccinia virus exists in two infectious forms. The intracellular mature virus
(IMV) is released upon cellular disruption during the viral purification process, which
is the form found in vitro. It has a single outer membrane derived from the trans-golgi
network membrane. The extracellular enveloped virus (EEV) is responsible for cell–cell
spread in vivo. It incorporates an outer membrane derived from the cell membrane. The
EEV is not able to be purifed in vitro as a result of the fragility of its outer envelope
which does not withstand the purification process (5).

The mechanism of attachment and uptake of the vaccinia virus remains unclear
because of its various infectious forms and variety of cellular receptors and viral
proteins (1,9,10). No definite cellular receptor for vaccina virus has been identified.
Confocal microscopy has shown that IMV and EEV enter cells by different mecha-
nisms (11). Both attach to cells via different proteins allowing the virus to enter by
membrane fusion. The IMV envelope proteins A17L, A27L, and D8L may be instru-
mental in viral attachment. The D8L protein was one of the earliest IMV membrane
proteins identified and is thought to mediate IMV binding to cell surface chondroitin
sulfate (12,13). The A27L protein may mediate vaccinia attachment through cell sur-
face heparin sulfate; this was shown by demonstrating a 60% viral inhibition in the
presence of soluble heparin sulfate (7). The EEV is the infectious form responsible for
cell–cell transmission in vivo. To date, 6 EEV specific membrane proteins (A33R,
A34R, A36R, A56R, B5R, and F13L) have been identified (1). It has been found that
the A56R protein can be mutated without affecting infectivity (14).

Vaccinia have been engineered to circumvent the normal cell receptor requirements
by binding to alternate cell-surface molecules. Expression of an ScFv to erbB2 on the
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surface of the EEV (created as a fusion with A56R) was shown, by enzyme linked
immunosorbent assay (ELISA), to bind erbB2 (14). Fusions of other surface proteins
including B5R have been reported (15).

Like all poxviruses, vaccinia spends its entire life cycle within the cytoplasm of the
host cell and does not integrate into the host genome (see Fig. 1). Because of its ability
to rely on its own encoded proteins for life activities, the virus can rapidly and efficiently
replicate without restrictions from the host cell defense. Following entry into the cell,
vaccinia releases enzymes required for the initiation of early transcription. The virus
then undergoes a process of early DNA uncoating and initiates early transcription. Early,
intermediate, and late transcription utilize each its own specific promoters and transcrip-
tion factors. Within 4 to 6 h of infection there is almost complete inhibition of host
protein synthesis allowing for efficient expression of viral genes and replication (8). In
the initial early phase a DNA dependent RNA polymerase is released from the virus into
the cytoplasm, which induces the transcription of early mRNA. Translation of the mRNA
forms early proteins, which are involved in the uncoating and replication of the viral
DNA. These early proteins also induce the transactivation and transcription of inter-
mediate messenger RNA (mRNA). Intermediate mRNA encodes for late transactivators
leading to late mRNA synthesis. The proteins synthesized in the late phase of viral repli-
cation constitute membrane structural proteins and early transcription factors and
enzymes that will be incorporated into new viral particles. The relatively small number
of proteins required for DNA synthesis make the system very simple and self-sufficient
(1,2,16). Ten thousand copies of the viral genome are created within 12 h of infection,
half of which are incorporated into mature virions and released (8).

Vaccinia virus DNA replication occurs in the areas of cytoplasm enclosed by the
endoplasmic reticulum (ER). These areas have been termed mini-nuclei (17). The repli-
cation takes place in the form of multiple concatemers of the DNA. These concatemers
are then resolved into individual genomes, which are then encapsulated along with the
early transcription factors by Golgi-derived membranes.

The next stage in the formation of infectious particles is the development of viral
crescents. These crescents are composed of a single lipid bilayer, which has no contact
to the cellular membranes and viral protein, however, the source of the lipid bilayers
remains, so far, enigmatic (18). The crescents then coalesce into a noninfective form of
immature virus. Only after condensation of core proteins and the addition of two addi-
tional membranes do these virus precursors become IMVs. The necessary membranes
are derived from modified trans-Golgi network membranes. Further modifications
entail the inclusion of virus-encoded proteins into these membranes, which then become
part of the outer envelope of the EEV. Once the viruses are fully wrapped they move to
the cell surface where the outer membrane fuses with the plasma membrane, exposing
the mature virus on the cell surface.

3.1. Strains of Vaccinia Virus
The widespread use of vaccinia virus in the eradication of smallpox led to the develo-

pment of multiple strains with various characteristics, pathogenicity, and host range. The
New York City Board of Health strain was obtained from England in 1856 and was orig-
inally used for smallpox vaccination in the United States (3). The Western Reserve (WR)
strain is a laboratory derivative of this strain and is one of the more virulent strains in
laboratory animals and nonhuman primates. Another derivative, the Wyeth strain is used
clinically for smallpox vaccination. The modified vaccinia Ankara (MVA) strain was
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created through multiple rounds of infection in avian cells. This strain is highly attenu-
ated and does not replicate in human or other mammalian cells (19). Numerous other
attenuated strains of vaccinia have been produced through deletional mutations.

4. CONSTRUCTION OF RECOMBINANT VIRAL VECTORS

The creation of recombinant vaccinia vectors is relatively simple because of the
homologous recombination, which occurs naturally during its viral replication and
allows for efficient insertion of foreign DNA. The issues to be considered when creat-
ing recombinant vaccinia vector include choosing a site for the desired recombination,
choosing a method to select the recombinant vaccinia vector and choosing a promoter
for the transgene (foreign gene).

Four approaches have been developed to create new recombinants. The traditional
and widely used method utilizes the homologous recombination talking place inside
cells. Homologous recombination leads to the insertion of foreign genes into 0.1% of
progeny viral genomes (20). Permissive cells such as CV-1 cells are transfected with the
parental virus and a transfer plasmid containing an expression cassette with a viral
promoter and the gene of interest. The gene of interest is flanked with a few hundred pairs
of viral DNA derived from the insertion locus of the parental virus. The new recombinant
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Fig. 1. Vaccinia virus replication cycle. A diagram of the infected cell is shown. The major stages of
the virus lifecycle are listed. Following late gene expression, previrion forms assemble to form the
IMV. The IMV is targeted to the trans-Golgi Network(TGN) and following envelopment, the IEV is
formed. IEV’s are propelled to the cell surface by the polymerization of actin filaments. Once
released, the virus may remain attached to the membrane as a cell associated enveloped virus (CEV)
or be released into the medium as an extracellular enveloped virus (EEV). Reprinted with permission
from ref. 2.
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arises when homologous recombination takes place between the viral sequences in the
transfer plasmid and the parental virus. Another approach involves in vitro ligation of a
foreign gene into the vaccinia virus genomic DNA (21). The third approach employs the
viral genome as part of a bacterial artificial chromosome (BAC). The rVV containing
BACs allow the generation of mutant or recombinant viral genomes in bacteria, without
the need for recombination or plaque purification in mammalian cells (22). Finally, a
newly described innovative method utilizes the high-frequency recombination and repli-
cations catalyzed by the Shope fibroma virus (SFV) which is coupled with SFV pro-
moted reactivations to rapidly construct rVV in high yields (23).

The homologous recombination method is the most widely used and begins with the
creation of a transfer plasmid. The transfer plasmid contains the foreign gene expressed
from a vaccinia promoter and flanked by vaccinia DNA sequences. Care should be taken
to ensure that the foreign gene of interest should not contain the vaccinia transcription
termination signals for early promoters (TTTTTNT) (24). The most common site of
recombination has been the vaccinia thymidine kinase (TK) gene. Insertion of genes into
the TK locus eliminates functional viral TK and leads to attenuation of the virus in nor-
mal tissues in vivo (24). Recombination into other loci has also been performed, includ-
ing intergenic DNA segments, such that no functional deletion occurs (25,26).

A wide range of vaccinia promoters are available for expression of transgenes. It is
necessary to use vaccinia promoters for the creation of recombinant vectors, as these are
specific for vaccinia polymerase. Eukaryotic promoters are not functional in vaccinia
infection, as the host cell polymerase is not present in the cytoplasm where vaccinia
transcription occurs. Several natural and synthetic early and late promoters have been
described with various levels of activity (27–29). The native vaccinia promoters are gen-
erally very strong and compare favorably to other viral promoters used in other viral
vectors. The synthetic early/late promoter described by Chakrabarti et al. (29) has led to
consistent, reliable high levels of gene expression in numerous systems tested.

Once the shuttle plasmid has been constructed, it can be cotransfected with vaccinia
into permissive cells. Recombinant vaccinia virus (rVV) can then be selected based on
the selection marker inserted into the viral genome. Growth in the presence of the
thymidine analog BrdU can be used to select the TK negative phenotype of the permis-
sive cells after recombination into the TK locus (30). Others have commonly used the
selection gene xanthine-guanine phosphoribosyltransferase (XGPRT) which allows for
selective growth in media containing mycophenolic acid (31). Positive selection
through replacement of an essential gene previously deleted from a backbone virus
grown in permissive cell lines is another commercially available selection tool (32).

5. HOST RESPONSE TO VACCINIA

Vaccinia virus has mechanisms to avoid detection and clearance by the immune sys-
tem. The vaccinia has evolved expression of immunosuppressive proteins (38). Viral
surface proteins act as complement inhibitors and the extracellular envelope is known
to be almost completely resistant to antibody neutralization (39).

Understanding vaccinia’s immune evasion strategies may help optimize the virus as
a vector for clinical use. The virus is effective in suppressing both innate immunity and
the development of T-helper cells. Vaccinia virus has adopted genes whose product can
block the function of the interferon family members interferon- (IFN) / , or that can
inhibit chemokines, which are some of the earliest substances produced during the ini-
tiation of a viral host immune response (42–47) (Table 1).



Cellular immunity to the vaccinia virus is an important element in the clearance of
vaccinia virus and animal models suggest that it may be more potent than antibody
mediated viral clearance. In T-cell deficient tumor bearing nude mice, vaccinia is able
to replicate and express genes within tumor cells for greater than 30 d, whereas in
immunocompetent hosts the window of gene expression lasts only 8 d with high levels
lasting only 4 d (40,41).

Vaccinia also encodes for the inerleukin (IL)-18 binding protein, which is a naturally
produced soluble factor that blocks the binding of IL-18 to its cognate receptor. IL-18
binding protein has been shown to be one of the most potent inhibitors of the develop-
ment of a T-helper cell type 1 (Th1) biased immune response (48–51). Vaccinia virus
also encodes for several other immunosuppressive factors such as IL-1B and tumor
necrosis factor (TNF) receptor blockers. These factors are involved in blocking com-
plement activation (46). These findings suggest that blocking the early Th1 response
may be important in the efficacy of vaccinia-mediated therapy. 

Balancing the body’s immune response is paramount in utilizing vaccinia virus in
the treatment of cancer. The vigorous immune response to Vaccinia is desirable as a
vaccine but is also detrimental because it results in the rapid clearance of the virus
before adequate replication can occur. 

Because the vaccinia virus is not endemic to humans, patients who have not had prior
smallpox vaccination will not have preformed circulating antibodies. However, most
cancer patients were born before 1970 and have had smallpox vaccination and, with the
recent fear of bioterrorism, younger patients may also undergo smallpox vaccination.
The prior smallpox vaccination intensifies the clearance of systemically administered
vaccinia, limiting the amount of virus available for replication in tumor tissue.

Other studies have confirmed the critical role of Th1 response to clearance of vaccinia
viral infection. Van den Broek et al. examined the effect of Th1 (IFN- , IL-12) and Th2
(IL-4, IL-10) cytokine balance in the clearance of vaccinia virus in mice using cytokine
knockouts (52). Vaccinia viral replication was enhanced in IL-12 and IFN- knockout
mice with IL-12 knockout mice demonstrating greater susceptibility to infection. IL-12
knockout mice had complete abrogation of anti-vaccinia cytotoxic T-lymphocytes
whereas IFN- knockout mice had normal T-cell function. In contrast, IL-4 and IL-10
deficient mice showed marked enhancement of vaccinia viral clearance suggesting that
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Table 1
Gene Products which Inhibit the Immune Response

Vaccinia open reading frame Function

B13R(SPI-2) Inhibits IL-1 converting enzyme
E3L Inhibits PKR activation by dsRNA
K3L Inhibits phosphorylation of eIF2 by PKR
A53R Soluble TNF receptor
B8R Soluble IFN- receptor
B18R Soluble IFN- / receptor
B29R Soluble chemokine binding protein
C3L Inhibits Complement (C4B, C3B)
B5R Inhibits Complement
B16R Soluble Il-1 receptor
A44L Steroid synthesis
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these cytokines naturally suppress the host response to vaccinia. IL-10 knockout mice
thereby exhibited greater inhibition of viral replication than IL-4 deficient mice. When
the effects of each cytokine was examined in the infection with recombinant vaccinia
virus constructs, local expression of IL-4 showed a much greater inhibition of host
responses. In fact, whereas the absence of IL-10 resulted in improved clearance of IL-6
and IL-1, the local expression of IL-10 had little to no effect on viral clearance.
Similarly, Deonarain et al. have shown that IFN- / knockout mice demonstrate
markedly enhanced susceptibility to vaccinia viral infection (53). Other studies have
shown that IL-12 and IL-18 act synergistically to clear vaccinia infection and that virus
clearance involves NK and T-cells (54).

6. STRATEGIES IN VACCINIA GENE THERAPY 
TO EVADE IMMUNE CLEARANCE

The clearance of the virus in vivo needs to be overcome in order to deliver an ade-
quate amount of virus to the tumor and allow time for viral replication. Several strate-
gies have been tested to overcome this barrier. The first strategy is to create a virus that
is less recognizable by the immune system. The problem with this method is that the
vaccinia virus presents a broad spectrum of antigens to the host. Hence, one or two
mutations in the viral envelope would probably not be sufficient to avoid detection by
the immune system. The other issue with altering the viral envelope is that the alter-
ation may result in decrease infectivity of the virus.

The second strategy involves developing other pox viruses that are able to selec-
tively infect and lyse human tumor cells without crossreacting with vaccinia. Examples
include Yatapox virus, Yaba like disease virus, and Avian poxvirus. The problem with
these alternative viruses is that they do not replicate in human cells and are less effi-
cient vectors (55–57).

The third strategy involves using immunosuppressive agents to increase the viral
load and the time of expression in tumor cells. Unpublished studies from our group
have found that immunosuppressive therapy increased viral recovery and tumor
response in animal models without increasing the pathogenicity. Because of the knowl-
edge gained from transplantation, specific agents are now availablet that allow for tar-
geting of the immune system selectively on various effector pathways. The use of
immune modulation to overcome preformed antibodies may be useful in the future for
treating patients with prior smallpox vaccination.

7. CLINICAL SAFETY

There is extensive data regarding the overall safety of the vaccinia virus, which was
generated during its use in the eradication of smallpox. The complications associated
with vaccinia virus include encephalitis, vaccinia necrosum, and eczema vaccinatum.
These complications are more prevalent in immunocomprimised individuals and infants
(see Fig. 2) (34–36).

Vaccinia associated encephalitis results from infection of the central nervous system
(CNS). Studies have shown viral recovery from the CNS of patients suffering from
vaccinia associated encephalitis (35). This dreaded complication can be avoided by use
of a tumor selective vaccinia virus.

Vaccinia necrosum is a progressive necrotic ulcer caused by the vaccinia virus. It is
more common in immunosuppressed patients and can destroy significant amounts of



tissue producing significant morbidity. The extensive tissue loss may require recon-
struction with tissue grafts and can sometimes require amputation. Surprisingly, this
dramatic local infection does not cause a systemic viral spread. 

Eczema vaccinatum originates from the infection of eczematous skin throughout the
body by vaccinia. It causes a large viral load that induces viremia with fever and malaise
and can sometimes progress to death. Although rare, the side effects of vaccinia virus
have been the focus of multiple laboratory experiments and animal models suggest a
role of inflammatory cytokines in the pathogenicity of viral infection.

8. VACCINIA AS A CANCER VACCINE

The experience with vaccinia in the eradication of smallpox led to research into its
use as an antitumor vaccine. Vaccinia was engineered to express tumor antigens and
serve as a cancer vaccine. The size of the potential transgene that can be put into the
vaccinia vector allows for flexibility in engineering, such that immune enhancing genes
and antigenetic genes can be recombined into the genome. The immunostimulatory
effects and efficient transcriptional machinery of the virus were utilized to create vari-
ous cancer vaccine vectors (Table 2).

Recently, a phase I clinical trial of vaccinia expressing prostate specific antigen
(PSA) in prostate cancer patients was published. In this trial the Wyeth strain virus was
delivered intradermally every 4 wk for three doses without producing significant sys-
temic toxicities. A cutaneous reaction, consistent with viral replication was seen in all
patients treated with the virus at a dose of 2.65 × 107 pfu. Several patients developed 
T-cell immune responses to PSA associated with prolonged periods before disease pro-
gression (55). Another phase II clinical trial by the NCI examines the potential of three
strains of recombinant vaccinia virus expressing either PSA, B7.1, or of the fowlpox
virus expressing PSA. Vaccinia expressing the tumor antigen carcino embryonic anti-
gen (CEA) has been studied clinically as a priming vaccine followed by a boost with
avipox expressing CEA. This regimen consisted of 1 × 107 pfu Wyeth strain vaccinia
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Fig. 2. Vaccinia necrosum. This picture illustrates the complication related to the administration of
vaccinia virus. This followed smallpox vaccination in a young child.



injected intradermally. Although specific T-cell immune responses were generated and
the regimen was well tolerated, there were no positive clinical responses noted (56).
Rochlitz et al. published their phase I trial of a modifed vaccinia (MVA strain) expressing
human MUC1 for antigen specific immunotherapy in patients with advanced MUC 1
positive cancers (60). They found that patients tolerated repeated doses of the virus
with minimal side effects and 1 of the 13 patients with advanced cancer showed a
marked decrease in the size of his metastasis that lasted 14 mo. Greiner et al. developed
a vaccinia expressing a triad of costimulatory molecules including B7.1, intercellular
adhesion molecule-1 (ICAM-1), and leukocyte function-associated antigen-3 combined
with CEA to produce a vaccine against CEA expressing cancers. This virus, known as
rV-CEA TRICOM or a recombinant vaccinia vector that carries a triad of costimulatory
molecules, has been encouraging in preclinical studies and is now the focus of clinical
trials (57).

9. VACCINIA AS A VECTOR FOR TUMOR DIRECTED GENE DELIVERY

The properties that make vaccinia attractive as vector for gene delivery were
described earlier and the use of vaccinia as a vector for gene delivery is now being
investigated in clinical trials. Mastrangelo et al. have reported their phase I clinical trial
using vaccinia expressing granulocyte-macrophage colony-stimulating factor (GM-
CSF). Patients underwent intratumoral injections of up to 2 × 107 pfu per lesion and 
8 × 107 pfu per session twice weekly over 6 wk. Systemic toxicities were limited to mild
flu-like symptoms and local inflammation at the injection site with doses greater than
107 pfu/lesion. All patients were vaccinated against the vaccinia within weeks prior to
receiving the vaccinia-GM-CSF. Interesting positive responses were reported in five of
the seven patients treated. Three patients had mixed responses with complete regres-
sion of treated and untreated dermal metastases, one patient had partial response with
regression of injected and uninjected regional dermal metastasis and onr patient had
complete remission of multiple dermal metastasis (58,59).

Vaccinia has also been engineered to express suicide and tumor suppressor genes.
The suicide gene therapy involves the combination of a nonmammalian enzyme such
as cytosine deaminase and the nontoxic prodrug 5-fluorocytosine, which is catalyzed to
5-FU by the cytosine deaminase. Vaccinia expressing the suicide genes cytosine
deaminase and 5-fluorocytosine has shown promising results in both in vitro and mouse
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Table 2
Recent Clinical Trials

First author Vector Results

Mastrangelo (58) Vaccinia-GM-CSF Regression of injected lesions.
Marshall (56) Vaccinia-CEA No clinical response.
Mukherjee (68) Vaccinia-IL-2 No clinical response.
Eder (55) Vaccinia-PSA Stabilization of PSA levels.
Sanda (69) Vaccinia-PSA Stabilization of PSA levels.
Conry (70) Vaccinia-CEA No clinical response.
Tsang (71) Vaccinia-CEA No clinical response.
Adams (67) Vaccinia-HPV Response in cervical cancer.
Rochlitz (60) MVA-Muc1 Response in metastatic disease.
Greiner (57) rV-CEA TRICOM Safe.
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models (64). Another approach in which vaccina vectors were used to transfer the
tumor suppressor gene p53 into gliomas and bladder tumors that expressed mutated
p53 induced apoptotic cell death and showed some antitumor efficacy (65,66).

10. VACCINIA AS AN ONCOLYTIC VIRUS FOR CANCER THERAPY

The concept of a tumor selective oncolytic virus that can be safely administered is
very appealing and is the focus of current research by multiple laboratories. The advan-
tages of the vaccinia virus as an oncolytic virus have been described earlier in the chap-
ter. The most important advantage is the efficiency of viral replication, cell to cell
spread and ability to destroy tissue.

Development of an oncolytic virus has focused on genetic alterations of the WR
strain of virus to achieve a tumor selective replicating virus (4). It has been previously
demonstrated that an intradermal injection of 106 pfu of the wild-type WR strain of
vaccinia into nonhuman primates leads to a necrotic ulcer of 108 cm2 in only 8 d with-
out systemic spread of the virus (unpublished data). This ability to quickly spread and
its ability to produce high levels of trangene expression is extremely promising, as one
of the limiting factors in antitumor gene therapy is the limitation of vector distribution
throughout fibrinous tumors. Animal models studying the distribution of a systemically
delivered tumor-selective mutant vaccinia virus have shown the highest levels of virus
in the tumor whereas little to no virus has been detected in other organs. The most
promising mutant has been a virus deleted of the TK and vaccinia growth factor (VGF)
genes (see Fig. 3).

LTK is important for vaccinia nucleotide and DNA synthesis and it is almost essen-
tial in normal cells where the host nucleotide pool is low. VGF is a protein that is
expressed early by vaccinia virus and is secreted by infected cells. It binds growth
factor receptors on surrounding resting cells and stimulates them to proliferate. This
increases the available nucleotides and primes them for vaccinia infection. By deleting
both the VGF and TK genes the replication of vaccinia in normal cells can be com-
pletely abrogated without decreasing the ability of the vaccinia to replicate in tumor
cells. This double deleted virus has been tested and found to preferentially replicate in
tumor cells and ovarian tissue with little or replication in nontumor tissue (4).
Experiments using nude mice injected systemically with 1 × 109 pfu of the double deleted
vaccinia showed a marked response in established tumors with no pathogenecity (61).
Primate studies showed no pathogenecity of 109 pfu of vaccinia delivered intravenously
(unpublished data). 

Puhlman et al. demonstrated that systemic administration of a TK-deleted vaccinia
virus expressing the suicide gene purine nucleoside phosphorylase in combination with
6-methylpurine deoxyribose treatment led to a complete response in 50% of mice with
hepatic metastases (62,63). We are currently exploiting another strategy by deleting the
antiapoptotic genes spi-1 and spi-2 to improve tumor selectivity and oncolysis.
Ultimately, the combination of genetic deletions and expression of antitumor genes may
prove to be more successful to inhibit tumor growth than the strains available at present. 

11. SUMMARY

Vaccinia virus is a member of the pox family of viruses. Viral recombinants are made
with relative ease and their natural tumor affinity make them attractive vectors for tumor
directed therapy. It has a proven safety profile from its use as a smallpox vaccine and its



immunogenic and oncolytic properties combined with its effectiveness to spread
through tissues make it an attractive vector for future development of tumor directed
therapies. Ongoing clinical trials focusing on these properties are beginning to show its
potential in the treatment of cancer. 
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Summary 
Inspired by reports that viral infection might be capable of promoting tumor regression pub-

lished in the early 20th century, investigators have struggled to identify a suitable virus, which
though unable to cause disease, retained the capability to replicate in cancer cells. In principal, the
productive growth of the virus would kill or lyse malignant cells and the newly minted viral progeny
would spread the infection, resulting ultimately in the destruction of the tumor by a process termed
viral oncolysis. Fueled by revolutionary advances in molecular biology that enabled a new under-
standing of viral virulence at the genetic level, nonpathogenic strains of human viruses have been
engineered in the laboratory and their oncolytic ability evaluated in animal models of human cancer.
This chapter chronicles the milestones in engineering oncolytic strains of herpes simplex virus type 1,
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highlighting different stages of development beginning with the pioneering use of recombinant
viruses produced in the laboratory, accompanied by a discussion of key design innovations which
upon incorporation into HSV-1 oncolytic strains, substantially improved both their safety and effi-
cacy, and summarizes recent experiences in phase I clinical trials.

Key Words: Oncolytic virus; replication-competent attenuated herpes simplex virus; eIF2
phosphorylation and viral pathogenesis; herpes simplex virus virulence; antitumor therapy.

1. INTRODUCTION

One hundred years ago, the first anecdotal observations correlating viral infection with
tumor regression were reported and lead to several investigations over the course of the
last century, evaluating the potential of various natural human and animal viruses to treat
cancer (1). However, it was the achievements of the last two decades, most notably tech-
nical innovation in the area of molecular biology coupled with a heightened understanding
of viral replication and pathogenesis at the genetic level, that ushered in the possibility of
creating viruses in the laboratory which were selectively pathogenic for neoplastic cells.
Through genetic engineering, it was now possible to selectively harness many key attri-
butes of viruses, such as their ability to enter, reproduce, and ultimately destroy their host
cells, while dialing out the undesirable properties associated with viral infection, namely
their ability to destroy normal cells and cause disease. As a virus engineered in this fash-
ion retains the ability to replicate in and ultimately kill tumor cells, it could potentially
propagate a self-limiting infection throughout a tumor mass, resulting in oncolysis or
lysis of the cancer cells in the tumor and subsequent tumor regression. Whereas a variety
of mutant viruses with such capabilities have been reported, this chapter will focus on the
development of herpes simplex virus type 1 (HSV-1) as an oncolytic virus.

2. HERPES SIMPLEX VIRUS FUNDAMENTALS: LIFELONG LATENCY
PUNCTUATED BY EPISODES OF PRODUCTIVE GROWTH

“O’er ladies lips, who straight on kisses dream, which oft the angry Mab with blisters
plagues, because their breaths with sweetmeats tainted are.”

– William Shakespeare, Romeo and Juliet, circa 1595.

Following infection of oral epithelial cells in its human host, HSV-1 invades axons
and travels to the nuclei of sensory neurons that innervate this epithelia. Here, the virus
establishes a latent infection, characterized by a restricted pattern of viral gene expres-
sion, the assembly of the viral genome into a regular chromatin structure, and its main-
tenance as a circular extrachromosomal element (2). Latency, therefore, results in the
permanent colonization of the host by the virus, and the severely limited expression of
viral genes functions to shield the virus from host defenses.

In response to a variety of stimuli, these latent infections “reactivate,” resulting in
episodes of productive viral growth characterized by expression of over 80 viral open
reading frames (ORFs) distributed among two unique, single copy segments or within
multiple repetitive loci of the large HSV-1 DNA genome. Activation of the productive
or lytic gene expression program results in the production of viral particles and the
eventual death of the infected cell. Distinct mRNA populations accumulate at discrete
times in the productive replication cycle, resulting in the differential expression of
viral genes in what has been termed a cascade pattern (see Fig. 1) (2). The process is
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initiated by VP16, a transcription factor carried within the viral particle that recruits
cellular transcription factors along with the RNA polymerase II holoenzyme to the
promoters of five viral immediate-early (IE or ) genes. Whereas one of these IE gene
products dampens the host immune response by inhibiting the presentation of peptide
antigens in conjunction with major histocompatability complex (MHC) class I mole-
cules, the remaining four IE proteins are important for the subsequent expression of
the next class of viral genes, the early or genes. Viral early polypeptides primarily
encode functions required for nucleotide metabolism and viral DNA synthesis, the initi-
ation of which signals entry into the final late or phase of the viral life cycle. Two
classes of late genes have been identified based upon their transcription in the pres-
ence of viral DNA synthesis inhibitors. Whereas transcription of a subset of genes,
the 2 class, requires viral DNA synthesis, expression of 1 genes is not completely
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Fig. 1. The HSV-1 productive or lytic replication cycle. Following fusion of the virion envelope
with the host plasma membrane, the viral nucleocapsid is deposited into the cytosol along with
numerous proteins contained within the virus particle, one of which is the virus encoded transcrip-
tion factor VP16. After the nucleocapsid docks at the nuclear membrane, viral DNA translocates
through the nuclear pore into the nucleus. Transcription from 5 immediate early (IE or ) viral
genes commences once the cellular transcription machinery is recruited to the promoters by VP16.
Several IE gene products (ICP 4,0,22, and 27) are important for the subsequent expression of the
second class of viral genes, the early genes, and return to the nucleus after being synthesized in the
cytosol. Early (E or ) mRNAs predominately encode proteins involved in nucleotide metabolism
and DNA synthesis. Replicating viral DNA accumulates as a large concatamer in the nucleus, where
multiple genome segments are joined end to end, and is subsequently processed into unit length
genomes concomitant with packaging into newly assembled nucleocapsids. In addition, DNA syn-
thesis marks the transition from the early phase of the lifecycle to the late or 2 phase, and is asso-
ciated with an increase in late 2 mRNAs. Late genes (L or ) encode virion structural proteins
along with virion components required for subsequent rounds of infection (i.e., VP16). Once assem-
bled in the nucleus, capsids acquire an envelope by budding from the nuclear membrane. One pro-
posed pathway for HSV-1 egress suggests enveloped capsids between the inner and outer leaflets of
the nuclear membrane fuse with the outer nuclear membrane, releasing unenveloped capsids into
the perinuclear region. These capsids transit through the cytosol and are thought to acquire other
virion protein components and their final lipid envelope by budding into a post-golgi compartment
prior to exiting the cell.



dependent upon viral DNA replication and is only modestly reduced in the presence of
inhibitors. Included among the late gene products are polypeptides critical for assem-
bling infectious virus, virion components that function following entry but before IE
gene expression, and proteins that regulate the host response to infection. Reactivation
of a latent infection in a sensory neuron results in antereograde transport of viral pro-
geny back to the portal of entry followed by the ensuing infection of epithelial cells,
mobilization of the cellular immune response, and the formation of a fever blister or
cold sore. Rarely, HSV-1 can enter and replicate within the central nervous system
(CNS), causing encephalitis.

Although many HSV-1 genes are required for the virus to productively infect an
established cultured monkey kidney cell line used extensively in many virology labo-
ratories, it is striking that viral replication can in fact proceed quite efficiently in the
absence of numerous HSV-1 gene products. This class of genes, though dispensable
for viral replication in cell culture, is thought to be important for replication in spe-
cialized cell types, encode functions that are redundant or overlapping with other viral
gene products, or affect pathogenesis in animals. In support of this proposal, HSV-1
genes important for modulating the host immune response, the spread of the virus
from peripheral sites of inoculation to the CNS (neuroinvasiveness), and replication
within CNS tissues (neurovirulence) have been identified (2); moreover, these genetic
determinants of pathogenesis figure prominently in the development of safe, oncolytic
HSV-1 strains.

3. TAKING THE FIRST STEP: ENGINEERING ONCOLYTIC 
HSV-1 STRAINS

Ground breaking studies by Martuza and colleagues were the first to demonstrate the
therapeutic promise of an engineered oncolytic HSV-1 strain, the thymidine kinase (tk)
negative HSV-1 mutant, dlsptk (3). This mutant derivative was chosen because tk
mutants replicate effectively in actively dividing cells such as those found in tumors,
but are relatively impaired for replication in nondividing cells, such as neurons and
therefore display reduced neurovirulence compared with wild-type strains upon intro-
duction into the CNS of adult mice (4–8). The tumor selected for oncolytic therapy was
malignant glioma, as the outcome for patients with this devastating brain tumor is grim,
remaining essentially unchanged over the past 50 yr despite advances in surgery, radia-
tion, and chemotherapy. Direct injection of dlsptk into established tumors inhibited the
growth of human glioma implants (subcutanteous or subrenal) in athymic mice and
prolonged survival of mice with intracranial gliomas as well. However, fatal encephali-
tis was still observed in 70 to 100% of the treated mice despite the fact that the tk
mutant was significantly less neurovirulent than wild-type HSV-1 (3). In subsequent
years, the oncolytic potential of HSV-1 derivatives with mutations in the viral ribo-
nucleotide reductase large subunit (hr3) or DNA polymerase genes (AraA) was evalu-
ated. Unlike the tk mutant dlsptk, these strains were sensitive to acyclovir, an extremely
effective, safe antiviral drug adding a component of safety to control the infection if
necessary. However, despite their ability to inhibit tumor growth and responsiveness to
antiviral chemotherapy, these viral strains were still not adequately attenuated to merit
further investigation. Thus, whereas it proved possible to use HSV-1 as an oncolytic
virus to destroy cancer cells, the understanding of virulence was not sufficiently
advanced to render the virus safe.
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4. FINDING THE ACHILLE’S HEEL: THE 134.5 GENE CONTROLS
HSV-1 NEUROVIRULENCE

The breakthrough in creating attenuated HSV-1 strains resulted from characterizing
viruses containing engineered mutations in the 134.5 genes. Embedded within a repet-
itive genome component (see Fig. 2A), the 134.5 gene is expressed with 1 late kinet-
ics and is not required for growth in cultured monkey kidney cells. Strikingly, its impact
on viral neurovirulence is greater than any single HSV-1 gene identified to date (11–13).
Although the LD50 of many wt HSV-1 strains is less than 300 pfu following intracra-
nial delivery, it is not possible to accurately measure the LD50 for 34.5 mutant viruses.
Indeed, upwards of 106–107 pfu of 34.5 mutant viruses have been safely injected
intracranially into mouse, non-human primate, and human brains (11–18). In studies
designed to examine the efficacy with which 34.5 mutants were able to destroy human
or murine gliomas implanted into mice, not only had the attenuation problem been
solved, but the treated mice survived longer than their untreated counterparts and no
longer developed viral encephalitis. Long-term surviving animals (usually in the vicin-
ity of 60–80 d) were produced with efficiencies ranging from 10 to 50% of the treated
animals depending on the tumor model and treatment regimen (9,19–23). 34.5 mutants
were also tk+ and therefore retained their sensitivity to acyclovir, which could be
used, if necessary, to control viral encephalitis. Despite reports of 134.5 mutants
replicating to varying degrees in CNS tissue depending on the viral strain and the
immune status of the mice, encephalitis has not been observed in numerous studies
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Fig. 2. Genetic structure of oncolytic HSV-1 34.5 mutant derivatives. The HSV-1 genome is 152-Kb
in length and is composed of a unique long segment (UL), a unique short segment (Us), and several
reiterated components (rectangles). The 34.5 gene is contained within these repetitive components
that flank the UL segment and is therefore diploid. (A) 34.5 null mutant where both copies of the
34.5 gene have been deleted. The recombinants R3616 (strain F) and 1716 (strain 17) represent this

class of simple deletion mutations. (B) A multimutated strain that contains a bacterial -galactosi-
dase (lacZ) expression cassette disrupting the viral UL39 gene in addition to a deletion affecting both
copies of the 34.5 gene. This 34.5 null mutant is also unable to produce the large subunit of the
viral ribonucleotide reductase, the UL39 gene product. The recombinants G207 and MGH1 (both
strain F) are of this genotype.
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performed with 134.5 mutants in different viral genetic backgrounds (24–26). To
further restrict viral replication to actively dividing cells, additional mutations in the
UL39 ribonucleotide reductase gene (see Fig. 2B) or the UL2 uracil DNA glycosidase
gene were introduced into the 34.5 mutant background (14,27,28). Although each of
these non-neurovirulent, multimutated viruses could still reduce subcutaneous tumor
growth and extend the survival of mice with intracranial tumors, more than 80% of the
treated subjects still succumbed, emphasizing a different problem limiting the efficacy
and outcome of treatment. Whereas encephalitis was no longer observed in animals
treated with any of these 134.5 mutant derivatives, the 134.5 deletion, either alone or
in conjunction with additional mutations, impaired the replicative ability of these
viruses in many human tumor cells, allowing the growth of residual glioma cells which
ultimately killed the animals. Thus, the successful attenuation of HSV-1 left in its
wake another problem for investigators to grapple with: engineered mutants that were
sufficiently safe had lost a substantial amount of their replicative efficacy, impairing
their oncolytic ability.

5. REDUCED ONCOLYTIC ABILITY OF 134.5 MUTANT DERIVATIVES
RESULTS FROM A TRANSLATIONAL BLOCK

After the initial reports established that the 134.5 gene was a major determinant of
HSV-1 neurovirulence nonessential for growth in cultured monkey kidney cells, further
investigation revealed that 134.5 mutants actually behaved like classical viral host
range mutants, exhibiting restricted growth in some lines of cultured cells but not others.
Thus, whereas a standard line of monkey kidney cells were permissive or supported the
replication 134.5 mutants, many human tumor cells were in fact nonpermissive, or did
not support the growth of 134.5 mutant derivatives. Upon infection of a nonpermissive
human tumor cell with a 134.5 mutant strain, all of the events in the viral life cycle
proceeded normally up to and including viral DNA replication and the accumulation of

2 late mRNA transcripts. These viral late mRNAs encoding key structural proteins
required to complete the viral life cycle and assemble the next generation of viral
progeny, however, were never translated resulting from a block at the level of protein
synthesis, effectively interrupting the viral life cycle prior to the assembly and release
of viral particles (29). Subsequent biochemical analysis demonstrated that the 134.5
gene product was required to prevent accrual of phosphorylated eIF2, a critical transla-
tion initiation factor inactivated by phosphorylation of its alpha subunit (30).

6. eIF2 , HOST DEFENSES AND INNATE IMMUNITY

As obligate intracellular parasites, viruses are completely dependent upon the trans-
lational machinery resident in their host cells. It is not surprising, therefore, that a
major host defense component centers on impeding viral mRNA translation. Indeed,
one of at least four stress responsive eIF2 kinases present in mammalian cells, the
double stranded RNA dependent protein kinase PKR is induced by the antiviral
cytokines interferon / . It has been proposed that abundant dsRNA, a replicative inter-
mediate formed in the replication of RNA viruses and a by-product of overlapping
transcription units on opposite DNA strands of DNA viruses, is a signature of viral
infection. PKR binds dsRNA and in the presence of this activating ligand forms a dimer
whereupon each subunit phosphorylates the other. It is this activated, phosphorylated
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form of PKR that then goes on to phosphorylate other substrates, including eIF2 , the
regulatory subunit of eIF2 (31).

eIF2 is a heterotrimeric G protein, forming a ternary complex composed of its , ,
and subunits bound to GTP along with the initiator tRNA, that is responsible for
chaperoning the initiator tRNA to the 40S ribosomal subunit, forming what is known as
the 48S complex (see Fig. 3A) (32). Like many G proteins, a GTPase activating protein
(eIF5) and a guanine nucleotide exchange factor (eIF2B) regulate its activity. Normally,
eIF5 promotes GTP hydrolysis following the joining of the 60S ribosomal subunit to
form an 80S ribosome, releasing eIF2 bound to GDP. To participate in subsequent
rounds of polypeptide chain initiation, the GDP form of eIF2 requires the activity of
eIF2B in order to exchange GDP for GTP. However, phosphorylation of eIF2 leads to
a strong association between eIF2B and eIF2, effectively preventing eIF2B from cata-
lyzing the nucleotide exchange reaction (see Fig. 3B). As the quantity of eIF2B present
in cells is limiting, phosphorylation of small amounts of eIF2 by PKR can have
relatively large effects on translation by sequestering eIF2B, hindering nucleotide
exchange, and inhibiting translation. Unchecked, PKR activated by dsRNA in virus
infected cells would therefore effectively deplete active eIF2, inhibit ternary complex
formation, and prevent viral and cellular protein synthesis. Should cells initially
infected succeed in inhibiting translation, the viral invader would effectively be stopped
in its tracks, denied access to the cellular translational apparatus it needs to complete its
life cycle. This arm of the innate host response then is designed to sacrifice the initially
infected cells for the benefit of the larger population. However, numerous viruses,
including HSV-1, have captured a variety of functions to counter this cellular response
(32). This struggle for control of the translational machinery is often an integral com-
ponent of viral pathogenesis (33–35).

Normally, the 134.5 gene product prevents the accumulation of phosphorylated
eIF2 by recruiting a cellular phosphatase, protein phosphatase 1 (PP1 ), to remove
phosphate from eIF2 (36). Interestingly, the domain of the 134.5 protein that con-
tains this activity is homologous to a domain in the GADD34 protein, a cellular PP1
binding protein that promotes eIF2 dephosphorylation in response to other forms of
cell stress (37). Besides their defect in protein synthesis, 134.5 mutant derivatives are
hypersensitive to interferon , and therefore more sensitive to this arm of innate host
defenses that serve to limit viral replication in the host (38,39). This hypothesis is sup-
ported by reports demonstrating that 134.5 mutant viruses, whereas neuroattenuated in
normal mice and mice with deficiencies in their acquired immune response, exhibit
restored neurovirulence in mice with deficiencies in innate immunity (33,34).

Ensuing genetic studies revealed that HSV-1 actually encodes multiple functions to
control eIF2 phosphorylation, as the dsRNA binding protein specified by the true late
Us11 gene prevents PKR activation (40–43). Analysis of a panel of 134.5 and Us11
mutants established that both Us11 and 134.5 gene products act at different times in the
productive growth cycle to regulate eIF2 phosphorylation in infected cells (44) (see
Fig. 3C). Importantly, Us11 expressed in its natural context as a late 2 protein is required
to properly regulate PKR activation, eIF2 phosphorylation, and viral translation. Thus,
because late proteins are not produced in nonpermissive tumor cells infected with a

134.5 mutant virus, the 134.5 mutant is actually doubly deficient in that it also fails to
translate the 2 Us11 mRNA. Moreover, the interferon sensitivity of 134.5 mutants, pre-
viously attributed solely to the absence of 134.5 function, likewise results from the
absence of the 134.5 protein and the failure to synthesize the Us11 polypeptide (45).
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Fig. 3. Regulation of translation by phosphorylation of eIF2, a critical translation initiation factor.
(A) Composed of , , and subunits, eukaryotic translation initiation factor 2 (eIF2) forms a ternary
complex with GTP and the initiator tRNA (tRNAi). This complex associates with the 40S ribosomal
subunit bound to eIF3, and recognizes the 5 -end of the mRNA through an association with eIF4F.
Once the AUG codon in the mRNA has been identified by a unidirectional translocation process
termed scanning, GTP hydroylsis stimulated by eIF5 and the subsequent release of the eIF2·GDP
complex facilitate the joining of the 60S ribosome subunit and translation elongation commences.
The guanine nucleotide exchange factor eIF2B is required to exchange the GDP bound to eIF2 and
replace it with GTP, thus recycling the active form of eIF2. (B) After phosphorylation of eIF2 on its

subunit by PKR, an eIF2 kinase, eIF2B remains tightly bound and cannot exchange the GDP
bound to eIF2 for GTP. This failure to recycle eIF2 to its active, GTP bound form inhibits the initia-
tion of translation. (C) Regulation of eIF2 phosphorylation by different functions that act during
discrete phases in the HSV-1 lifecycle. Early in the HSV-1 lifecycle, small quantities of dsRNA, or
perhaps other effectors that remain to be identified activate the normally dormant cellular PKR
kinase. After assembling a dimer of PKR on dsRNA, each subunit of the multimer phosphorylates
the other (PKR–P). Because PKR is activated in cells infected with a 134.5 mutant virus, preventing
the translation of 2 mRNAs, we propose that the 134.5 gene product, through its interaction with
PP1 , is able to adequately dephosphorylate the quantities of phosphorylated eIF2 (eIF2 –P)



7. WORKING WITH WHAT YOU HAVE: TACTICS TO AUGMENT
THE ONCOLYTIC ABILITY OF 134.5 MUTANT DERIVATIVES

Although 134.5 mutant derivatives appeared safe in preclinical animal studies, their
restricted replication resulting from their inability to counter components of the innate
host response needed to be addressed if they were to emerge as efficacious oncolytic
agents. One approach to deal with this concern combines conventional chemotherapy
and radiotherapy with oncolytic virus treatment of mice with human tumor implants,
taking advantage of specific properties associated with each treatment modality (46–50).
On the one hand, traditional systemic treatments, although highly toxic, are able to
effectively debulk a tumor. Oncolytic 134.5 mutant derivatives, on the other hand,
appear safe but have limited replicative ability in many human tumor cells. The question
at hand then, was if the two therapeutic components together were more effective than
each individual component. In support of this idea, head and neck derived squamous cell
carcinomas implanted into mice subcutaneously and treated with a combination of cis-
platin and G207 responded better than tumors treated with either single agent (49). In
addition, combining G207 treatment with radiation improved its antitumor activity
against human colorectal carcinoma xenografts in mice, whereas no additional effects
on its ability to reduce the growth of human prostate cancer xenografts in mice and
mouse prostate cancer were detected (48,51). Prior exposure to ionizing radiation
appears to enhance the replication of the 34.5 mutant R3616 in human malignant
gliomas implanted into athymic mice, but not in subcutaneous tumors composed of
human colorectal carcinoma cells (46,48). The differential effects of radiation treatment
might be emblematic of the 34.5 derivatives used in each study (R3616 vs G207), or
reflect tissue specific variation in the tumor cell populations. Irrespective of any poten-
tial synergistic effects, as viral oncolysis proceeds through a completely different mech-
anism than chemotherapy or radiotherapy, and should cells resistant to the latter
treatments arise, it was thought that they would certainly remain sensitive to the former.
Although these initial studies were consistent with this view in that tumor cells resistant
to traditional chemotherapy and/or ionizing radiation remained sensitive to HSV-1 oncoly-
sis and did not develop resistance to infection with an HSV-1 oncolytic mutant (46),
recent experiments offer a different perspective. Upon selection of a radio-resistant
human squamous cell carcinoma by irradiation of athymic mice harboring implanted
tumors, upregulation of components of interferon (IFN) related signal pathways was
observed. Indeed, these radio-resistant cells no longer supported robust replication of a
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produced from the period preceding the initiation of viral DNA synthesis and extending into the ini-
tial segment of the late phase (designated as 1L). However, late in the viral lifecycle, synthesis of
mRNA from 2 genes ( 2L), many of which are transcribed from ORFs located on opposing DNA
strands, results in the production of large quantities of viral dsRNA. In the absence of Us11, the
increase in dsRNA concentration generates more activated PKR, which in turn phosphorylates eIF2 .
The concentration of phosphorylated eIF2 quickly rises beyond the capacity of the 134.5–PP1
complex to effectively reverse the reaction, accounting for the observed reduction in viral translation
rates in cells infected with a Us11 mutant virus. We suggest that although the 134.5 protein acts
downstream of phosphorylated eIF2 and therefore has the potential to counter a variety of eIF2
kinases, Us11 acts late in infection to specifically antagonize PKR activation in response to the copi-
ous levels of dsRNA produced in virus infected cells. In this drawing, relative concentrations of PKR -P,
dsRNA, and eIF2 –P at earlier, compared with later times in the viral lifecycle, are represented by
character size. Panel C is reprinted from ref. 44 with permission.



134.5 mutant virus (52). This is not surprising, as PKR is an interferon induced gene,
and its activation clearly restricts replication of 134.5 mutant derivatives and potentially
limiting their effectiveness when administered as adjuvant agents along with radiation.

An alternative to the joint administration of an oncolytic virus with standard chemo-
or radiotherapy involves combining viral oncolysis with the delivery of transgenes
designed to potentiate the activation of prodrug chemotherapeutic agents. Oncolytic

134.5 mutant viruses have been constructed that contain genes encoding either
cytochrome P450 2B1 or cytosine deaminase (53,54). Its expression restricted to the
liver, cytochrome P450 2B1 is required to generate the active toxic metabolite phos-
phoramide mustard which is in turn systemically distributed throughout the circulation.
Engineered oncolytic HSV-1 derivatives that express cytochrome P450 2B1 have been
used to achieve potentially greater concentrations of active metabolites within the local
tumor environment, enhancing destruction of cancer cells (53). Likewise, deamination
of cytosine to uracil by cytosine deaminase, which is not expressed in mammalian
cells, can convert 5-fluorocytosine to 5-fluorouracil, a potent agent used in cancer
chemotherapy. The cytosine deaminase gene has been inserted into the HSV-1 ribo-
nucleotide reductase gene, allowing exclusive conversion of systemically administered,
nontoxic 5-FC to the toxic 5 -FU in infected tumor cells (54). Importantly, both of
these metabolites, while ultimately toxic to cells, appear not to significantly dampen
HSV-1 replication. However, all of these adjuvant therapies, designed to enhance over-
all tumor regression, do nothing to address the underlying replicative deficiencies of
oncolytic 134.5 mutant derivatives.

8. BUILDING A BETTER VIRUS: GENETIC STRATEGIES TO INCREASE
VIRULENCE IN TUMOR CELLS

An alternative method for augmenting the oncolytic ability of an HSV-1 134.5
mutant serendipitously emerged from further genetic analysis. To learn if other viral
components were important in regulating PKR activation and eIF2 phosphorylation, a

134.5 deletion mutant was sequentially passed in nonpermissive cells to select for iso-
lates with restored capacity to replicate (40). These isolates had all sustained genetic
rearrangements where the Us11 2 late promoter and most of the Us12 ORF, including
the AUG initiation codon, were deleted (see Fig. 4). This extragenic or second-site sup-
pressor mutation resulted in the IE expression of Us11, a dsRNA binding protein that
inhibits PKR activation, and allows 134.5 mutants to replicate efficiently in what were
previously nonpermissive cells (40–43). The significant surprise was that although the
suppressor mutant was capable of restored growth in cells that failed to support the repli-
cation of the 134.5 parent virus, it essential remained as neuroattenuated as the parental

134.5 mutant at the doses examined (up to 2 × 107 pfu). This established that it was pos-
sible to introduce additional mutations into the genome of an HSV-1 134.5 mutant that
dramatically improve its replicative ability in cancer cells without increasing neuro-
virulence in mice (55).

The attenuated neurovirulence profile of the suppressor mutant coupled with its drama-
tically improved replication properties made it an ideal oncolytic virus candidate. The
antitumor activity of the suppressor virus was directly compared with the 34.5 mutant
in three independent studies that utilized an animal model of different human cancers
as well as a variety of viral genetic backgrounds (56–58). All of these studies demon-
strated that incorporating the suppressor mutation into a 34.5 mutant virus resulted in
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a dramatic improvement in the ability of the virus to inhibit tumor growth. A single
injection of subcutaneous human prostate cancer tumors with 106 pfu of the suppressor
virus reduced tumor volume by 50% or more in 60% of the treated animals, whereas
animals treated with the 34.5 mutant were indistinguishable from mock treated ani-
mals (see Fig. 5) (56). Although inhibition of tumor growth was observed in animals
treated with the 34.5 mutant at 10-fold higher doses of virus, equivalent doses of the
suppressor virus still proved more effective. In addition, long-term responders were
only seen in animals treated with the suppressor virus (56). A second study arrived at
similar conclusions using an independently constructed virus (G47D) that contained a
suppressor mutation in a G207 genetic background using a different tumor model.
Following two treatments with 106 pfu of G47D, 66% of subcutaneous human gliomas
implanted into athymic mice completely regressed and exhibited no signs of regrowth
during a 3-mo follow-up period whereas only 25% of G207 treated gliomas responded
accordingly. Moreover, G47D significantly prolonged the survival of tumor bearing
animals (57). Likewise, a third study found that a 134.5 mutant expressing Us11 as an
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Fig. 4. Genetic structure of an attenuated, oncolytic HSV-1 34.5 null virus with an additional growth
enhancing mutation. The location of the 34.5 deletion (A) and the additional extragenic suppressor
mutation (B) is shown on the viral genome. The unique long (UL) region and unique short (Us)
region are shown as solid lines. Repetitive regions appear as open rectangles. This neuroattenuated
suppressor variant contains two mutations: (1) both copies of the 34.5 gene have been replaced with
sequences encoding -glucuronidase (A); and (2) a 583 bp deletion ( ) that spans the junction region
where the viral Us segment joins the TRs component (B). The Us10, Us11, and Us12 open reading
frames are shown. The segment of the Us12 open reading frame that is removed by the deletion is
represented as a broken rectangle. The two RNA’s that are synthesized appear as arrows above the
open reading frames. Promoter elements that direct the synthesis of these RNAs appear as stars and
each promoter is normally associated with either the Us10, Us11, or Us12 ORF (denoted by the num-
ber 10,11, or 12 at the lower right of each star). Note that the suppressor deletion removes the endo-
genous late Us11 promoter and a large segment of the Us12 ORF, including the ATG codon. This
allows the transcript initiating from the immediate-early Us12 promoter in the TRs to direct the syn-
thesis of the Us11 protein. Accumulation of Us11 at immediate-early times allows the suppressor
mutant to sustain protein synthesis and thus replicate in nonpermissive cells that do not support the
growth of 34.5 mutants. Furthermore, IE expression of Us11 also renders the virus resistant to inter-
feron , whereas simple 34.5 mutants remain exquisitely sensitive.



IE protein was more effective than a simple 134.5 deletion mutant in inducing pro-
longed regression of several different human tumors implanted into athymic mice.
Instead of using a laboratory HSV-1 strain, the latter study introduced a 134.5 deletion,
either alone or in conjunction with a suppressor mutation allowing for IE Us11 expres-
sion, into a freshly isolated clinical HSV-1 strain (58). Finally, in addition to overcom-
ing the block to protein synthesis seen in cells infected with a 134.5 mutant derivative,
the suppressor mutation, by allowing the production of Us11 as an IE protein, confers
interferon resistance and allows a 134.5 mutant virus to counteract this important arm
of innate host defenses (45).

Other avenues to genetically modify 134.5 mutant derivatives have met with limited
success. In one approach, the 134.5 gene was reintroduced into the viral genome such that
it is expressed from a conditional promoter active only in dividing cancer cells. Although
this virus demonstrated greater oncolytic activity and remains dramatically more attenu-
ated than wild-type HSV-1, it also was more neurovirulent (LD50 2.7 × 107 pfu) than the
parental 134.5 mutant and serves to illustrate the potential drawbacks of viruses that carry
wild-type alleles of the 134.5 gene (59,60). The oncolytic potential of an engineered virus
with a single copy of the 134.5 gene and a mutation in a repetitive genome component
thought to render it non-neuroinvasive has also been explored (see Fig. 6). This strain,
R7020 and its clonal derivative NV1020, was originally developed as a vaccine candidate
that expressed HSV-2 glycoproteins and while non-neuroinvasive, is substantially more
neurovirulent than 134.5 deficient viruses (61,62). Although R7020 and NV1020 replicate
more effectively in tumors than a 134.5 null mutant, they are not suitable for use in CNS
tumors (63). A different strategy involved replacing the 134.5 gene with a hybrid gene
encoding a fusion protein where the amino terminus of the 134.5 protein was joined to the
C-terminal segment of the rodent GADD34 gene, myD116. Whereas this recombinant was
sufficiently neuroattenuated, it was unable to enhance the survival of mice with syngeneic
gliomas beyond that achieved with a 134.5 mutant virus (21).

Finally 134.5 mutant derivatives have been constructed that express ectopic trans-
genes, such as a soluble version of the immunostimulatory molecule B7-1 or the
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Fig. 5. Evaluation of 34.5 mutant derivatives that express Us11 at IE times as an antitumor agent in
an animal model of human prostate cancer. Balb/c nu/nu mice (n = 5 for each treatment group) harbor-
ing established, subcutaneous PC3 tumors measuring approximately 50 mm3 received a single injec-
tion containing 2 × 106 pfu of either the 34.5 deletion mutant 34.5 (▲, dotted line) the suppressor
mutant SUP (�), or a virus free lysate prepared from mock infected cells (◆). Tumors were measured
every 2 d for 34 d and the average normalized values reflecting relative tumor size on each day were
plotted. The initial tumor volume immediately prior to treatment was normalized to a relative size of
1.0. Error bars reflect the standard error of the mean. Reprinted with permission from ref. 56.



cytokines interleukin 4 (IL-4), IL-12, granulocyte, macrophage colony stimulating fac-
tor (GM-CSF), which are secreted from infected cells and possibly enhance tumor
regression without augmenting the replicative ability of the oncolytic virus (58,64,65).
In a syngeneic mouse glioma model, animals treated with vehicle or the parent 134.5
mutant virus exhibited a mean survival of approximately 19.5 d, whereas animals
treated with an IL-12 producing 134.5 mutant had a median survival of 50.5 d. IL-12
additionally caused increased infiltration of immune effector cells into the tissue (65).
This could potentially augment the antitumor immune response, or alternatively, it
might prove problematic, inflicting damage to surrounding normal tissue or hindering
oncolysis by promoting enhanced virus clearance. At least in a subcutaneous flank
model of murine squamous cell carcinoma treated with an IL-12 expressing NV1020
derivative, which although non-neuroinvasive remains neurovirulent because of the
presence of a wild-type 134.5 gene, the first of these possibilities appears to prevail.
Direct injection of the IL-12 producing NV1020 virus, NV1042, into the tumor not
only resulted in greater regression when compared with tumors treated with the
parental, noncytokine expressing virus, but also, upon subsequent rechallenge of treated
animals with additional cancer cells, was more effective at preventing tumor growth on
the contralateral flank. This latter effect required CD4+ and CD8+ T-cells, suggesting
that the IL12 expressing virus was able to stimulate a superior antitumor immune
response (66).

9. SPREADING THE WORD: CAN ONCOLYTIC VIRUSES DELIVER
SYSTEMIC RESULTS?

Whereas direct treatment of the primary tumor is a viable option, it is not always
practical; moreover, in many cancers, it is recurrent disease often emerging at distant
sites from micrometastases that ultimately prove fatal. With this in mind, other studies
have explored alternate modes of administering oncolytic viruses and their effectiveness
against disseminated disease. Systemic intravenous delivery of oncolytic HSV-1 strains
can regress subcutaneous primary tumors implanted into mice (50,67). Although the
mechanism remains unclear, tumor cells seem to exhibit an inherent predilection for
infection following the systemic administration of an oncolytic virus (68). In addition,
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Fig. 6. Genetic structure of a neurovirulent, non-neuroinvasive oncolytic virus suitable for use in non-
CNS tumors. R7020, the parent virus of this line, was initially designed as a potential vaccine candi-
date. These viruses (R7020, NV1020 and transgene containing derivatives in strain F) contain one copy
of the 34.5 gene and a deletion affecting the endogenous thymidine kinase (tk) gene. A cassette that
ectopically expresses the viral thymidine kinase gene from an immediate-early (IE) promoter (star) and
HSV-2 glycoproteins (double line) replaces the repetitive component containing the second copy of the
34.5 gene. These viruses therefore produce both the thymidine kinase and 34.5 gene products.



treatment of established intracerebral tumors with IV injection of an oncolytic HSV-1
mutant was markedly enhanced by cobra venom phosphatase mediated complement
depletion and cyclophosphamide, an immunosuppressive agent that blocks both the neu-
tralizing antibody as well as innate responses (50,69). Finally, following injection into
the primary tumor, HSV-1 can spread through the lymph system to sites of distant, lym-
phatic metastases (70).

In a different vein, the acquired immune response of the host holds promise to aug-
ment the antitumor activity of an oncolytic virus. Although a large fraction of the pop-
ulation is seropositive for HSV-1 by adulthood, this does not appear to significantly
hinder the antitumor potential of the virus in HSV-1 seropositive mice with syngeneic
tumor implants (58,71–73). In other experiments where syngeneic tumors were bilater-
ally implanted into HSV-1 naïve mice and only one tumor was injected with G207,
both tumors regressed whereas only the injected tumor was positive for lacZ, a marker
for G207 infection (74). Intradermal inoculation with G207 did not produce tumor
regression, suggesting that this effect was dependent on delivery of the virus to the
tumor. Furthermore, a CD8+ cytotoxic T-cell response directed against a dominant
tumor specific MHC class I restricted epitope presented by the cancer cells was associ-
ated with regression of uninfected tumors (74). This elevated CTL activity directed
against the tumor cells persisted for at least 13 mo (75). Thus, oncolytic HSV-1 mutants
appear to be capable of fostering a systemic antitumor response in mice, one compo-
nent of which involves the generation of tumor specific cytotoxic T-lymphocytes
(CTLs). Moreover, this ability of oncolytic viruses to induce regression of tumors at
distant sites appears to be enhanced by the inclusion of cytokine encoding genes in the
viral genome. The efficacy of NV1042, a NV1020 derivative expressing IL-12, a
cytokine secreted by antigen producing cells that exhibits antitumor effects in mice,
was examined in a mouse model of squamous cell carcinoma with pulmonary meta-
stases (76). Tumor bearing mice treated intravenously with NV1042 displayed a dra-
matic reduction in pulmonary nodules and enhanced survival compared with mice
treated with PBS or NV1023, a virus isogenic to NV1042 that does not express IL-12.
Strikingly, 100% survival of animals injected with a low tumor burden (1 × 105 SCC
cells) and treated with NV1042 was achieved, whereas only 70% of animals treated
with NV1023 survived. The enhanced efficacy of NV1042 relative to NV 1023 was
abrogated by depletion of CD4+/8+ T-cells, suggesting that the impact of IL-12 expres-
sion required these components of the acquired immune system (76). Likewise, the
ability of a 134.5 suppressor mutant which produces Us11 as an IE protein to induce
regression of contralaterally implanted, noninjected tumors was enhanced if the virus
also encoded GM-CSF (58). Notably, it was not possible to reestablish tumors in ani-
mals where the tumors were successfully eradicated by prior oncolytic virus treatment,
suggesting that an antitumor immune response had indeed developed (58).

10. FROM THE LABORATORY TO THE CLINIC: ONCOLYTIC HERPES
SIMPLEX VIRUSES APPEAR SAFE IN TRIALS, BUT JUST HOW

EFFECTIVE WILL THEY BE?

Within the past few years, two independent dose escalation phase I clinical trials
using two different 134.5 mutant derivatives, G207 (21 patients) and 1716 (9 patients),
were completed in patients with recurrent glioblastoma who have failed to respond to
conventional therapies (16,17). The oncolytic viruses were generally well tolerated. No
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adverse events, such as acute toxicity, viral shedding, clinically evident reactivation or
encephalitis attributable to virus inoculation or replication were observed in either
study at any of the doses, which escalated from 103–105 pfu with 1716 and 1 × 106–
3 × 109 with G207 (16,17). Patient deaths were primarily the reuslt of progressive can-
cer, with one report of radiation necrosis. Two of the G207 treated patients were alive
as of December, 2003 (77). In addition, both studies were unable to establish a maxi-
mum tolerated dose (16,17). More recently, evidence has been obtained that is report-
edly consistent with replication of 1716 within tumor samples over time, supporting the
concept of tumor destruction by viral oncolysis (78). Finally, multiple injections of
1716 directly into skin lesions of a limited number of melanoma patients have pro-
ceeded without any harmful effects (79). A phase Ib/II study involving G207 is cur-
rently underway open to patients with recurrent glioblastoma that has been refractory
to prior chemotherapy (NLM identifier NCT00028158; www.clinicaltrials.gov). In the
phase Ib segment, doses will escalate from 109–1010, and provided no safety issues
arise, the phase II component aimed at evaluating efficacy will begin using the highest
dose tolerated in the phase Ib study. Studies to determine the efficacy of 1716 treatment
are set to proceed as well.

Clinical trials have also commenced using NV1020 to treat colon cancer that has
spread to the liver and has not responded to prior chemotherapy (NLM identifier
NCT00012155; www.clinicaltrials.gov). This study, which is no longer recruiting
patients, is a dose escalating protocol designed to evaluate the safety, tolerability, and
antitumor activity of a single intrahepatic arterial injection of NV1020. Although this
virus replicates more robustly than 134.5 null strains, it is substantially more virulent,
presumably because it produces the 134.5 gene product, and is unsuitable for use in
the CNS. As this strain is non-neuroinvasive and cannot gain entry into the CNS, it may
be useful in treating non-CNS tumors that are refractory to traditional therapies.
Extensive prior study of R7020, the parent of NV1020, as a putative vaccine strain
demonstrated its safety for non-CNS administration to rabbits, rodents, and nonhuman
primates (61,62). However, one must not lose sight of the fact that this strain is neuro-
virulent and, unlike strains with 134.5 null alleles, could prove harmful if it was some-
how introduced into the CNS.

11. MINING THE FINDINGS OF BASIC SCIENCE: SOME THOUGHTS
ON FUTURE PROSPECTS

Without a doubt, the development of engineered oncolytic HSV-1 derivatives from the
bench to the clinic has been remarkable, feeding off of basic science discoveries, some of
them inadvertent, which produced further innovation in the area of designer oncolytic
viruses. The fact that 134.5 derivatives can safely be introduced into the brains of human
patients, many of whom have had immunosuppressive treatments, is truly remarkable,
and is of course a prerequisite for their clinical use (16,17). However, the fact that most

134.5 mutant derivatives, including both of the mutants in clinical trials, are impaired in
their ability to replicate in many types of human cancer cells has been documented in
numerous laboratories and clearly compromises their oncolytic activity. This deficiency
has only been intensified by the subsequent introduction of additional mutations to create
multimutated strains, such as G207. Whereas these additional mutations certainly serve
as additional checks on safety, their overriding effect is to reduce the global ability of the
virus to replicate and thereby severely diminish its oncolytic potential. Only continued
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phase II studies in humans will be able to definitively establish their efficacy. Should they
successfully stimulate a host immune response against the tumor, they might conceivably
display substantial efficacy in the absence of any adjuvant therapy. On the other hand,
although a pre-existing, experimentally induced immune response appears not to hinder
the oncolytic efficacy of 134.5 mutant viruses in mice, it does not preclude the possibil-
ity that the existing immune response in humans, confronted with numerous episodes of
viral reactivation over their lifetime, may adversely impact the oncolytic ability of these
viruses. Should this latter scenario prove true, poor replication of these strains may foster
the immune mediated clearance of the virus given that most adults are seropositive for
HSV-1, thus severely limiting their effectiveness as has been reported for oncolytic adeno-
viruses lacking the viral E3 immunomodulatory function (80).

Phase I safety trials are also underway using non-neuroinvasive viruses to treat
cancers other than CNS malignancies. Whereas viruses such as NV1020 replicate sub-
stantially better than 134.5 mutant derivatives in cancer cells, they remain highly
neurovirulent reflecting the fact that they contain a functional 134.5 gene. True, these
strains are susceptible to multiple antiviral agents, and R7020, the NV1020 parent
strain, in particular has been subjected to extensive testing in older studies as a vaccine
candidate (61,62). However, the presence of a wild-type neurovirulence gene is difficult
to overlook and it is somewhat surprising that more efforts have not been made to
assess the safety of a neuroattenuated virus with improved growth properties, such as

134.5 mutant derivatives that express Us11 as an IE protein, in nonhuman primates
and if the results warrant into phase I human trials.

134.5 mutant derivatives that express Us11 as an IE protein seem to represent an
attractive alternative, remaining attenuated because of the complete absence of any 134.5
genetic material while replicating effectively in human cancer cells. In the absence of the

134.5 gene product, the Us11 polypeptide is able to prevent PKR activation and the sub-
sequent accumulation of phosphorylated eIF2 , thus overcoming the major obstacle lim-
iting the replicative potential of 134.5 mutant derivatives in human cancer cells. In
addition, IE Us11 expression confers interferon resistance upon a virus that was formerly
exquisitely interferon sensitive, allowing the oncolytic virus to resist the onslaught of
innate host defenses. Without the ability to counter this arm of host innate immunity, the
replicative ability and capacity of a 134.5 mutant derivative to spread throughout the
tumor mass is likely to be severely curtailed. Indeed, 134.5 mutant derivatives that
express Us11 as an IE protein are substantially more effective oncolytic agents in either
the genetic background of the multi-mutated G207 strain or simply in the context of a

134.5 deletion mutant (56–58). Although 134.5 mutant derivatives that express Us11 as
an IE protein and remain neuroattenuated were initially discovered through the isolation
of 134.5 extragenic or second-site suppressor mutations, a lone report describes an alto-
gether different class of 134.5 variants which exhibit partially restored neurovirulence
(LD50 = 4.8 × 105 pfu) in the absence of alterations to Us11 expression or the Us—TRs
region of the genome (81). However, although this could possibly raise concerns that any

134.5 mutant derivative, including multimutated strains like G207, might sustain addi-
tional mutations that enhance virulence to some degree, its significance remains unclear,
as the nature of the mutation or mutations responsible for this phenotype has never been
identified. Misgivings regarding virulence, although important, seem to have been applied
selectively, given that viruses like NV1020 which have advanced into clinical trials for
non-CNS tumors are themselves neurovirulent, containing a wt 134.5 gene, whereas the

134.5 suppressor mutant that expresses Us11 as an IE polypeptide remains as attenuated
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as their 134.5 counterparts at the doses examined, which escalated up to 2 × 107 pfu, and
has never been observed to produce a neurovirulent variant. In due course, provided that
they prove safe in aotus monkeys, which are exquisitely sensitive to HSV-1, the utility of

134.5 derivatives that express Us11 as an IE protein, may supplant current interest in
using HSV-1 strains that carry wt 134.5 genetic material as oncolytic agents.

Owing to the location of the Us11 late promoter and the nature of the deletion that
removes it, permitting transcripts initiating from the Us12 IE promoter to encode the
Us11 polypeptide, 134.5 derivatives which express Us11 as an IE protein are also defi-
cient for the Us12 gene product. As an immunomodulatory protein that inhibits the cell-
ular TAP polypeptide, preventing MHC class I molecules from complexing with peptide
antigens in the ER lumen, the absence of Us12 function may in fact contribute an
unforeseen layer of safety and attenuation upon these oncolytic strains in vivo (82–84).
Of course, the absence of Us12 might play itself out in one of two ways. In the first,
increased presentation of viral antigens on the surface of infected cells might result in
increased clearance of the oncolytic virus, effectively eliminating the infection and its
chances of spreading through the tumor. In the second scenario, one may posit desir-
able consequences resulting from the enhanced presentation of viral antigens, such as
the production of a more robust immune response against tumor antigens capable of
destroying not only cells within the primary, treated tumor, but micrometastases that
have disseminated to distant sites. The reduced efficiency with which Us12 functions in
a mouse, regrettably, makes it difficult to assess which of these two possibilities is des-
tined to occur in humans by experimenting with animal models (85).

Whereas all of the oncolytic HSV-1 strains in use to date rely somehow on restricting
replication to cancer cells based upon interactions between viral and host proteins inside
the cell, a promising alternative approach is to restrict the entry of oncolytic HSV-1 deriv-
atives to malignant cells. This strategy could potentially be applied to create new oncolytic
strains, either as a stand-alone modification or engineered into existing attenuated
oncolytic strains as an additional level of tumor specificity and safety. Normally, entry of
HSV-1 into cells involves an association between heparan sulfate on the cell surface and
viral glycoproteins gB along with gC. Interaction of gD with its receptors, HveA and
nectin, mediates subsequent membrane fusion (86). Targeted entry of HSV-1 has been
achieved by removing the heparan sulfate binding glycoproteins gB/gC, and engineering
a gD variant that: (1) can no longer interact with HveA; (2) retains the ability to bind the
nectin coreceptor; and (3) contains a new domain conferring alternate receptor binding
specificity. Such a strategy was first illustrated by inserting IL13 encoding sequences into
the gD gene at codon 24 (87). Importantly, this recombinant virus only replicates in cells
expressing the IL13 receptor, a molecule typically abundant on the surface of glioma
cells. However, the frequency with which tumor cells resistant to this synthetic mode of
HSV-1 entry arise has not been investigated and could severely curtail its utility.

12. CONCLUSION

“We shall not cease from exploration
And the end of all our exploring

Will be to arrive where we started
And know the place for the first time.”

– T.S. Eliot, Four Quartets, 1942.
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The revolutionary technical developments in molecular biology, coupled with
tremendous advances in our understanding of the genetics behind HSV-1 neuroviru-
lence have made the development of engineered, attenuated strains for use as oncolytic
viruses possible. Whereas experiments in animal models have revealed both the various
strengths and weaknesses that surround each of the strains that have been created in the
laboratory, other information can only be learned through advancing these candidates
into the clinic. It is extremely encouraging that the first of these agents have been safely
administered to an infirm patient population suffering from a truly devastating condi-
tion. Completion of phase II trials with G207 and 1716 will be required to learn just how
effective they are. Then, of course, their use as adjuvant treatments along with existing
therapies can be investigated. Hopefully, successive 134.5 mutant derivatives with
heightened efficacy in animal models will be examined for their safety in nonhuman pri-
mates and make their way into phase I trials. One thing, however, is almost certain—that
as our understanding of how HSV-1 interfaces with its human host increases we will
learn ever more about how the 84 viral genes presently known execute a bewildering
array of tasks that completely dominates host cell metabolism. We are likely to uncover,
or perhaps more appropriately, stumble upon the unexpected. Perhaps it is the un-
expected that will one day put the finishing touches on the genetic alchemy begun in the
last decade of the last century, and allow human kind to tame a pathogenic virus.
Redirecting its pathogenic gene expression program to a therapeutic end.  
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Summary
Alphavirus vectors can infect a broad range of mammalian cells both in cell cultures and in vivo.

The presence of the RNA replicon generates extreme RNA levels in infected cells, which is the basis
for the very high levels of heterologous gene expression. Application of replication-deficient vectors
leads to short-term expression, which makes these vectors highly attractive for cancer gene therapy.
Alphaviruses can be used as vaccine vectors for both prophylactic and therapeutic applications. In this
context, the P185 tumor antigen and human papilloma virus gene E7, when administered in mice,
resulted in protection against tumor challenge and tumor regression in animals with pre-existing
tumors. Alphavirus vectors carrying therapeutic or toxic genes used for intratumoral injections have
demonstrated efficient tumor regression. For systemic delivery, expression targeting has been obtained
by the introduction of targeting sequences in the envelope structure of the virus. Alternatively,
alphavirus particles have been encapsulated in liposome, which can target tumor cells.

Key Words: Alphavirus vectors; cancer vaccines; intratumoral injection; tumor targeting.

1. INTRODUCTION

Alphaviruses belong to the Togaviruses and harbor a single-stranded RNA genome
surrounded by a capsid structure and envelope spike proteins embedded in a lipid
bilayer (1). The genome consists of four nonstructural genes (nsP1–4) and the capsid
protein and two or three envelope proteins (E1–E3). The function of nsP1 is to initiate
the minus-strand RNA synthesis and capping of viral RNAs, whereas nsP2 possesses
protease and helicase activities and nsP4 contains the catalytic subunit of viral RNA
polymerase (1). Although the precise function of nsP3 is not known, it is described to
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be a phosphoprotein involved in RNA replication (2). The host range for alphaviruses is
broad and includes insect, amphibian, reptile, avian, and mammalian cells. The infec-
tion occurs through the recognition of cell-surface receptors and, although these have
not been definitely identified for all alphaviruses, it is suggested that common receptors
for many cell types, such as laminin receptors, are the targets for alphaviruses (3). After
the initial cell recognition step, the virus particles are brought into the cytoplasm either
through fusion of the viral envelope structures to the host cell or by endocytosis depend-
ing on the cell type. Next a minus-strand copy is generated from the plus-strand genome
as a template for generation of extreme numbers of new plus strand copies. Both full-
length 42S RNA and the subgenomic 26S RNA encoding the structural genes are syn-
thesized in the cells. The capsid protein forms the nucleocapsid structure together with
the single-stranded viral RNA and nucleocapsids are transported to the plasma mem-
brane. Simultaneously, the envelope proteins are processed through the rough endo-
plasmatic reticulum and Golgi to the plasma membrane encapsulating the nucleocapsid,
which results in release of mature virus particles by budding. The process is highly effi-
cient generating virus particles with titers of 109–1010 particles/mL within 24 h.

To apply alphaviruses for heterologous gene expression, basically three types of vec-
tors have been engineered (see Fig. 1).

1. Replication-deficient vectors. For this application, the alphavirus nonstructural and
structural genes have been split on separate plasmid vectors. The nonstructural genes
and the subgenomic 26S promoter followed by a multilinker cloning region have been
introduced into the expression vector downstream of a prokaryotic T7 or SP6 RNA
polymerase promoter for in vitro transcription of RNA (4). Likewise the structural
genes are transcribed from helper vectors in trans as a safety precautious to prevent the
generation of replication competent particles. Furthermore, to eliminate homologous
recombination between RNA generated from expression and helper vectors, the capsid
and envelope genes have been split on separate helper vectors (5). Once RNA mole-
cules have been transcribed from the two vectors, these are introduced into BHK-21
(baby hamster kidney) cells by either electroporation or applying transfection reagents.
Rapid RNA replication generates up to 200,000 RNA copies/cell, which results in effi-
cient production of recombinant virus particles. As the packaging signal is located on
the recombinant RNA only, this species of RNA will be packaged into the nucleocap-
sid leading to generation of replication-deficient particles. However, these particles can
be applied for only one round of infection of various host cells to generate high tran-
sient expression levels of recombinant proteins as described below.

2. Replication-competent vectors. Especially for in vivo applications, where an extended
expression pattern and spread of infection is advantageous, vectors with ability to repli-
cate could be attractive. In this context, a second subgenomic promoter with a down
stream multilinker cloning region was engineered into vectors with a full-length
alphavirus genome (6). Although different constructs have been engineered the most
common site for the insertion of the second subgenomic promoter has been down-
stream of the E1 gene in the 3 nontranslated region (6). Generally, the replication-
competent vectors have been less frequently used than the replication-deficient ones.

3. DNA-based vectors. Replacement of the T7 or SP6 RNA polymerase promoter with a
cytomegalo virus (CMV) or RSV promoter has allowed the use of alphavirus vectors
directly in the form of plasmid DNA (7). In this form, plasmid DNA can conveniently
be directly introduced into mammalian cells for transient heterologous gene expres-
sion. However, using this approach the advantage of the broad range of alphavirus



infection is lost as the gene delivery success relies on DNA transfection methods.
Introduction of a type II promoter in the helper vector, DNA-based vectors have also
been applied for virus production although the titers have generally been 100-1000 fold
lower than observed from RNA-based vectors (8).

Several alphaviruses have been subjected to vector development. The most frequently
used alphaviruses are Semliki Forest virus (SFV) (4), Sindbis virus (SIN) (9), and
Venezuelan equine encephalitis virus (VEE) (10). SFV, SIN, and VEE have shown very
similar features concerning host range, cytotoxic effect on infected host cells and trans-
gene expression. Both SFV and SIN have been frequently used for recombinant protein
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Fig. 1. Schematic presentation of alphavirus vectors. (A) Replication-deficient RNA-based expres-
sion vector. (B) RNA-based helper vector. (C) Replication-proficient RNA-based expression vector.
(D) DNA-based expression vector. Gol, Gene of interest; Rep, Replicase signal.
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Fig. 2. Broad host range of alphaviruses. (A) SFV-LacZ infection of BHK cells. (B) SFV-GFP infec-
tion of rat primary hippocampal neurons. (C) SFV-LacZ infection of human prostate tumor cell line
DU-145. (D) Ex vivo SFV-LacZ infection of prostate biopsy. (E) SFV-LacZ infection of rat hippo-
campal slice culture. (F) Stereotactic injection of SFV-LacZ virus into rat brain. (G) Systemic deliv-
ery of liposome-encapsulated SFV-LacZ virus in SCID mice with human LnCaP xenografts.

expression in mammalian cell lines (11,12), in primary neurons (13), in hippocampal
slice cultures (14), and in vivo (15,16) (Fig 2). SFV in particular has been applied for success-
ful high-level expression of integral membrane proteins such as G protein-coupled
receptors and ligand-gated ion channels, generally known to be difficult to express
(17). This has allowed studies on pharmacology and cell biology of many therapeuti-
cally important receptors and has provided material for drug screening programs and
structural biology. Alphavirus vectors have been frequently used for expression of
tumor antigens (18) and viral antigens (19) in approaches to develop vaccines.
Moreover, alphavirus vectors have been used as gene delivery tools in neuroscience and
also as vectors in experimental cancer gene therapy.

In this chapter, the applications of alphavirus vectors for cancer vaccines and also as
delivery vehicles for therapeutic genes in cancer are described. Much attention is paid to
vector development to improve the expression properties treatment and to modify the toxi-
city of the alphaviruses themselves. Safety issues related to the use of viral vectors are also
discussed. Finally, the possibility of targeting systemic delivery of alphaviruses is presented.

2. ALPHAVIRUS USED IN CANCER VACCINES

Alphavirus vectors have frequently been applied for vaccine production. In this con-
text, recombinant particles as well as naked nucleic acids have been applied. The proof
of concept was originally demonstrated for viral surface proteins known for their poten-
tial immunogenicity and capability to induce cytotoxic T-cell (CTL) responses and pro-
tection against challenges with lethal viruses (20). Moreover, immunization against
tumor challenges has resulted in some promising observations (Table 1). For instance,
injection of RNA from an SFV vector expressing bacterial -galactosidase into mice
provided protection against tumor challenges (21). Administration of recombinant SFV
particles expressing the P1A gene resulted in protection against P185 tumor challenges
in mice (22). The human papilloma virus (HPV) E6 and E7 oncoproteins have been



expressed from various alphavirus vectors (23,24). For instance, when mice were vac-
cinated with VEE vectors expressing the HPV type 16 E7 gene, protection against new
tumor development could be established (25). Expression of the E6 and E7 genes as a
fusion protein from SFV vectors led to a strong and long-lasting CTL response (24).
Furthermore, the tumor growth was prevented in animals with xenografts and new
tumor generation did not occur in vaccinated animals. In another study, SIN particles
with the herpes simplex virus type 1 VP22 protein fused to HPV E7 demonstrated an
antitumor response in vaccinated C57BL/6 mice (25). Comparative studies with DNA
vectors, RNA replicons and viral particles indicated that the best therapeutic effect was
achieved by particle administrations.

In another approach, dendritic cells were isolated from mouse bone marrow and
subjected to ex vivo infection with SFV particles expressing B16 and 203 antigens.
Immunization of mice with these cells gave protection against challenges with B16
and 203 gliomas (26). Tumor-bearing animals also showed prolonged survival after
vaccination. A similar approach was taken for SFV vectors expressing interleukin 12
(IL-12), which demonstrated that a therapeutic immunization with dendritic cells
(DCs) pulsed with SFV-IL-12 prolonged the survival of mice with established tumors
(27). In another study, DCs infected with SFV-IL-18 and/or systemic administration
of IL-12 were injected into mice with B16 brain tumors, which resulted in enhanced
T-helper type 1 response from tumor-specific CD4+ and CD8+ T-cells and in antitumor
immunity (28).

3. ALPHAVIRUS FOR THE TRANSFECTION OF TUMOR CELL LINES

The broad host range of alphaviruses has made it possible to obtain transgene expres-
sion in various cell lines including human tumor cell lines. Using the SFV-LacZ virus
for the expression of the -galactosidase reporter gene, it was demonstrated that human
prostate tumor cell lines such as JCA-1, PPC-1, TSU-PR1, ALVA-1, PC-3, DU-145 and
LnCaP could not only be efficiently infected, but that SFV also induced an apoptotic
response (29). Moreover, the same apoptotic response has been observed in prostate
biopsies from patients transduced ex vivo with SFV-LacZ. In another study, tumor cell
lines were infected with SFV vectors carrying a fusion construct of the green fluorescence
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Table 1
Application of Alphavirus Vectors for Tumor Vaccinations

Vector Gene target Vehicle Animal model Response Ref.

SFV IL-12 Particles Mouse Immunogenicity (27)
IL-18 Particles Mouse Tumor protection (28)
HPV E6-7 Particles Mouse Tumor protection (24)
B16 Particles Mouse Tumor protection (26)
203 Particles Mouse Tumor protection (26)

-galactosidase RNA Mouse Tumor protections (21)
MHC Class II Particles/DNA Mouse Immunogenicity (57)
P185 Particles Mouse CTL, tumor protection (33)

SIN HPV E7-VP22 Particles Mouse CD8+ T-cell response (25)
tyr-related prot 1 DNA Mouse Antitumor activity (58)

VEE HPV E7 Particles Mouse Tumor protection (23)



protein (GFP) and herpes simplex virus thymidine kinase (HSV-tk) gene, which allowed
parallel monitoring of the infection efficency by fluorescence (GFP) and tumor killing
(HSV-tk) after ganciclovir (GCV) administration (30). To simulate in vivo conditions,
only low multiplicity of infection (MOI) was applied, which resulted in fairly modest
GFP expression. However, the tumor killing was much better than anticipated because
of the by-stander effect previously observed for HSV-tk treatment (31). These studies,
however, made it clear that the delivery of the therapeutic gene is essential and
approaches such as intratumoral injections or improved targeting for systemic delivery
are essential.

4. INTRATUMORAL GENE DELIVERY BY ALPHAVIRUS

Alphavirus vectors have been applied for several studies in tumor animal models. In
this context, SFV particles expressing the p40 and p35 subunits of the murine inter-
leukin-12 (IL-12) gene were injected into mice bearing B16 melanoma tumors (32).
The tumor development was followed by Doppler ultrasonography and demonstrated a
significant tumor regression as well as inhibition of tumor blood vessel formation. It
was also shown, that repeated injections improved the tumor regression efficacy. In
another study, significant regression of P185A tumor growth was achieved after intra-
tumoral injections with SFV-IL-12 vectors (33). The size of the tumor played an impor-
tant role in relation to efficacy as treatment of large tumors was less successful. The
intratumoral injections also presented prophylactic efficacy, as long-term immunity and
absence of reoccurrence of tumors were achieved.

The capacity of SFV particles to induce apoptosis in infected cells has allowed
tumor regression responses also after intratumoral expression of reporter genes only.
For instance, intratumoral delivery of SFV-GFP particles into human lung tumor
xenografts in nude mice showed a rapid regression of tumor volumes (34). The best
efficacy was achieved after three injections on consecutive days followed by three
additional injections 1 wk later. Expression of proapoptotic genes such as Bax from
SFV vectors increased cell death in BHK-21 cells and also in AT3, a rat prostate
cancer cell line, where the antiapoptotic gene Bcl-2 was overexpressed (35). However,
the production of SFV-Bax virus was problematic as the proapoptic Bax gene killed
the cells needed for amplification of the virus, resulting in very low virus titers.
Reduction of the growth temperature to 33°C improved to some extent the virus pro-
duction. Applying SFV-Bax particles to nude mice with implanted AT3-Neo and AT3-
Bcl-2 tumors resulted in reduction of tumor growth.

Intraperitoneal administration of SFV particles was studied with luciferase as a
reporter gene, which demonstrated high-level expression in the peritoneal lining and
in tumor cells in the peritoneal cavity (36). Despite intraperitoneal injections the
spread into other organs such as the liver, spleen, and lungs was low. The introduction
of the granulocyte-macrophage colony-stimulating factor (GM-CSF) in the SFV vec-
tors to therapeutically activate tumor cell killing by macrophages resulted in tumor
growth inhibition, but not in prolongation of the survival of animals with implanted
tumors.

5. TUMOR TARGETING OF ALPHAVIRUS VECTORS

The broad host range of alphaviruses, and particularly their strong preference for
neuronal cells, has made cell/tissue specific targeting an especially important issue.
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One approach to obtain targeting for SIN has been to introduce IgG binding domains of
protein A in the envelope proteins of SIN (37). The study demonstrated that inserts
could be introduced in a specific region in the envelope protein E2, which did not affect
the viability and infectivity of generated SIN particles. The chimeric SIN particles
showed a significantly reduced infectivity could be established through the protein A
domain by treatment of cells with a monoclonal antibody against a cell surface protein.
In another study, it was demonstrated that a single point mutation in one of the SIN
envelope proteins resulted in preferential infection of DCs (38). A recent approach has
included the engineering of a fusion between avidin and the low-density lipoprotein
(LDL) receptor for targeting biotinylated molecules to desired tissues (39). Studies in
vivo demonstrated that malignant rat glioma tumors were transduced by SFV contain-
ing such avidin fusion proteins.

Yet another approach to obtain tumor selective transfection was attained by encapsu-
lation of recombinant SFV particles in liposomes (40). By this procedure, targeted gene
delivery to human LnCaP prostate tumors implanted in severe combined immuno-
deficiency (SCID) mice was achieved after systemic delivery of encapsulated SFV-LacZ
particles. Systemic administration of encapsulated SFV particles expressing the p40
and p35 subunits of IL-12 to SCID mice with human Panc-1 pancreatic tumors resulted
in statistically significant reduction in tumor growth after a single injection (41).
Furthermore, an initial phase I study on advanced melanoma and kidney carcinoma
patients demonstrated the safe use of this SFV vector in humans. In this study the
maximum tolerated dose (MTD) for encapsulated SFV-IL-12 particles was 3 × 109

particles/m2, which might seem relatively low compared with doses for other viruses,
usually administered in the range of 1011 particles. However, in this case the dose is
mainly dictated by the fever response observed in patients after high IL-12 expression.
The IL-12 expression in patients was transient and the IL-12 levels returned to normal
levels after 5 to 7 d. Re-administration of encapsulated SFV particles did not induce
any immune response, another indication of safe use in humans.

A recent study on the systemic delivery of SIN vectors has generated some un-
expected and controversial results (42). Without engineering any targeting sequences
on the SIN vectors it was demonstrated that they efficiently homed to tumor cells;
intraperitoneal injection of SIN-LacZ virus led to specific expression in implanted
BHK tumors. Moreover, strong bioluminescence was observed in animals with BHK
tumors, but not in control mice. SIN vectors were also able to target human
micrometastatic ES-2 ovarian cancer cells. Stable overexpression of luciferase in ES-2
cells (ES-2/luc) permitted microscopic monitoring of tumor growth. Subcutaneous
daily injections of SIN-IL12 virus led to a tumor load of 6.2% of that observed from
control animals. Probably the most astonishing example came from studies on sponta-
neous fibrosarcomas in the mouse tail. Intraperitoneal injections of SIN-luc virus
resulted in tumor targeted expression. This tropism to tumor tissue of SIN virus, how-
ever, has not yet been studied in full details and it will need additional research of the
mechanisms behind it to eventually apply it in clinical settings.

6. PRODUCTION OF RETROVIRUS-LIKE PARTICLES BY ALPHAVIRUS

Retrovirus vectors integrate into genomic DNA and, thus, have proven useful for
long-term transgene expression. However, the production of high-titer retrovirus stock
has been problematic. Because alphavirus vectors express heterologous genes at high

Chapter 6 / Gene Therapy of Cancer 115



levels they can be used in the production of retrovirus-like particles. One approach has
been to express the gag-pol, env genes and the genome (LTR- +-neo-LTR) from the
Moloney murine leukemia virus (MMLV) from three individual SFV vectors in BHK
cells (43). This procedure generated retrovirus-like particles at relatively high titers 
(4 × 106 colony forming units/mL). These particles showed similar properties to retro-
viruses and possessed reverse transcriptase activity. Additionally, it was possible to
package intron-containing sequences in these retrovirus-like particles with the aid of
SFV vectors (44).

A second approach has been to in vitro transcribe retrovirus RNA from the 26S
subgenomic promoter and then electroporate the RNA into a retrovirus packaging cell
line (45). The produced retrovirus particles transduced target cells, showed reverse
transcriptase activity and could integrate into the host cell genome. Hybrid SFV-retro-
virus vectors have also been applied for minigene-containing constructs, which resulted
in stable minigene transfer and Factor IX expression (46). Engineering of chimeric vec-
tors where the SFV envelope protein genes were replaced with the murine leukemia
virus (MuLV) env gene allowed packaging of chimeric particles for specific infection
of cells with MuLV receptors (47).

7. SAFETY OF ALPHAVIRUS VECTORS

The pathogenicity of the alphavirus family varies significantly, but the three most
commonly used vectors, SFV, SIN, and VEE, are considered only mild pathogens (1).
There are descriptions of some SFV-related epidemics of febrile illnesses in the Central
Republic of Africa (48). The typical symptoms of the infected individuals were fever
and persistent headache. Some SIN and SFV strains have additionally showed strong
neurovirulence and pathogenicity in young mice.

However, most of the alphavirus vectors used so far are replication-deficient, which
generates one cycle of infection and no further virus progeny production. Additional
safety has been achieved by using attenuated alphavirus strains with a reduced viru-
lence as the basis for vector construction. As homolog sequences are present in alphavirus
expression and helper vectors, there is a slight chance of generating replication compe-
tent particles through homologous recombination. To prevent any amplification and
spread of these particles, conditionally infectious particles can be produced from 
second generation helper vectors with point mutations (49). Applying a split-helper
vector approach with separate helper vectors carrying the capsid and envelope protein
genes has further enhanced the safety (50). For large-scale virus production and future
good manufacturing practice (GMP) grade material for clinical trials the use of packaging
cell lines developed for SFV and SIN vectors is highly recommended (51).

8. VECTOR DEVELOPMENT

The basic alphavirus vectors have shown features that under some circumstances and
for certain applications are less favorable. For instance, alphavirus vectors demonstrate a
strong cytotoxicity on infected cells by two main mechanisms. They induce apoptosis
through activation of caspases and they shut down the endogenous host cell protein syn-
thesis. Obviously, these features are of advantage in cancer therapy, where the goal is to
kill tumor cells. However, many applications would gain from less toxic vectors and pro-
longed survival of host cells, like in antitumor therapy with cytokine genes such as IL-12,
where it might be preferential to achieve extended secretion of interleukins. This is why
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novel SFV and SIN vectors with reduced cytotoxicity have been engineered; point muta-
tions in the nsP2 and nsP4 genes, for example, resulted in temperature-sensitive SIN vec-
tors with lower cytotoxicity (52,53). Similarly, SFV vectors with point mutations in their
nonstructural genes exhibited reduced cytotoxicity (54,55). Another vector, the SFV-PD
vector, which has two point mutations in S259P and R650D displayed enhanced protein
expression, substantially higher endogenous gene expression, reduced host cell cyto-
toxicty and resulted in prolonged survival of host cells. Alphaviruses are generally highly
transient by nature and even for mutant vectors extension of expression for more than 7 d
is rare. However, point mutation L713P in nsP2 of SFV resulted in a replication-persistent
phenotype (56). The introduction of the nsP2-L713P mutation in the SFV-PD vector led
to a low-toxicity vector with relatively long-term expression (for 20 d) (55).

9. CONCLUSIONS AND FUTURE PROSPECTS

Alphavirus vectors have been used for a wide range of applications including recom-
binant protein expression in cell lines, primary cell cultures and in vivo.

Vaccination against tumor challenges has also been frequently explored. Therapeutic
effects have been seen after intratumoral injections in various animal models. The recent
description of SIN vectors homing naturally to tumor tissue is a new and intriguing
finding. This tumor targeting capability can be achieved in alphavirus vectors by intro-
duction of target sequences into envelope genes or by the inclusion of virus particles into
liposomes. This liposomal protection, furthermore, avoids host immune responses and,
therefore, allows repeated vector applications. Engineering of novel, less cytotoxic vec-
tors that lead to prolonged host cell survival will be beneficial for gene therapeutic
approaches that base on the expression of immunostimulatory proteins. The current
challenge of alphavirus vector production for future clinical trials is the development of
vectors, host cell lines and technologies compatible with GMP standards.
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Summary
The ability of RNA viruses to efficiently reproduce in transformed cells was first recognized

nearly 100 yr ago. However, it wasn’t until the late 1990s that a resurrection of the interest in the
ability of certain viruses to preferentially replicate in malignant cells and less so in normal cells
occurred, the curiosity being to evaluate whether these agents could be useful in cancer therapy
regimes. It was following these reports, demonstrating that DNA viruses such as adenovirus and
herpes simplex virus (HSV) could act as antineoplastic agents, that similar encouraging investiga-
tions were conducted using RNA viruses such as reovirus and Newcastle Disease virus, vesicular
stomatitis Virus (VSV), and measles virus (MV). Here we will review the use of RNA viruses as
oncolytic agents in the treatment of malignant disease, focusing on the negative-stranded RNA
virus, VSV. The general mechanisms by which oncolytic viruses such as VSV achieve their anti-
tumor effectiveness and specificity are discussed, including the role of the innate immune system
involving the interferon response.

Key Words: VSV; oncolytic virus; interferon; PKR; virotherapy.

1. INTRODUCTION

The ability of particular viruses to preferentially replicate in tumor cells compared
with normal cells, first documented nearly 100 yr ago, has provided an opportunity to
develop new therapies for the treatment of malignant disease. However, it wasn’t until
recently that selected viruses such as adenovirus and herpesviruses were seriously
evaluated in strategies designed to make use of their potentially valuable properties
(1–5). To date, replication-competent as well as incompetent DNA viruses have been
demonstrated to exhibit preferential growth properties in tumor cells. Some of these
viral therapies involve exploiting defects in the p53 pathway, prevalent in many
tumor cells, or in targeting the retinoblastoma (Rb) pathway (6–8). In addition, tissue
or tumor specific targeting has been achieved using DNA viruses whose gene
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expression is under control of tissue specific promoters such as the prostate specific
antigen (PSA) (9). Other strategies developed to better target virus replication to
certain tumors types involve genetically engineering tumor-tissue specific ligands on
the surface of viruses (10,11). Moreover, to increase the tumor killing process, viral
vectors have been modified to contain and deliver foreign genes, such as a tumor sup-
pressor genes that can cause cell-cycle arrest and/or apoptosis (2,12,13). The delivery
of suicide genes to cancer cells has also been utilized in cancer gene therapy
approaches, with herpes simplex virus (HSV) thymidine kinase (TK) being most
widely used (14,15). This approach makes use of an induced bystander effect
which may avoid the viral vector having to target all cells within a tumor to induce
death. Finally, the delivery of immunomodulatory genes such as cytokines to tumor
cells has been considered and tested in many gene therapy methodologies, the
strategy being to enhance an immune response to the tumor cells to facilitate their
eradication (4,5,16,17).

However, DNA viruses are not the only category of viruses that have exhibited con-
siderable potential in oncolytic studies or for use in the development of gene therapy
vectors. It had been previously documented that Newcastle Disease Virus (NDV),
influenza viruses (INV), and rabies viruses are also able to exert tumor cell killing
properties and later studies indicated that reovirus, measles, and vesicular stomatitis
virus (VSV) shared similar traits (2,18–20). Comparable with the situation with repli-
cation-competent oncolytic DNA viruses, the mechanisms of preferential viral replica-
tion in tumor cells remains to be fully clarified. Nevertheless, at least with selected
RNA viruses some insight has recently been shed on the reasons behind their intrinsic
oncolytic activity in tumors (21,22). For example, studies with reovirus and VSV indi-
cated that defects in innate immune defenses may be prevalent in malignant cells and
largely responsible for facilitating the observed preferential virus replication, which
eventually leads to tumor cell lysis (23,24). This chapter focuses on the recent develop-
ments in the utilization of VSV and other RNA viruses as potential antitumor agents
and gene therapy vectors, as well as discuss some of the mechanisms that may explain
their selective oncolytic activity.

2. VESICULAR STOMATITIS VIRUS 

Vesicular stomatitis virus (VSV) is member of the Rhabdoviridae family, which are
negative-stranded viruses that replicate in the cytoplasm (25,26). There are five genera
within the Rhabdoviruses family; namely Vesiculoviruses, Lyssaviruses, and
Ephemeroviruses which infect animals (including insects), and Cytorhabdoviruses and
Nucleorhabdoviruses which infect plants. The prototype of the family and perhaps its
best known member is the rabies virus, which is an associate of the Lyssavirus genus,
whereas VSV is classified into the Vesiculovirus genus. Rhabdoviruses are bullet shaped
in structure and approx 100 to 400 nm long and 45 to 100 nm in diameter (26). The
genome of VSV consists of an 11-kilobase (kb) negative sense, single-standed RNA
that is responsible for encoding five proteins referred to as the nucleocapsid (N), poly-
merase proteins, (L) and (P), surface glycoprotein (G), and a peripheral matrix protein
(M) (25–27). Similar to many other RNA viruses, Rhabdoviruses are enveloped viruses
covered with peplomers consisting of trimers of the virus G protein, a type I membrane
glycoprotein. G is responsible for binding to cell-surface receptors and initiating the
infectious process (28,29). In addition, G is the major antigen responsible for type
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specificity and key target for neutralizing antibody (30). The genome of VSV is tightly
encased in nucleocapsid (N) protein although some polymerase proteins (L) and (P) are
also present. The matrix (M) protein binds to the RNA genome/nucleocapsid core
(RNP) and also to the glycosylated (G) protein and is responsible for inhibiting host
cell mRNA export from the nucleus in an attempt to prevent antiviral gene expression
(31–33).

2.1. Cycle of Infection
Following infection of the host, the virus (G) protein binds to a cellular receptor,

which has yet to be specifically identified, and penetrates the cell membrane to release
the RNP particles (28). VSV is known to infect a wide range of cell types including
many transformed cells, indicating that receptor target(s) for G are commonly expressed
molecules (21,34). This property is obviously advantageous when considering VSV as
a treatment for malignant disease, because the agent can be potentially used against dif-
ferent tumor types. Phosphatidylserine (PS) on the cell membrane is thought to be
involved in binding to G and assisting with VSV endocytosis (26,28). A reduction in
pH within the endosome then induces membrane fusion, which liberates the viral cores
into the cytoplasm. Some free polymerase protein, which is carried into the cell by VSV,
binds to the 3 -end of the genome and starts to sequentially synthesize the individual
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Table 1
In Vivo Targeting of Tumors by VSV

Tumor tissue Ref.

Nonrecombinant VSV
WtVSV Glioblastoma (21,34,59,104)

Sarcoma (59)
Transformed fibroblast (59)
Melanoma (34)

VSV-AV1 and -AV2 Colon carcinoma (102)
Ovarian carcinoma (102)

Recombinant oncolytic VSV
VSV-GFP Colon carcinoma (108)

Hepatocellular carcinoma (105)

VSV 51M Colon carcinoma (102)

VSV expressing immunomodulatory genes
VSV-IL-4 Mammary adenocarcinoma (70)

Melanoma (70)
VSV-IFN- Renal carcinoma (71)

Mammary carcinoma (71)

VSV expressing suicide genes
VSV-TK Mammary adenocarcinoma (70,103)

Melanoma (70)
B-cell lymphoma (103)

VSV-CD/UPRT Mammary adenocarcinoma (103)
B-cell lymphoma (103)



mRNAs encoding N, P, M, G, and L (27,28). The five individual mRNAs are capped
and polyadenylated. The polymerase recognizes viral nucleotide sequences at the 
3 -end of the genome and initiates transcription. Termination probably occurs after
polyadenylation whereupon the polymerase is freed to reinitiate transcription of the
next gene product (26). The mechanism that allows the polymerase to switch from tran-
scription to replication has not been entirely clarified, although following mRNA and
viral protein synthesis, negative-sense progeny genomes are generated in high quantities.
The newly synthesized N, P, and L proteins associate in the cytoplasm and form RNP
cores, which bind to regions of the plasma membrane now rich in both M and G pro-
teins. VSV particles form and budding/release of progeny virus occurs followed by
cellular lysis (26,35).

2.2. Pathogenesis and Immunity
VSV does not undergo genetic recombination, exhibits no resortment activity, has no

known transforming potential, and does not integrate any part of its genome into the
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Table 2
In Vivo Tumor Models of Oncolytic RNA Viruses other than Rhabdoviridae

Tumor tissue Ref.

Paramyxoviridae
Newcastle Disease virus Glioblastoma (132,133)

Colon cancer (131,132)
Breast cancer (131,132)
Pancreatic cancer (131)
Lung carcinoma (131,132)
Renal carcinoma (131)
Prostate cancer (132)
Epidermoid cancer (132)

Measles Virus Glioblastoma (123)
Ovarian cancer (121)
Myeloma, lymphoma (127)
Fibrosarcoma (125)

Reoviridae
Reovirus Glioblastoma (24,117)

Medulloblastoma (118)
Myeloma, lymphoma (114)
Breast adenocarcinoma (111)
Ovarian cancer (116)
Colon cancer (116)
Pancreatic cancer (115)

Orthomyxoviridae
Influenza Virus Melanoma (135,136)

Picornoviridae
Poliovirus Glioblastoma (139,140)

Togaviridae
Alphavirus Colon carcinoma (143)



host (21). Importantly, VSV is not known to cause any disease in humans, though in
rare circumstances where infection has occurred, the outcome has been reported as
essentially asymptomatic (25). Seroprevalence in the human population is generally
estimated to be low. However, VSV can cause vesicular lesions in the mucous mem-
branes of the mouth and nose of horses, cattle, and pigs (26). Although the infections
are rarely fatal, major epizootics have occurred in the United States (36,37). Serologic
evaluation studies indicate a low ratio of prior exposure to VSV in animals in the United
States(two serotypes are common, Indiana and New Jersey strain). For example, in
Colorado, the prevalence of antibody against VSV was estimated at approx 1% in cat-
tle and horses (36). VSV can cause neuropathy in mice, following intranasal infection
(38,39). Olfactory receptor neurons are highly tropic for VSV and once infected the
virus can travel down the nerve to replicate in cells of the central nervous system (CNS)
(39,40). Hence, lethal encephalitis can occur when administered in high doses, but
most often, the virus can also be cleared through activation of both the innate and adap-
tive immune responses (38). In animal models, primary infection with VSV results in a
humoral immune response developing within 1 wk after exposure (30). Antibodies gen-
erated during the humoral response are directed towards the N and G protein. However,
it is the latter antigen that is targeted by neutralizing antibodies, which are largely
responsible for effectively eradicating disease (30). The N and G proteins also appear
to be the major antigens that mediate the cytotoxic T-lymphocyte (CTL) response. Not
surprisingly, data indicates that B-cell deficient mice are extremely sensitive to VSV
and such animals die  from encephalitis within 9 d (41). However, T-cells are required
for long-term survival as well, as T-cell deficient mice also succumb to lethal VSV
infection after 30 d (41).

In addition to the adaptive immune response it is also clear that the innate immune
response also comprises a major component of immunity to VSV infection. Without a
functional innate immune response, VSV rapidly replicates to lethal levels prior to the
development of the adaptive immune response, which includes the neutralizing anti-
body directed against the G protein (41,42). As described below, we suggest that innate
host defense systems that normally constrain VSV following infection are likely defec-
tive in transformed cells (21). Thus, malignant cells are devoid of critical antiviral
responses that would usually impede virus infection. It is these properties that allowed
VSV to be considered an interesting cytotoxic agent specific for cancer cells.

2.3. Mechanisms of Selectively Targeting Tumor Cells:
The Interferon System

The basis for using VSV as an antitumor agent arose through studies that we were
conducting on evaluating the importance of the dsRNA-dependent protein kinase, PKR,
in innate immunity. It has recently been demonstrated that embryonic fibroblasts and
mice lacking PKR are extremely susceptible to VSV infection (21,34). PKR is an inter-
feron (IFN)-inducible serine threonine protein kinase that undergoes autophosphoryla-
tion following interaction with dsRNA species (43). Following activation, PKR is able
to catalyze the phosphorylation of cellular substrates, the most important being the 
subunit of eukaryotic initiation factor 2 (elF2 ). This translation initiation factor forms
part of the ternary complex (elF-2/GTP/Met-tRNA) that is responsible for transferring
initiator Met-tRNA to 40S ribosomal subunits prior to the binding of mRNA (44).
Phosphorylated eIF2 effectively sequesters eIF2B (also known as the guanine
nucleotide exchange factors [GEF]), a rate-limiting component in the protein synthesis

Chapter 7 / Vesicular Stomatitis Virus and RNA Viruses as Gene Therapy Vectors 125



of the cell, and subsequently causes a dramatic inhibition in the initiation of translation
(45). Thus, in normal cells, activation of PKR inhibits viral protein synthesis (45,46). In
PKR null cells, however, we noticed that virus replication proceeded at high levels (47).
Further, PKR deficient animals were extremely susceptible to intranasal infection with
VSV (47–49). This data confirmed that PKR is an essential and nonredundant compo-
nent of antiviral host defense. However, PKR alone is not sufficient to thwart virus infec-
tion. Presumably, PKR inhibits virus replication by inhibiting translation until other
innate immune components can be galvanized in order to fortify the antiviral state. One
of these key components that needs time to become activated is the IFN system (47).

Indeed, it is now clear that the IFN-inducible genes are very important in preventing
VSV-mediating cytolysis (50). The IFNs are a family of cytokines produced in response
to infection, which act by inducing the expression of many cellular genes. The IFNs
comprise two main families, referred to as type I ( / ) and type II ( ) (51). Type I
IFNs, induced by most cell types, are clustered on the short arm of chromosome 9 and
consist of several genes and pseudogenes, and one gene (50,52). In contrast, type II
IFN consists of a single gene on chromosome 12 that is mainly secreted by Th-1 lym-
phocytes and natural killer (NK) cells. The IFNs can be induced by a number of stim-
uli, including viruses, dsRNA, growth factors and cytokines and are known to exert
potent antitumor, antiviral, and immunomodulatory activities (53). PKR likely affords a
first line of defense, to buy time for IFN to be induced (transcribed and translated). The
importance of IFN in innate immunity to VSV infection has been demonstrated in stud-
ies with mice rendered defective in type I IFN signaling (such as lacking STAT1 or the
type I IFN receptor, IFNAR). Such animals are also remarkably susceptible to lethal
infection by VSV, regardless of whether they have functional adaptive immunity
(54–56). Collectively, data indicates that a functional IFN system is required to induce
powerful antiviral genes responsible for inhibiting virus replication. However, similar
to PKR, the IFN system alone is not sufficient to repel VSV infection and essentially
only slows the infection process down until components of the adaptive immune
response are galvanized (47).

In the last few years, the molecular mechanisms responsible for initially recognizing
viral infection and triggering the innate and adaptive immune response have been identi-
fied. These processes involve the Toll receptor pathway, and the toll-like receptor (TLR)-
3, which recognizes exogenous dsRNA species generated as a consequence of virus
replication (22,57,58). This event leads to the activation of NF- B (NF- B), interferon-
regulatory factor-3 (IRF-3), and perhaps elements of the JNK2 pathway (50,57).
Activation of these signaling components by virus leads to the potent transcriptional
induction of IFN- , which is secreted and functions, in a paracrine or autocrine manner,
as a ligand by binding to species-specific cellular receptors (INFARs). The binding of
IFN- to its receptor causes activation of the Jak/STAT pathway (a complex consisting of
Jak1/STAT1 and 2 with IRF9) and to the induction of numerous genes (in the hundreds)
in the cell. IFN-induced genes are known to include the multiple histocompatibility com-
plex (MHC) family, proapoptotic tumor necrosis factor related apoptosis-inducing ligand
(TRAIL), heat shock proteins, and transcription factors that lead to the further activation
of IFN- (50). In addition, IFN is able to potently activate NK cells and facilitate den-
dritic cells (DC) maturation (52). Because it was well known that VSV replicated very
well in nearly all tissue cultured cell-lines so far examined, many of which were trans-
formed or malignant, we surmised that the innate immune pathways might be defective in
VSV susceptible cells. We thus started to examine the use of VSV as an oncolytic vector. 
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3. VSV AS A THERAPY AGAINST CANCER

Our studies indicate that VSV can infect many types of tumor cells, almost certainly
a result of the widely tropic nature of the VSV G protein (21). Whereas the infected
tumor cells rapidly die, normal cells are much more resistant to VSV-mediated cytolo-
ysis. Importantly, the oncolytic effect of VSV does not appear to be restricted to tumor
cells with specific genetic aberrancies. For example, VSV can destroy cells carrying
defective Myc or p53, cells with activated Ras, and even cells overexpressing Bcl-2
(59). The involvement of one or more of these oncogenes in promoting transformation
of the cell has been documented in nearly all tumors so far analyzed. The mechanism
of VSV oncolysis involves the induction of apoptosis by as yet undetermined mecha-
nisms, though it predominantly utilizes the caspase-9 pathway (59,60).

Our data, as well as that of others, also indicated that whereas normal cells treated
with IFN were protected from VSV infection, transformed cells were much less pro-
tected (21,34). Even many types of IFN-treated tumor cells eventually succumbed to
virus infection, speculatively inferring a common defect in innate immune responses
(61,62). Given our above data, we naturally examined the status of PKR in VSV-
susceptible tumor cells. For example, it was plausible that PKR could be defective in
cells sensitive to VSV. However, our data indicated that PKR was functional in many
cases and remained able to phosphorylate eIF2 (23). We subsequently noted that a
key translation factor that recognized phosphorylated eIF2 and slowed protein synthe-
sis, referred to as eIF2B, was frequently defective (23). The consequences of this were
that phosphorylated eIF2 did not impede translation rates. This may assist viral trans-
lation and allow VSV to replicate faster than an antiviral state involving IFN induction
can be established. The role of translation regulation (or rather dysregulation) in tumori-
genesis still remains an extremely complex issue but may play a key role in mediating
VSV-mediated oncolysis. Certainly, all viruses require host-protein synthesis machin-
ery to facilitate their replication. Collectively, defects in the innate immune responses,
including translational regulation could commonly occur in cancer (63–69).

3.1. VSV Targeting Tumors In Vivo
Given that VSV seemed to target tumor cells very efficiently, we next started to eval-

uate whether VSV may be useful as an in vivo antineoplastic therapeutic agent. Our
early studies clearly indicated robust oncolytic ability against tumors in athymic nude
mice as well as in syngeneic tumors in immunocompetent animals (21,59,70,71).
Preliminary studies also indicated that VSV treated mice exhibited no detectable virus
in the lung, brain, kidney, spleen, or liver of mice 3 wk after treatment, presumably
because the majority of virus has been eliminated by the innate immune response and
by neutralizing antibody (70). VSV has also been shown capable of exerting its anti-
tumor effects when inoculated at sites distant from the tumor (59). Importantly, when
introduced intravenously, VSV has been demonstrated to repress the growth of meta-
static breast adenocarcinoma in syngeneic animal models (70,71). Following intra-
venous inoculation, VSV plausibly infects a number of the animal’s normal cells as
well as tumor cells. In this situation, the IFN system would doubtlessly be activated
within the normal cells and virus replication thwarted. Secreted IFN from innocuously
targeted cells, including high-level IFN-producing plasmacytoid DCs would activate
antiviral pathways in surrounding uninfected normal cells, causing them, and the ani-
mal in general, to become resistant to VSV infection. In contrast, tumor cells would



allow the replication of VSV to proceed, because these cells harbor defects in innate
immune responses and would become lysed. Progeny viruses would, in turn, infect sur-
rounding tumor cells. Eventually, neutralizing antibody would be generated toward the
virus and the infection eliminated. Collectively, these results generated significant
enthusiasm for further development and evaluation of VSV as an oncolytic therapy.
Further projects included the attempt to improve VSVs oncolytic capabilities while
simultaneoulsy trying to create a virus more specifically lytic for tumor cells. Both of
these requirements may be realistic options because of the genetic malleability of this
virus, as discussed in Section 4.1.

4. GENETICALLY ENGINEERING RNA VIRUSES AND VSV

The advent of genetic engineering facilitated the manipulation of DNA viruses such
as phage viruses, insect viruses, and then mammalian viruses including vaccinia virus
and adenovirus (2–4,72). This allowed virus genetics to be performed and even new
vaccine and gene therapy concepts to be developed. In the mid 1990s it was reported
that adenovirus lacking the E1B-55k gene could replicate in tumor cells lacking func-
tional p53 (6). This event has encouraged a number of studies aimed at improving the
oncolytic activity of a variety of DNA viruses through genetic engineering (10,14).
However, the ability to genetically manipulate RNA viruses proved a little more diffi-
cult because a DNA copy of the entire RNA genome was first required. The develop-
ment of retroviruses as gene therapy vectors then progressed. Retroviruses are
single-stranded RNA viruses that contain a core structural protein (gag) an RNA-
dependent RNA polymerase (pol), and viral envelope (env) (73). Usually, some of
these genes are replaced with a therapeutic gene, such as a suicide gene, to prevent
virus replication. One of the most frequently used retrovirus is the Moloney murine
leukemia virus (MMLV). Retroviruses, which predominantly infect dividing cells,
have also been psuedotyped (for example, using VSV G) to broaden their host range
and have been used in a variety of clinical trials to combat cancer (74). It was then dis-
covered that the genomic RNA of positive stranded viruses, such as poliovirus, could
directly function as an mRNA when transfected into recipient cells (75). These
genomes became translated to give rise to progeny virions. Further, plasmid DNA ver-
sions of the positive stranded viruses could also give rise to infectious virions follow-
ing transfection of the cell. Despite this progress, a problem with generating
recombinant negative-stranded viruses, such as VSV, was apparent because their
genomic RNAs or their antigenome complements could serve as mRNAs and so nei-
ther could be used directly to recover infectious virus (76). The minimal infectious
unit for these viruses is the genome complexed with nucleocapsid and RNA-dependent
RNA polymerase proteins in a ribonucleoprotein complex. It was subsequently found
that the segmented negative-stranded RNA influenza virus, which has eight small
genomes, could be assembled with RNPs in vitro and used to transfect cells that were
already infected with influenza virus (77,78). Some of these progeny viruses acquired
a cloned gene through resortment and could be isolated and studied. Whiereas such
approaches were useful for influenza virus analysis, it proved difficult to assemble the
11-kb genome of viruses such as VSV, into RNPs in vitro as a result of their large size.
A breakthrough was then made on recovering infectious, cloned rabies virus, the
prototype of the rhabdovirus family and relative of VSV (79). This was achieved by
placing a cDNA version of the entire rabies genome under control of a vaccinia
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encoded T7 polymerase. The cDNA was transfected into cells along with vaccinia
virus to generate a supply of T7, and the full length antigenomic RNA (positive strand)
was generated, along with the subgenomic mRNAs encoding the viral proteins, which
in turn further assist replication. This system was subsequently found to work well
with VSV and has now been used to recover infectious segmented negative-stranded
RNA viruses such as Bunyamwera (80–82). In addition, other oncolytic RNA viruses
are now able to be cloned through similar “reverse genetic” approaches. Example
include the paramyxoviruses NDV and measles (83,84).

Recovering infectious cloned VSV was first reported from the laboratories of John
Rose and Gail Wertz (81,85). A T7 promoter directed synthesis of the full-length
negative-stranded RNA and the polymerase was generated from vaccinia virus infection.
However, infectious virus was not recoverable from this strategy, possibly because the
subgenomic mRNAs generated from this strand hybridized with its parental genomic
negative sense partner. Thus, constructs were redesigned to express the antigenomic
RNA of VSV and the L, N, and P mRNAs (which were also transfected into cells to
supply L, N, and P protein and help replication) were not able to hybridize to the
encoded genomic template. Thus infectious VSV could be recovered from DNA and
amplified for analysis (81,85).

It was then demonstrated that new transcription units could be inserted into the VSV
genome, between established genes (such as the G and L gene products) (86).
Nucleotide sequence analysis indicated a conserved 11-23 nucleotide motif present at
the beginning and end of each gene. Insertion or addition of the conserved sequence in
the 3 -noncoding region of a heterologous gene was found to be sufficient to terminate
transcription of the preceding viral gene and promote transcription of the foreign gene.
In preliminary studies using the chloramphenicol acetyltransferase (CAT) gene, high-
level expression of the foreign gene was reported (86). Of further importance was that
the recombinant viruses were quite stable, and did not rapidly “lose” the gene. It was
rapidly noticed in subsequent studies that recombinant VSV designed to express large
gene inserts could be potentially created where such limitations associated with other
viruses are evident (87). Indeed, VSV was found to increase its length to accommodate
extension of its genome. Later studies indicated that recombinant VSV could be gener-
ated to contain more than one foreign gene and to increase its genome length to greater
than 40% (88).

4.1. VSV, Gene Therapy and Vaccines
The generally low seroprevalence of VSV antibodies in the general population and

genetic malleability indicated that VSV could be an attractive vector to develop new
vaccines (26). VSV elicits strong humoral and cellular immune responses in vivo and
naturally infects at mucosal surfaces (89–91). As mentioned, a major observation also
included that VSV were found to accommodate large gene inserts and multiple genes in
their genomes (88). Thus, it wasn’t long before a variety of foreign viral glycoproteins
were cloned into VSV vectors for the purpose of developing novel vaccines (89,92,93).
Early studies involved placing the hemagglutinin (HA) or neuraminidase (NA) of
influenza virus into VSV as extra genes. High-level expression of the heterologous prod-
ucts were obtained and animals inoculated with these VSV vectors were protected
against lethal doses of influenza virus (88,89). Substitution of the VSV G protein with
influenza virus HA was also found to function well and to exhibit similar protective effi-
cacy (88). VSV vectors have subsequently been shown to be effective in vaccine studies
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designed to protect against respiratory syncytial virus (RSV), human papillomavirus
(HPV), and viruses associated with acquired immunodeficiency syndrome (AIDS),
amongst others (88–91,93–96). In addition, new generations of attenuated, nonpropagat-
ing viruses are being developed where the VSV G protein has been deleted. These non-
propagating viruses ( G) lacking G, which is essential for infectivity, are generated via
helper-cells that supply the VSV G glycoprotein in trans (29,88,97). Budding viruses
incorporate the G protein on their surface and are released. Such viruses can infect cells
through the highly tropic G protein and commence replication. However, G progeny
viruses, when released from their primary targets, cannot infect other cells because they
lack the G protein gene product. In vaccine studies, such viruses have been shown to
retain their protective efficacy compared with their wild-type, replication competent
counterparts, yet are considerably attenuated (88,97). Other studies have shown that the
parts of the membrane-proximal stem region of VSV G can be fused to foreign genes
with the result that the heterologous product substitutes for the G protein (97). Thus,
these new recombinant viruses harbor new proteins on their surface, instead of G. Such
strategies may be useful for developing recombinant VSVs that target specific cell types
(93,98). For example, a recent study indicated that VSV expressing a chimeric Sindbis
glycoprotein containing the Fc-binding domain of Staphylococcus aureus protein A,
conjugated to an antibody to Her2/neu could target cancer cells overexpressing the
Her2/neu receptor (99). Further, the ability to develop a variety of VSVs all with differ-
ent sets of surface proteins is feasible and may prove useful in vaccines studies where
sequential deliveries are required. Such viruses would avoid immune responses, such as
neutralizing antibody, that would be generated by their predecessors and thus may exert
significantly greater immunogenic/gene therapeutic activity (93). Similar strategies may
be useful in oncolysis studies where delivery of the first viral treatment generates signifi-
cant immune responses, effectively eliminating the effectiveness of a second similar
dose. Indeed, the genetic malleability of VSV is one of the attractive incentives for fur-
ther evaluating VSV as an anticancer agent. 

4.2. VSV, Recombinants, and Stability
There are no genetic resortment, significant gene loss, integration or transforming

properties associated with VSV (25,26). However, polymerase errors can be encountered
during the replication of RNA viruses, the result of a lack of robust proofreading capacity
(87,100). Neutral mutation frequencies in VSV have been estimated at 1 in 103 to 104 for
specific nucleotides in the genome. However, the mutation rate of VSV is so low that it
does not present a problem when the virus is used to express foreign genes, even during
extensive packaging. A single overnight passage on 107 BHK cells from a single plaque
(approx 105 infectious particles) can be amplified to approximately 1011 infectious parti-
cles, corresponding to over 200ug of virus protein (87) . Thus a single passage of 106-fold
amplification would produce 200g of virus. Experiments using VSV expressing the CAT
gene indicated stable expression over 15 passages with nearly 2% of the total cellular
protein comprising the foreign insert. Sequencing CAT mRNAs from several cloned
viruses after 15 passages revealed only 2 base changes out of 2400 nucleotides. Further,
recombinant VSV expressing other foreign genes have been shown to be stable over 26
passages, with similar low-mutation rates (88). However, some rare instances of elimina-
tion of foreign gene expression have been documented (measles virus F protein) as results
of mutations occurring in the transcription termination site (87). This probably occurred
because of the severe toxicity of the protein that may have effected the virus life cycle.
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The ability of VSV to mutate was recently exploited in strategies designed to develop
VSV vectors that were more attenuated in normal cells yet retained oncolytic activity.
For example, variants of VSV (referred to as AV1 and AV2, with mutations in the M
protein; M51R and V221F/S226R, respectively) were found to induce considerable
amounts of IFN- and thus replicate inefficiently in normal cells. However, these
viruses remained highly lytic in 80% of human tumor cell lines tested and exerted
oncolytic activity in immunocompetent animals harboring metastatic colon cancer
(101,102). One of the many functions of the M protein involves its ability to block host
mRNA export through association with nuclear pore proteins such as Nup 98, which
are IFN-inducible. Following infection, VSV activates the IFN pathway. However, fol-
lowing induction, IFN mRNA needs to be exported out of the nucleus for translation, a
requirement the M protein prevents. The AV variants do not potently inhibit host mRNA
export because the mutant M proteins may not interact efficiently with the Nup 98
complex to prevent their host mRNA export function (31,33). Thus, virus induced
antiviral gene expression in normal cells is not prevented and virus replication is
impeded. In cancer cells, the IFN pathway or induced genes may not work properly
anyway, so virus replication proceeds unchecked. This work illustrates again how tak-
ing advantage of defects in the innate immune system can be used to generate new
oncolytic agents.

4.3. Genetically Engineered VSV as a Gene Therapy Tool Against Cancer
Oncolytic studies indicated that wild type VSV exhibited considerable potential as

an anticancer agent. However, the ability to modify VSV through genetic engineering
obviously affords the prospect of creating new generations of custom-made VSV vec-
tors that contain immunomodulatory and/or suicide cassettes designed to increase their
antitumor activity. In order to  begin evaluating whether genetically engineered VSV
carrying tumor-killing cassettes could be created and whether such viruses were more
efficacious in tumor therapy than the wild-type VSV, we developed VSV vectors carry-
ing, as models, the herpesvirus TK suicide cassette  or the cytokine gene interleukin-4
(IL-4). The foreign genes were cloned as additional transcription units between the
VSV G and L genes and all viruses were grown to exceptionally high titers (71,103).
TK protein was synthesized to extremely high levels and was functional, being able to
phosphorylate ganciclovirs (GCV). Recombinant viruses also retained oncolytic activ-
ity against melanoma and adenocarcinoma tumors and were effective at eliminating the
growth of metastatic disease. Importantly such viruses generated antitumor T-cell
responses and were, in general, superior to that of VSV alone (71). Given these data,
we sought to exploit the discovery that innate immunity to VSV in normal cells is
mediated primarily through PKR-mediated translation control and the IFN- -induced
antiviral state. We therefore constructed novel recombinant VSV expressing the murine
or human IFN- gene (VSV-IFN- ) (71). We hypothesized that, because many trans-
formed cells are defective in IFN signaling, VSV expressing IFN would rapidly repli-
cate to induce cytolysis. However, such viruses would be unable to destroy normal
cells, because the IFN- produced by this virus would act in an autocrine and paracrine
manner to bolster protection. Thus, VSV-IFN- would need to be a more attenuated
and a more specifically oncolytic agent designed to speifically exploit defects in the
IFN system that appear common in malignant cells. In addition, the production of
recombinant IFN by VSV-IFN- might stimulate antitumor host defenses as well as the
adaptive immune responses. Thus VSV-IFN- might be a safer, more specific, and yet



more potent oncolytic agent. Because we knew from our murine in vivo studies that
VSV did not appear lethal to mice unless the IFN system was defective, we hypo-
thesized that tumors grown in vivo would be susceptible to VSV-induced cytolysis and
not the mice themselves. Indeed, preliminary data indicated that that VSV- expressing
IFN- were significantly attenuated when used to infect normal cells and mice, yet
retained considerable oncolytic activity against metastatic disease (71). These studies
indicated that new generations of VSV, designed to be more specific for tumor cells and
yet safer toward normal cells and tissue, could be generated. These new generations of
VSV could conceivably target tumor cells and tissue for destruction as well as increase
the immune response against such malignant cells through expression of immuno-
modulatory genes.

In summary, VSV has now been shown to be efficacious against malignant glioma,
melanoma, hepatocellular carcinoma, breast adenocarcinoma, selected leukemias, and
prostate cancer based tumors (21,23,31,34,59,70,97,103–108). Genetically engineered
VSVs have also now been generated with the intention of making these agents more
specific, safer, and effective. Such viruses will be geared toward enhancing the immune
system against the tumors and will take advantage of what we know about defects in
the innate immune system. The evident ability of VSV to be manipulated clearly cre-
ates the possibility of generating many new vectors and strategies to combat cancer.
However, VSV is not the only RNA virus to be evaluated as an anticancer agent. The
next section briefly summarizes the potential utilization of other RNA viruses as gene
therapy vectors for use against malignant disease.

5. OTHER ONCOLYTIC RNA VIRUSES

5.1. Reovirus
Reovirus (respiratory, enteric, orphan virus) is a nonenveloped member of the

Reoviridae family, not associated with any disease, that comprises 10 segments of
dsRNA, surrounded by 2 concentric, icosahedral protein capsids (109,110). The 10
genome segment encodes 8 structural proteins and 3 nonstructural proteins not present
in the mature virion. Reovirus was reported at the end of the 1990s to exert significant
oncolytic ability in cells defective in the Ras pathway (24). The molecular mechanisms
have recently been reported to involve Ras regulation of Ral/GEF/p38 signaling
(111,112). In part, an over-activated Ras pathway may cause the inhibition of the antivi-
ral protein PKR, by unknown mechanisms, allowing viral protein synthesis to ensue
and cell lysis to occur (24,113). Interestingly, Ras deregulation may also play a role in
dictating the permissiveness of cancer cells to HSV 1. Reovirus uses junctional adhe-
sion molecule 1 (JAM1) as a serotype independent cellular receptor, a broadly
expressed immunoglobulin superfamily protein member (109). Antitumor studies has
revealed that reovirus exerts oncolytic activity in vitro, and in vivo in animal models
against glioma, medulloblatoma, breast, ovarian, pancreatic, and lymphoid related
malignancies (107,111,114–118). In addition, reovirus has been shown to exhibit sig-
nificant activity in purging strategies for autologous stem cell transplantation (119).
Unfortunately, unlike other RNA viruses, reovirus cannot yet be genetically modified
because it’s genome consists of dsRNA. Nevertheless, this virus may be significantly
useful in therapeutic strategies against cancers harboring defects in the Ras pathway
and is in clinical trails.
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5.2. Paramyxoviruses: Measles virus  and Newcastle Disease Virus 
Measles virus (MV) and Newcastle Disease virus (NDV) are members of the nega-

tive single-stranded RNA paramyxoviridae family (120). MV is a member of genus
Morbillivirus whereas NDV is a member of the Rubulovirus genus that comprises
mumps virus. These family members encode 6 to 7  covalently linked genes from a 15-
to 16-kb genome and are enveloped viruses (83). In the case of MV, the hemagglutinin
(H) attachment protein binds to one of two cellular receptors, CD46 or the signaling
activation molecule. CD46 is frequently overexpressed on cancer cells (20). Given that
other replicating RNA viruses were becoming noted for their oncolytic effects, it was
decided to evaluate whether derivatives of the Edmonston-B-strain of measles virus
(MV-Ed), which are live attenuated vaccines that have been effectively used for over 30
yr, exhibited similar properties. Indeed, intratumoral and intravenous inoculation of
MV-Ed was found to induce the regression of human lymphoma in xenographed mod-
els (18,121). Further, using reverse genetic techniques, MV has now been genetically
modified to express reporter genes and soluble marker peptides such as CEA, and have
retained oncolytic activity against ovarian tumor cells (84,121–124). MV, which has
the H envelope protein replaced by single chain anti-CD20 antibody was effectively
able to target CD20 expressing cells (125). Similar strategies have been used to target
plasma cells expressing CD38, indicating that these viruses can be modified to target
different tumor types and avoid the limitation of only targeting CD46 expressing cells
(many normal cells also express CD46) (126). The mechanisms underlying MVs tumor
selectivity remains unknown, although it could involve defects in the innate immune
signaling pathways described earlier (127,128).

NDV and even mumps virus was first noted to replicate in selected tumors in the
1950s. NDV, which binds to sialic acid containing glycoconjugates whose exact identi-
fication remain to be elucidated, has been found to exhibit oncolytic effects against
human neuroblastoma, fibrosarcoma, colon, breast, and prostate xenografts in nude
mice (129). Based on these studies, a replication-competent strain of NDV, referred to
as PV701 has been examined in phase I studies on a variety of advanced solid tumors,
that were unresponsive to standard therapy (100). Approximately 10% tumor responses
were reported using PV701 and phase II trials are now in progress (130–132). In addi-
tion to this study, another live attenuated NDV strain, referred to as MTH-68/H was
used in patients with glioblastoma multiforme (133). Although a small study, four cases
of advanced high grade glioma that had failed standard therapies responded well to the
treatment with survival rates of 5 to 9 yr (as opposed to 6 mo using standard treat-
ments) being stated. NDV has been reported to be genetically manipulative, but few
studies are presently available on these types of study.

5.3. Orthomyxoviruses: Influenza Virus 
Early recognized oncolytic viruses also included influenza A virus (134). Influenza

virus (INV) is a negative-stranded enveloped virus comprising 8 gene segments that repli-
cates in the nucleus of infected cells. Cells are targeted by INV through their surface
haemagglutinins (H) attaching to widely expressed sialyloligosaccharide moieties of cel-
lular glycoconjugates. A genetically engineered INV that lacks a nonstructural protein
(NS1) that has been reported to inhibit the antiviral protein PKR have similarly been used
in anticancer strategies (135). Similar to the situation with VSV (and perhaps reovirus),
such mutant viruses cannot replicate in normal cells because the innate immune system
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involving PKR prevents their replication. However, because this innate pathway is defec-
tive in cancer cells, such NS1 lacking viruses replicate to induce specific cytolysis. Thus,
these viruses may be safe to normal cells but not to cancer cells. Interestingly, INV as
well as NDV and VSV were also used many years ago in viral oncolysate studies designed
to stimulate an immune response to selected cancers (134,137). It is not yet clear how
viral-infected cell lysates promote antitumor activity, but the mechanisms could involve
dsRNA stimulation of the innate immune system, which triggers robust adaptive immune
responses. Future oncolytic studies using genetically engineered INV may provide more
insight into the use of such vectors in the treatment of cancer.

5.4. Picornaviruses, Poliovirus 
Poliovirus (PV) is a nonenveloped, positive-stranded RNA virus, which is responsible

for causing poliomyelitis. PV RNA is composed of a 5 -nontranslated region that con-
tains an internal ribosomal entry site (IRES) which directs the synthesis of a single
polypeptide that is subsequently processed by viral proteases into structural and non-
structural proteins (75). Polioviruses tropism is restricted to cells expressing CD155, a
member of the Ig superfamily, which is prevalent on lower motor neurons resident within
the spinal cord and brainstem (138). The IRES elements encode strong cell-type specific
restrictions and probably play a key role in the neurovirulent behavior of the virus. It
subsequently became apparent, that other viruses, such as hepatitis C virus (HCV) or
rhinoviruses also contain IRES elements. Experiments into the importance of the IRES
elements lead to creation of a poliovirus chimera (referred to as PV1) (139), which con-
tained the human rhinovirus type 2 IRES element. PV1 was noted to be avirulent and
generally nonpathogenic, even in primates. However PV1 was noted to grow well in tis-
sue cultured cells derived from malignant gliomas, for reasons that remain unknown, but
could speculatively involve defects in the innate immune responses or an upregulation of
translation rates (139). PV1 showed oncolytic potential in experimentally induced
gliomas in athymic nude mice and may thus be useful for the treatment of cancers
expressing CD155, which, may include other tumors in addition to those of brain cancer
origin (140). Subsequent studies have also demonstrated that live attenuated poliovirus
exhibits oncolytic activity against neuroblastoma, in vitro and in vivo and other
picornoviruses such as bovine enterovirus (BEV) may share similar traits (141).

5.5. Togaviruses and Replicons
In an effort to improve the immunogenicity of nucleic acid vaccines, plasmid DNA

vectors were developed that contained replicons derived from Alphaviruses such as
Sindbis Virus (SV) and Semliki Forest Virus (SFV), which are enveloped positive strand
RNA viruses of the Togavirus family (142,143). When introduced into cells or animals
the plasmids initiate a self-replicating RNA vector referred to as a replicon, which in
turn directs the expression of a model tumor antigen. The vectors have been found to be
extremely immunogenic, when compared with normal plasmid based vectors. The orig-
inal goal was to produce more antigen, but the mechanism of the observed increased
immunogenicity appears to involve activating dsRNA-dependent “stress-response” path-
ways which potentially activate innate immune pathways and eventually induce cell
death, which presumably facilitates antigen uptake by DCs (143). It is not yet clear if
such replicons could be targeted to tumor cells to facilitate their apoptosis.
Nevertheless, such approaches may be useful in generating immune response against
tumor specific antigens, which may facilitate cancer rejection.



6. CONCLUSIONS

A number of different types of RNA viruses have now been observed to exert pref-
erential growth in tumor cells, which ultimately leads to their apoptosis. The mecha-
nisms of oncolysis in many instances may involve flaws in the innate immune response
of transformed cells which are effectively exploited by the virus. For example, defects
in the IFN system render cells extremely susceptible to many types of virus infection.
In transformed cells, the IFN system does not seem to be fully functional, an observa-
tion that may speculatively mean that defects in this pathway may be a prerequisite for
the cell to become fully malignant. All the RNA viruses highlighted above generate
dsRNA-species, which are able to activate the IFN pathway. In normal cells these
dsRNA signaling pathways are sufficient in many instances to initiate IFN production
and IFN-induced genes to prevent virus infection. Whereas some RNA viruses still
being evaluated for their potential use as anticancer agents, reasons for pursuing VSV
may include: (1) VSV is a relatively safe, well characterized virus with little apparent
disease documented in humans; (2) VSV is a simple RNA virus, with only 5 genes; (3)
VSV has no genetic transforming properties; (4) VSV has no genetic reassortment
properties; (5) VSV has no genetic integration properties; (6) the mechanisms of
oncolytic activity are considerably better characterized; (7) VSV has high tropism for
tumor cells; (8) VSV is genetically malleable, making the future creation of safer, more
specific, and more effective vectors a realistic prospect; and (9) VSV lyses tumor cells
regardless of the oncogenic events contributing to tumorigenesis (eg., it will kill cells
harboring defects in the p53, ras or myc, or BCL-2 pathways). Collectively, the use of
DNA and RNA viruses to treat malignant disease will escalate as mechanisms of oncol-
ysis and knowledge of the enhancement of the immune system become apparent.
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Summary
Parvoviruses are among the smallest of eukaryotic viruses. The association of parvovirus with

cancer has been reported much before realizing the potential application of parvovirus-based vec-
tors in cancer gene therapy. Unique characteristics of paroviruses such as nonpathogenicity,
antioncogenicity, and methods of efficient recombinant vector production have drawn more atten-
tion toward utilizing parvovirus-based vectors in cancer gene therapy. Although more than 30 differ-
ent parvoviruses have been identified thus far, recombinant vectors derived from adeno-associated
virus (AAV), minute virus of mice (MVM), LuIII and parvovirus H1 have been successfully tested
in many preclinical models of human diseases including cancer.  This chapter focuses on the poten-
tial of nonreplicating and autonomously replicating parvoviral vectors in cancer gene therapy includ-
ing strategies that target tumor cells directly or indirectly.

Key Words: Parvovirus; adeno-associated virus; minute virus of mice; LuIII; parvovirus H1.

1. INTRODUCTION

Parvoviruses are among the smallest eukaryotic viruses, which were initially discov-
ered in 1960s (1). Parvoviruses are subdivided into three major groups namely denos-
viruses, autonomous parvoviruses (APV), and dependoviruses (2). Whereas densoviruses

From: Cancer Drug Discovery and Development: Gene Therapy for Cancer
Edited by: K. K. Hunt, S. A. Vorburger, and S. G. Swisher © Humana Press Inc., Totowa, NJ

141

Parvovirus Vectors

Selvarangan Ponnazhagan, PhD

CONTENTS

INTRODUCTION

MOLECULAR ORGANIZATION OF PARVOVIRUSES

HISTORY OF PARVOVIRUS AND CANCER

ANTIONCOGENIC PROPERTIES OF APV
PRODUCTION OF RECOMBINANT PARVOVIRUSES

RECOMBINANT APV FOR CANCER GENE THERAPY

ADENO-ASSOCIATED VIRUS FOR CANCER GENE THERAPY

ANTIONCOGENIC PROPERTIES OF AAV
MOLECULAR CHEMOTHERAPY WITH RAAV
ADENO-ASSOCIATED VIRUS-MEDIATED LONG-TERM EXPRESSION FOR

CANCER THERAPY

ADENO-ASSOCIATED VIRUS FOR IMMUNOTHERAPY

RECOMBINANT AAV-MEDIATED CANCER GENE THERAPY AS

ADJUVANT THERAPY

CONCLUSION

ACKNOWLEDGMENTS

8



infect only insects, APV and dependoviruses infect vertebrate animals. The autonomous
parvoviruses replicate in proliferating target cells without the need of helper viruses but
dependoviruses require helper virus functions for replication. The simple organization of
parvoviral genome and life cycle originally attracted investigators towards understand-
ing the molecular basis of viral replication and biology of virus–host cell interaction.
Further, the advent of gene therapy approaches has drawn enormous interest in the poten-
tial use of parvoviruses in general and the adeno-associated virus (AAV) in particular.
Although initial studies on gene therapy using parvoviruses have concentrated on the
phenotypic correction of genetic metabolic defects owing to the ability of long-term
expression of AAV-based vectors, increased understanding on many aspects of parvovirus
biology and molecular pathology of cancer has led to the realization of utilizing
parvovirus-based vectors for cancer gene therapy.

2. MOLECULAR ORGANIZATION OF PARVOVIRUSES

The genome of parvoviruses consist of approx a 5-kilobase (kb) linear, monopartite,
single-stranded DNA (3–5). At both the ends of the genome are sequences known as
terminal palindromes, which do not encode any protein. The parvoviral genome con-
sists of only two overlapping genes that encode two types of proteins. The genetic map
of parvoviruses can be broadly divided into left- and right-halves that encode regula-
tory and capsid proteins respectively. The regulatory protein involved in replication is
known as Rep or NS (for nonstructural protein) and the structural capsid protein is
referred to as VP. There are two major promoters in the viral genome that express the
rep/NS and VP proteins. In addition, AAV genome also contains a third promoter,
which transcribes smaller rep proteins. By alternate splicing, the proteins are generated
in different molecular sizes. Nonetheless, the isotypes of rep/NS and VP share same
C-terminal amino acid sequences. A fully assembled parvovirus capsid forms an icosa-
hedral structure of approx 20 to 25 nm. Electron micrographs have shown icosahedral
particles made up of multiple capsomeres, which are easily distinguished from those of
most other virus groups by their smaller size. Recent studies on AAV capsids have indi-
cated that in a fully assembled capsid, about 60 individual protein molecules are pres-
ent (6). A prototypic parvoviral structure and genome is shown in Fig. 1.

3. HISTORY OF PARVOVIRUS AND CANCER

Since the discovery of parvoviruses, there has been significant advance on the rela-
tionship between parvoviruses and cancer. Epidemiological surveys in humans have
revealed a correlation between serological evidence of parvoviral infection and lower
incidence of certain human cancers (7,8). In vivo studies have demonstrated that ani-
mals infected with parvoviruses exhibited increased protection against chemical
carcinogen- and virus-induced tumorigenesis (9). Several in vitro studies have also
reported inhibition of cellular transformation by parvoviruses and interestingly, prefer-
ential killing of established tumor cell lines by parvovirus infection compared with
normal cells (9). Results of these studies have led to the belief of possible interference
with the induction of malignant transformation as well as survival and proliferation of
tumor cells. Subsequent studies have provided molecular evidence on the role of NS
proteins of parvoviruses in oncosuppression (10–12). More recently, it has also been
shown with AAV that the nature of single-stranded genomic structure itself triggers
cellular events in p53 mutant tumor cells leading to apoptosis (13).
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4. ANTIONCOGENIC PROPERTIES OF APV

Parvovirus related anticancer effect was first discovered in 1967. Hamsters persist-
ently infected with H viruses developed 5 to 25 fewer spontaneous tumors than control
animals (1). Subsequent studies showed that parvoviral surveillance could also affect
various types of tumors induced experimentally in rodents and chicken by means of
oncogenic viruses or a chemical carcinogen (14,15). Following these observations, sev-
eral possible mechanisms for APV-mediated killing of tumor cells have been postu-
lated. Direct effects on cell metabolism were attributed to the terminal sequences of the
viral DNA as well as the regulatory NS proteins. Analysis of defective particles also
suggested that the noncoding hairpin ends of the parvoviral genome, which contained
replication and transcription control sequences contributed to the inhibition of a
response frequently associated with malignant transformation such as DNA amplifica-
tion (16). Evidence for a role of parvovirus NS protein in the inhibition of cellular events
was provided by studies in which expression of NS protein was driven by heterologous
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Fig. 1. Genomic organization of prototypic parvovirus. The genome of parvoviruses comprise of
approx a 5-kb single-stranded DNA packaged within a icosahedral capsid of 25 to 30 nm. The major
promoter near the 5 -end encodes NS or Rep proteins as in APV and AAV respectively. The capsid
proteins are derived from the VP gene situated at the right half of the genome and expressed by a pro-
moter situated immediately upstream of the gene in the middle of the vector genome. Relative map
units of the location of respective promoters are given above. P5, P19, and P40 represent promoters
of AAV and P4 and P38 are corresponding promoters in APV. The size of alternately spliced NS/Rep
and VP are indicated in parenthesis. TR represents the palindromic terminal repeat sequences. 



promoters (17–20). Mutation studies on NS proteins of MVM have determined that
domains near the amino- and carboxy-terminal regions of the NS proteins are impor-
tant for host cell cytotoxicity (10,21). Further, transregulation of APV NS proteins has
been reported to exert an effect not only on parvoviral promoters but also heterologous
promoters (22). Thus, a combination of cytotoxicity and transregulation of APV NS
proteins appears to increase the mortality of tumor cells. 

More preclinical evaluations of AAV and APV and improvements in the production
of APV should result in the application of parvovirus-based vectors in clinical gene
therapy trials. 

5. PRODUCTION OF RECOMBINANT PARVOVIRUSES

Despite the antioncogenic properties of parvoviruses and absence of disease pathogen-
esis with the exception of parvovirus B19, utilization of wild-type parvoviruses in cancer
gene therapy is highly unlikely. Thus, major efforts centered on the advancements in the
production of recombinant parvoviral vectors for their potential gene therapy applications
in vivo (5,44,45). Elucidation of the genomic organization, sequence determination of par-
voviruses and cloning of parvovirus genome in plasmid vectors has led to the development
of methods to produce recombinant parvoviral vectors (44,45). In a typical methodology, a
gene of interest is cloned between the terminal repeat sequences of parvoviral genome in a
plasmid. Genes encoding NS/Rep or VP of the wild type virus and that of required helper
viral proteins are provided in trans, also from nonreplicating helper plasmids. Whereas the
helper-dependent parvoviruses require the functions of helper virus proteins for a produc-
tive life cycle, the APV do not require helper functions from other viruses. However, both
dependoviruses and APV require host cell machinery for the replication of viral genome.
In the production of recombinant parvoviruses, a combination of the packaging and helper
plasmid DNA is transfected into packaging cells (45–48). Approximately 48 to 72 h after
the transfection, the cells are lysed and extract containing recombinant parvoviruses sub-
jected to gradient centrifugation or affinity/ion exchange chromatography to purify the
virions. Methods such as infectious center assay, genomic slot blot, and real-time PCR are
routinely used to determine the titer of the purified recombinant virus.

6. RECOMBINANT APV FOR CANCER GENE THERAPY

Although more than 30 different APV have been identified so far, most of the work has
focused on vectors that can infect human cells namely LuIII, minute virus of mice (MVM),
and parvovirus H1, which are members of rodent group of parvoviruses. Following the
development of recombinant vectors based on AAV packaging by transcomplementing the
vector proteins, similar strategies have been successfully tested with the APV including
MVM, LuIII, and H1. MVM, one of the first parvoviruses to be described, is closely
related to LuIII although there is significant difference that exists in the capsid sequence.
Parvovirus H1 is less closely related to MVM and LuIII. The use of MVM as a vector was
first reported in 1992 (45). These studies demonstrated transduction of interleukin (IL)-2
and IL-4 from cDNA substituted for capsid sequences in an infectious clone of the viral
genome. Subsequent development of MVM and H1 vectors was pursued by many investi-
gators, which reported increase in viral titers, vector purification, and development of sta-
ble packaging cell lines (48–51). Most of these methods have adapted strategies to replace
the capsid gene with a transgene and not the entire genome of the wild-type virus. Unlike
AAV-based recombinant vectors, which are replication incompetent, replacement of only
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a portion of the vector genome of APV encountered the problem of generating replication-
competent virus (51,52).

Despite certain limitations in the production of recombinant APV, recent reports
indicated successful production and transduction in vivo leading to therapeutic efficacy
against tumors in preclinical animal models. Recombinant H1 encoding either IL-2 or
monocyte chemotactic protein (MCP-1) replacing the capsid gene was found to reduce
the growth of transduced HeLa cells as xenograft in nude mice (53). Recombinant
MVM encoding an antiangiogenic chemokine IP-10 significantly retarded the growth
of syngeneic tumors in immunocompetent mouse model of Kaposi’s sarcoma (54). The
concept of utilizing replicating APV in cancer gene therapy has been recently pub-
lished using a colon cancer cell line constitutively overexpressing a gene of the wnt sig-
naling pathway (55). In these studies, the expression from P4 promoter of MVM was
modified to include binding sites for the heterodimeric -catenin/Tcf transcription fac-
tor. The mutant virus not only rendered susceptibility for lysis of Tcf-overexpressing
colon cancer cells as a result of viral replication but also showed a 1000-fold reduction
in the viral load of Tcf-negative cells, indicating that such modifications in the regula-
tory elements of APV genome might be beneficial in cancer therapy (55).

So far, the only human parvovirus that has been associated with pathogenicity is the
human parvovirus B19, which is also an autonomously replicating parvovirus. B19
infection has been primarily associated with cells of erythroid lineage in the human
hematopoietic system (56). The reasons for the erythroid-specificity of B19 infection
are still elusive although studies indicate the roles of primary receptor and coreceptor
(57–59) and erythroid-specific expression of the B19 promoter (60). Recent studies in
the production of B19-based vectors demonstrated that it is not only possible to make a
recombinant parvovirus vector by cross-packaging genomic structure of rAAV inside
B19 capsids but also that such a virus selectively transduced only cells of the human
erythroid lineage (61). Although the titers of recombinant B19 vectors were several
logs less than that of rAAV, the possibility of packaging rAAV genome within B19 cap-
sids may lead to further development of such a vector system, which can be used for
targeting cancers of human erythroid lineage. However, greater advancements need to
be made in the production efficiency and pathogenicity of such a hybrid vector before
attempting in clinical settings for cancers of the human erythroid lineage.

7. ADENO-ASSOCIATED VIRUS FOR CANCER GENE THERAPY

Similar to the APV, wild-type AAV has also been identified to possess antioncogenic
properties (62,63). Although rAAV vectors are relatively less studied in cancer gene ther-
apy, those reported so far indicate their future potential. In addition, whereas most of the
cancer gene therapy strategies target tumor cells directly for increasing therapeutic benefit,
targeting normal cells that regulate key events conducive for tumor growth is becoming a
promising alternative for cancer therapy. For direct targeting of tumor cells, although long-
term expression is not required, this may be beneficial in strategies aimed at targeting nor-
mal cells, such as tumor endothelium, that exert a sustained control over tumor growth. In
this regard, AAV remains a promising vector for cancer gene therapy. The last few years
have also seen increased application of AAV serotypes other than the widely used serotype
2-based vectors (64–68). Variations in the amino acid sequences of capsid protein between
different serotype vectors has also correlated on the nature of receptor proteins on cell sur-
face (69), which increases the possibility of using different serotype vectors according to
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the type of target cell/tissue. A description of the biology and potential of rAAV as applied
to direct and indirect cancer gene therapy approaches is described in the following sections.

8. ANTIONCOGENIC PROPERTIES OF AAV

The antitumor effects of AAV had been initially reported within a few years of identi-
fication of the virus itself when it was identified that infection of herpes simplex virus
(HSV)-transformed hamster tumor cells with AAV delayed the appearance of palpable
tumors and increased the survival time of the animals (70). Since then, several reports
have confirmed the inhibition of viral oncogenesis by a variety of DNA viruses, including
bovine papillomavirus-1 (71), human papillomavirus (HPV)-16 (72–74), and Epstein-
Barr virus (75). Evidence from several reports also suggested that AAV infection might
protect against human cervical cancer, in part, by interfering with HPV-induced tumori-
genesis (76) although studies of Stickler et al. reported a lack of correlation of between
AAV infection and cervical tumorigenesis in a Jamaican population (77).

Elucidation of the molecular mechanisms directing the antitumor properties of AAV
identified a role for Rep78 in the inhibition of oncogenic transformation, specifically
the downregulation of human c-fos and c-myc proto-oncogene promoters by Rep78
(78). Inhibition of HPV-16 P97 promoter activity (76) may partially account for the
tumor inhibitory property of Rep78 in cervical cancer cells. A recent study reported
that whereas Rep78 and Rep68 inhibited the growth of primary, immortalized, and
transformed cells, Rep52 and Rep40 did not (79). Further Rep68 induced cell-cycle
arrest in G1 and G2 with elevated cyclin dependent kinase inhibitor p21 and reduced
cyclin E-, A- and B1-associated kinase activities. Rep78 was also found to arrest the
cell cycle, preventing S-phase progression by binding to the hypophosphorylated
retinoblastoma protein (79). The regulatory differences between Rep78 and Rep68
have now been mapped to the C-terminal zinc finger domain of Rep78. These studies
indicate that Rep proteins exert heterologous control at both the molecular and cellular
levels in inhibiting tumor growth. Despite the significance of Rep78 and Rep68 in
tumor-suppression, potential utilization of Rep as a therapeutic molecule is limited by
its toxicity (80). Thus, further advancements in highly tumor cell-specific delivery
and/or expression of Rep gene is required before Rep can be used as a therapeutic
molecule. Current advances in technology to identify both tissue-specific regulatory
elements, and candidate ligands/molecules for receptors that are overexpressed in tumor
cells should lead to the development of transductional and transcriptional targeting of
rAAV vectors encoding Rep as a therapeutic molecule in future. 

9. MOLECULAR CHEMOTHERAPY WITH rAAV

Delivery of a gene-encoded toxin into cancer cells to achieve tumor eradication is
usually performed by indirect killing through activation by a prodrug. This approach
has focused mainly on delivery of the herpes simplex virus thymidine kinase (HSV-tk)
gene. Expression of HSV-tk results in replicating tumor cells having enhanced sensitiv-
ity to nucleoside analogs, such as ganciclovir (GCV) or acyclovir. GCV is phosphory-
lated initially by TK and subsequently by cellular factors to a triphosphate form that
becomes incorporated into cellular DNA (81). This inhibits both DNA synthesis and
RNA polymerase activity resulting in cell death (81).

Although a majority of both preclinical and clinical gene therapy studies using
molecular chemotherapy approaches have been conducted with recombinant adenoviral
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vectors, AAV-mediated in vivo studies have also indicated therapeutic benefits for
tumor regression.  Selective killing of fetoprotein (AFP)-positive hepatocellular car-
cinoma cells by AAV-mediated gene transfer of HSV-tk gene was reported in a mouse
model using an albumin promoter and an AFP enhancer (82). Further work by the same
group also reported therapeutic efficacy and a bystander effect of AAV-mediated intra-
tumoral delivery of the HSV-tk gene followed with treatment using GCV (83).
Interestingly, in additional experiments, the same group also reported an enhancement
of tumor cell killing with a rAAV containing the HSV-tk gene along with IL-2 gene
compared with transduction of vector containing only the HSV-tk gene (84). Thus, it is
possible to enhance antitumor effects by delivering two different therapeutic genes in
the same vector. Although there is a size constraint in the packaging of foreign genes in
rAAV, most of the therapeutic genes in the context of cancer therapy are well within the
packaging limits of rAAV either alone or in tandem. Similar in vivo therapeutic effects
of AAV-mediated delivery of the HSV-tk gene have also been reported in an experimen-
tal glioma model (85).

Consideration of molecular chemotherapy strategies for selective killing of tumor
cells suggests that long-term expression of transgenes is not an imminent requirement;
hence, AAV-based vectors are less preferred over adenoviral vectors. Further, the effi-
cacy of adenoviral infection in different tumor cells has been reported to be signifi-
cantly higher than many other available gene therapy vectors. However, it has recently
been reported that the efficiency of rAAV transduction of primary tumor material,
derived from malignant melanoma and ovarian carcinoma, is significantly higher
(>90%) than that seen in established tumor cells of the same derivation in culture (86).
This observation suggests that it is possible to utilize rAAV in direct targeting of tumor
cells for an effective killing by approaches such as molecular chemotherapy, cytokine
gene transfer, and inactivation of protooncogene expression. In addition, studies by Su
et al. using an AAV-TK-IL-2 vector reported disappearance of the rAAV genome fol-
lowing GCV treatment and regression of the transduced hepatocellular carcinoma (84).
Although a proportion of rAAV integrates into the host genome, unlike transgene
expression, integration of the vector does not occur immediately following transduc-
tion. Hence, GCV treatment following vector administration at an early time point
should still achieve therapeutic benefit minimizing long-term retention of the trans-
gene. Identification of tumor cell-specific ligands and use of tissue-specific promoters
may also allow transduction and transcriptional targeting of rAAV intratumorally.
Possible correction of malignant phenotype by rAAV-mediated p53 gene transfer has
been reported recently (87) suggesting the efficacy of rAAV-mediated phenotypic cor-
rection at a molecular level.

10. ADENO-ASSOCIATED VIRUS-MEDIATED LONG-TERM
EXPRESSION FOR CANCER THERAPY

It is now well established that tumor growth and metastasis are dependent upon
recruitment of a functional blood supply by a process known as tumor angiogenesis
and the angiogenic phenotype has been shown to correlate with poor prognosis in many
human tumors (88,89). The establishment of an angiogenic requirement for tumor
growth led to the identification of several antiangiogenic molecules that potentially
inhibit growth of tumor neovasculature (90). Antiangiogenic therapies devised so far
target different steps of the angiogenic process, ranging from inhibition of expression
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of angiogenic molecules, through overexpression of antiangiogenic factors, to direct
targeting of tumor endothelial cells using endogenous angiogenic inhibitors or artifi-
cially constructed targeting ligands (91).

Although majorities of preclinical and clinical antiangiogenic therapies to date have
been conducted with purified antiangiogenic factors (92), gene therapy appears to be
more powerful than other forms of antiangiogenic therapy. Potential advantages of
antiangiogenic gene therapy are sustained expression of the antiangiogenic factors and
highly localized delivery (91). Adenoviruses are again the most commonly used vectors
for this strategy and have shown promise in several preclinical studies (93–97).
Nonetheless, stable expression of antiangiogenic factors mediated by adenovirus-based
vectors is limited by an effective host immune response and also secondary to the epi-
somal nature of the vector. 

The advantages of rAAV over other vectors for antiangiogenic gene therapy are multi-
fold. First, AAV is a nonpathogenic vector with a very limited host immune response.
Second, sustained expression of AAV transgenes will lead to long-term expression of
antiangiogenic factors in vivo. Third, most of the antiangiogenic genes have the capacity
to be cloned in AAV either independently or in tandem. Provision of two different antian-
giogenic genes from the same vector may yield added therapeutic benefits because differ-
ent antiangiogenic factors may work through different metabolic pathways. Further,
undiminished long-term persistent expression of rAAV-encoded proteins have been
reported in a variety of studies (98,99). Reports also indicated that efficacy of rAAV
transduction to primary tumor cells is significantly higher when compared with cell lines
although this phenomenon may not apply for all tumor types (100). Advances in the
development of targeted-AAV for cell-specific delivery may well be employed in future
AAV-mediated antiangiogenic gene therapy applications which target tumor cells directly
in vivo to enhance locoregional delivery and effective suppression of tumor growth. 

A recent study on the potential use of rAAV encoding sFlt1 in ovarian cancer
reported that transduction of a human ovarian cancer cell line RMG-1 with AAV-sFlt1
in vitro followed by intraperitoneal administration in nude mice resulted in a decrease
in proliferative and metastatic indices suggesting the feasibility of localized AAV-sFlt1
antiangiogenic gene therapy (101). However, a major limitation of intratumoral delivery
of rAAV is the inefficient rate of transduction and limited dispersion of the vector in
tumor cells. Also, unlike genetic metabolic diseases, which require only partial amounts
of the deficient protein/enzyme for phenotypic correction of the disease, tumor therapy
requires inhibition of the tumor growth in toto. Antiangiogenic therapy, in particular,
requires a constant level of the inhibitory factor(s) for sustained therapeutic effect.
Recent studies with rAAV encoding antiangiogenic factors angiostatin and endostatin
have also shown in vivo antitumor efficacy (102–105). In our own studies evaluating
the efficacy of angiostatin and endostatin in xenograft models by intramuscular deli-
very of rAAV encoding the antiangiogenic factors as secretory protein, we found that
angiostatin gene transfer was superior over endostatin gene therapy (104). Interestingly,
when a rAAV encoding both angiostatin and endostatin was used there was a total pro-
tection against the growth of implanted tumor growth indicating synergy of combining
more than one factor (106). Studies on combining AAV-mediated antiangiogenic gene
therapy with other therapies such as radiation therapy (104) and chemotherapy may
have high translational utility. Recently, it has been demonstrated that AAV-mediated
endostatin therapy increases radiation sensitivity of tumor cells indicating the potential
of such a combination (107).
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11. ADENO-ASSOCIATED VIRUS FOR IMMUNOTHERAPY

The potential of AAV vectors for cancer immunotherapy is evident from recent stud-
ies using cytokine gene transfer and in vivo immunization approaches (108–110).
Active immunization with tumor cells transduced with rAAV encoding cytokines either
by a plasmid based-delivery system or by a recombinant virus-mediated infection has
resulted in regression of tumor growth upon further challenge. In a separate study,
high-level IFN- and elevated major histocompatibility complex (MHC) class I expres-
sion was observed following transfer of D122 gene-modified murine lung cancer cells
that significantly delayed tumor development (111). Similar findings of antitumor
immunity following transfer of cytokine-encoding AAV DNA in a rat prostatic tumor
model (112) were reported. Enhancements in antitumor T-cell response was observed
in vitro by AAV-mediated transduction of B7.1 and B7.2 genes in a human multiple
myeloma cell line (113). In a vaccination scheme, Liu et al. have recently shown that
intramuscular administration of a rAAV encoding a dominant HPV16-E7 CTL epitope
and a heat shock protein, delivered as a fusion protein, elicited a potent antitumor
response against challenge with an E-7 expressing syngeneic cell line in immuno-
competent mice (114). In vitro analysis also indicated both CD4- and CD8-dependent
cytolytic activity in these studies.

AAV-based vectors have been shown to be less immunogenic when compared with
other commonly used viral vectors for gene therapy. Although one of the reasons for
this is the absence of vector genes in the rAAV constructs, in studies based on intra-
muscular administration of the vector, it had been reported initially by Jooss et al. in a
mouse model that rAAV delivered by this route failed to transduce dendritic cells (DCs),
the most potent antigen-presenting cells (115). Reports by Brockstedt et al. however,
indicated generation of antibody-mediated and T-cell-mediated immunity against
rAAV-encoded ovalbumin delivered intramuscularly and intraperitoneally (116).
Further studies by Zhang et al. reported that although mature murine DCs are refrac-
tory to AAV transduction, immature DCs are still transducible and that the transduction
yields are lower in the absence of adenovirus coinfection (117).

Although these characteristics may limit one’s ability to test rAAV in an ex vivo
immunotherapy strategy in a murine system by genetic transfer of a potent tumor anti-
gen gene into DCs, it may indeed be possible to evaluate the efficacy of this approach
by transducing the cells prior to differentiation. This may in fact provide additional
benefits such as stable expression of the AAV-transgene over time. The potential of
such a strategy has been recently reported utilizing human DCs in vitro. In these studies,
transfer of the IL-4 gene into human peripheral blood monocytes and culturing of these
cells with granulocyte macrophage-colony stimulating factor (GM-CSF) resulted in
their differentiating into potent DCs (118). We have recently determined that transfer of
a rAAV encoding the firefly luciferase in monocytes, following differentiation with
IL-4 and GM-CSF, resulted in a robust increase in transgene expression in differenti-
ated DCs (119). Using fluorescent in situ hybridization analysis, we were also able to
identify the transgene in potent DCs 10 d after transduction (119).  Similar to our ear-
lier findings in human bone marrow-derived CD34+ cells (120), we also observed dif-
ferences in AAV transduction of DCs obtained from different individuals (119).
Application of AAV vectors capable of packaging the recombinant genome as a self-
complementary double strand (121,122) may prove useful in this context to achieve
gene expression earlier.
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12. RECOMBINANT AAV-MEDIATED CANCER GENE THERAPY 
AS ADJUVANT THERAPY

Based on several studies over the last decade, it is becoming increasingly clear that gene
therapy includes a repertoire of cancer treatment paradigms. At the same time, limitations
in both target definition and vector efficacy need to be overcome to utilize this as an exclu-
sive therapeutic modality. However, important to this discussion is the realization that gene
therapy can be combined with other traditional treatments as an adjuvant therapy. For
many of the solid tumors, surgery, chemotherapy, radiation therapy, and hormonal therapy
constitute the major therapeutic measures. Despite advances in early detection and suc-
cessful initial control, many tumors recur yielding a much more ominous prognosis. In
these situations, it may be more appropriate to advance our ability to effectively utilize
gene therapy to prevent such recurrences. These adjunct therapies may well be targeted
toward secondary cellular events such as antiangiogenesis or toward elicitation of host
immunity for a greater control over local tumor recurrence or metastasis. For these strate-
gies, rAAV remains a promising vector because of its low immunogenicity and stable
expression. Improvements in the efficacy of chemotherapy following AAV2 infection was
also reported indicating the potential of AAV gene therapy for enhancing sensitivity of
chemotherapy (123,124). Preclinical studies also indicate the feasibility of regulated
expression of rAAV-transgenes in vivo in murine and nonhuman primate models (125–127)
and it will be a next logical step to utilize this strategy to not only achieve high-level
expression of therapeutic genes but also to do so under highly controlled conditions.

13. CONCLUSION

Based on several reports, it is becoming increasingly clear that parvovirus vectors are
potential alternatives to other vectors for cancer gene therapy. It is also becoming appar-
ent that for genetic therapy of cancer to be successful, a better understanding of target
molecules and cancer types is necessary prior to the application of this technology. The
unique diversity of parvoviral vectors with innate antioncogenic properties, autonomous
replication, ease of recombinant vector production and stable transgene expression in
target cells should provide more versatility to develop effective cancer gene therapy pro-
tocols in future. A significant preclinical evaluation of the parvovirus vectors needs
should lead to their application in future clinical cancer gene therapy trials.
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Summary
Gene therapy requires efficient vectors for delivering therapeutic genes. Advances in develop-

ments of nonviral vectors have been established for improving the efficiency of gene delivery. This
chapter describes different nonviral methods as well as their applications. Some new directions in
developing nonviral vectors are also discussed. 

Key Words: Nonviral vectors; gene delivery; liposome; naked DNA; polyplex.

1. INTRODUCTION

The success of gene therapy depends highly on an efficient means of delivering
genes into target cells with minimal toxicity. Various viral vectors have proven to be
effective in transducing cells. However, immunogenicity is the major safety concern
associated with viral vectors. Viral vectors accompanied with their viral components
cause inflammation. In therapeutic applications, the vector should be stable and should
not elicit any significant immune response.

Nonviral vectors are favorable alternatives because of their ease of preparation and
reduced immunogenicity and toxicity. Indeed, naked DNA and other nonviral vectors
have been used in one-quarter of the clinical trials. Several major nonviral methods
have been developed for delivering genes to eukaryotic cells: (1) naked DNA,
(2) DNA/liposome complex (lipoplex), (3) polymer/DNA complex (polyplex), and 
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(4) DNA/peptide complex (Table 1). Side effects are rare and mostly mild in all of
these studies. Expression of the transgene has been demonstrated in the treated
patients.

This chapter highlights many successes as well as challenges of these different
approaches. Future directions of these approaches will also be discussed.

2. NAKED DNA

The simplest approach to nonviral vectors is direct injection of naked DNA. The
promise of direct injection of naked DNA was initiated in Wolff’s study (1) on the
expression of a reporter gene following direct intramuscular injection of DNA. The
study revealed that the reporter gene delivered with the naked DNA could lead to a
long-term expression of the gene in the muscle. Shortly after, several experiments have
were performed to introduce naked DNA into skin by direct injection (2–4). Injection
of plasmids encoding the -galactosidase (LacZ) reporter gene into the superficial der-
mis of porcine skin resulted in a visible expression of the encoded protein. The expres-
sion of the reporter gene lasted for 3 d, whereas the expression of the encoded protein
was visualized for up to 3 wk (2). Compared with gene expression in the muscle tissue,
gene expression in the skin is relatively short-lived. Therefore, genetic immunization
was initiated with the intramuscular injection of viral antigens to provoke cellular and
humoral immune responses in animal models (5,6). However, it was later demonstrated
that direct injection of DNA encoding a viral antigen into the skin elicited a compara-
ble immune response as the intramuscular injection. The immune response lasted up to
68 to 70 wk after vaccination (7). Since then, a tremendous interest has emerged in the
genetic immunization using naked DNA. Because immune cells (dendritic cells [DCs],
macrophages, lymphocytes), skin cells (fibroblasts and keratinocytes), and tumor cells
are all transfectable by naked DNA, this gives rise to the vastly appealing idea of “tumor
vaccination” that is to activate immunity against tumors by injecting DNA. Toxicity
studies revealed that delivery of plasmid DNA was safe. When different routes of local
tissue injection and systemic injection (intramuscular, intradermal, intravenous, and
intratumoral injection) were compared, no significant pathological or histological toxi-
city was observed (1,8–13). In the case of intratumoral injection, a toxicity study
showed that it did not cause cytoxicity in major organs and found that DNA predomi-
nantly localized to the injected tumor and was occasionally found in heart, kidney, lung
and spleen (14).
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Table 1
Nonviral Vectors

Naked DNA

Direct injection
Electroporation
Gene gun
Jet injection

DNA/liposome (lipoplex)
DNA/polymer complex (polyplex)
DNA/peptide complex
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Without the protection of vectors, however, the efficiency of gene transfer is low
under most circumstances.

2.1. Hydrodynamic-Based Intravenous Injection 
(High-Pressure DNA-Transfer)

It was found that hydrodynamic pressure induces gene delivery in the liver.
Hydrodynamic pressure by rapidly injecting a large volume of DNA solutions through
the tail vein (so called hydrodynamics-based intravenous injection, or high-pressure
method) induced gene expression in the kidney, spleen, and heart but the primary effect
was observed in the liver (15). Such pressure resulting from the rapid injection induces
transient formation of pores on the hepatocyte membrane to allow effective DNA entry
and gene expression (16). Hydrodynamic-based injection of interferon (IFN) plasmid
DNA exhibits a significant increase in interferon gene expression, resulting in a visible
decrease in liver metastatic growth (17). Although this method is relatively harsh and
cannot be directly applied to humans, it nevertheless serves as a useful tool for gene
transfer in the mouse liver. Recently, a much milder although less effective method has
been developed. A few minutes after intravenous injection of naked DNA, repeated
mechanical massages of the mouse abdomen under normal pressure resulted in a sig-
nificantly elevated gene transfer in the liver (18).

In addition to hydrodynamic pressure, several other physical approaches have been
developed to increase gene transfer efficiency. Jet injection of a low volume of DNA
solution in pressurized air was employed as the driving force for efficient gene transfer
in tumor (19).

2.2. Electroporation
Electroporation that is one of the most common techniques used in laboratory is

another approach. Electroporation uses brief electric pulses to induce the formation of
transient pores in the membrane of the host cell (20). Such pores appear to act as pas-
sageways through which the naked DNA can enter the host cell (20,21). Enhancement
of gene transfer using electroporation is generally about 100- to 1000-fold greater than
the delivery of naked DNA alone. Optimization of electrical parameters such as volt-
age, duration, and number of pulses, for in vivo electroporation are important to gene
delivery. Voltage that is optimal in one tissue may not be optimal in another. For exam-
ple, an electric voltage of 200V in tumor was used to enhance 100-fold gene expression
whereas 100V was necessary in muscle (22). Besides voltages, duration and number of
pulses are also necessary for optimization because intense application of electric pulses
causes local inflammation and tissue damage.

2.3. Gene Gun
Gene gun is another physical approach to enhance the gene delivery. Gene gun uses

particle bombardment to shoot DNA-coated microscopic pellets through the cell mem-
brane (21). Compared with the performance of electroporation in gene delivery, the
application of gene gun has been limited to superficial tissues as a result of the short
penetration depth (<0.5mm in murine muscle) into tissue (23). Until recently, a signifi-
cant improvement in tissue penetration had been achieved using a new design of the
gene gun by Dileo et al. The gene gun which delivers DNA-coated gold beads at a high



pressure allows the transgene access to subcutaneous tissues, such as muscle or tumor,
and consequently achieved longer-term gene expression (24).

2.4. Polymer-Based Delivery
Another concern with the delivery of naked DNA is its short duration of gene expres-

sion. Because of the rapid clearance of the naked DNA, the DNA expression is transient.
To this end, episomal plasmids have been developed to prolong the stability of the plas-
mid (25). Recently, biodegradable polymer-based delivery has been developed to
increase the gene transfer efficiency of naked DNA. The polymers, such as hyaluronan
matrix, polyvinylpyrrolidone (PVP) and poly [ -(4-aminobutyl)-L-glycolic acid]
(PAGA) act as release carriers of DNA and provide protection of DNA from damage or
enzyme degradation. So far, a prolonged lifespan of DNA using these polymers has been
reported in vitro (26) and in vivo (27,28). Recently, our lab developed a copolymer,
poly(D,L-lactide-co-4-hydroxy-l-proline) (PLHP). Microspheres containing PLHP and
plasmid DNA induce long lasting gene expression in the transfected cells (29). Polymer-
mediated delivery demonstrated promising results in therapeutic applications against
tumors. The laboratory of Kim discovered polymer entrapped cytokine gene increased
cytokine gene expression, resulting in an improved inhibition of tumor growth (30–32).

Unfortunately, under most circumstances, it is known that gene transfer with naked
DNA is not as efficient as DNA delivered by vectors. However, in certain tissues, such
as the wounded skin where DNA can be freely transported, naked DNA can be effec-
tive and is preferred over other vectors (33,34). We have shown that naked DNA encod-
ing transforming growth factor (TGF)- 1 mixed in a thermosensitive PEG-PLGA-PEG
hydrogel can effectively enhance the healing of skin wound in a diabetic mouse model
(35). Overall, to improve naked DNA delivery, a better understanding of the naked
DNA uptake mechanism is the crucial step.

3. LIPOSOME/DNA COMPLEX (LIPOPLEX)

Whereas researchers have put efforts on improving the gene transfer using naked
DNA, many efforts were also placed on lipid development in gene delivery. Because the
initial formulation of liposomes by Bangham’s group for the study of the membrane dif-
fusion of electrolyte (36), liposomes have come a long way to become a vehicle for gene
delivery. There are three kinds of liposomes: anionic, neutral, and cationic. Liposomes
were initially used in drug delivery, which was successfully achieved using anionic and
neutral liposomes. However, not much attention was paid to cationic liposome because
this type of liposome was best known as a toxic chemical (37). Whereas anionic and
neutral liposomes were commonly used in drug delivery, contribution to gene delivery
was low resulting from the difficulty of entrapping sufficient amount of DNA into these
vesicles. A major breakthrough in lipidic gene delivery was the report by Felgner et al.
that the cationic liposome could enhance DNA transfection in vitro (38). Since then,
cationic lipids have been commonly used to introduce DNA into the cell.

3.1. Cationic Liposomes
Cationic liposomes can be formed from a variety of cationic lipids. The best

known cationic lipids are the DOTMA (Lipofectin, N(1-2,3-dioleyloxypropyl)-N, N,
N-triethylammonium chloride), DOTAP (N-(1-2,3-dioleyloxypropyl)-N, N,N-triethyl-
ammoniumethyl sulfate) and DC-chol (3 [-N-N -N -dimethylaminoethane) carbamoyl]
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cholesterol) (see Fig. 1). They are all characterized with amine groups which give
the lipid positive charge. Unlike neutral or anionic liposomes, which require entrap-
ment of DNA inside the vesicles, cationic lipid forms a complex with DNA. The
addition of cationic liposome to DNA decreases its negative charge and reduces the
repulsion between cell surfaces and DNA. Thus, cationic lipid is important to facil-
itate DNA binding to cell membranes for internalization. In addition to the DNA
uptake, DNA intracellular trafficking is relatively inefficient without lipids. To
design of an efficient lipoplex, it is important to understand and deal with a multi-
tude of cellular barriers.

4. INTRACELLULAR TRAFFICKING OF LIPOPLEX

The intracellular trafficking of lipoplex consists of a series of steps, including the
initial binding, endocytotic internalizaiton, trafficking in the endosome/lysosome com-
partment, escape from the endosome/lysosome compartment, and transport to the
nucleus (see Fig. 2). Fusion of the lipid and membrane (mainly plasma membrane)
was initially believed as the essential step for lipoplex uptake (39). Later on, studies
found that lipoplexes are taken up primarily via endocytosis (40) (see Fig. 2). Zhou
and Huang have studied the intracellular trafficking of DNA complexed with cationic
liposomes, which are made of lipopolylysine and DOPE (dioleoylphosphatidyl-
ethanolamine). In the study, it was observed that DOPE formed an inverted hexagonal
phase in the cell. Because this form of lipid polymorphism is involved in membrane
fusion, it was hypothesized that DOPE in the liposome promoted membrane fusion or
destabilization (40). DOPE and other neutral lipids (such as cholesterol), which have
been called “helper lipids,” are believed to facilitate the release of DNA by disrupting
endosomal or lysosomal membrane upon endocytosis. Besides the presence of a helper
lipid, a high charge ratio (+/–) is also favorable for the intracellular trafficking of the
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Fig. 1. Structure of cationic lipids.



lipoplex (41). Sakuri et al. formed a complex with different ratio of plasmid DNA
(labeled with fluorescein isothiocyanate [FITC]) to cationic liposomes. At higher
charge ratios, a higher intensity of the green fluorescence was observed in the endo-
somes/lysosomes, indicating more lipoplexes had moved into these compartments.
Thus, the efficiency of gene transfer is highly dependent on the charge ratio between
the cationic liposome and DNA.

However, the drawback of a high charge ratio is, that it results in an increased serum
sensitivity. Serum proteins cause aggregation of the positively charged lipoplex, as well
as a decrease of the positive charge of the complex and its interaction with the cell
membrane. Thus, serum induced aggregation compromises gene transfection efficency
(42,43). Another concern is that cationic liposome formulations interact nonspecifically
with the majority of negatively charged glycoproteins on the cell surface. To resolve
this issue, a lipoplex formulation has been developed using anionic liposomes (44).
However, the lipoplex gene transfection activity observed was lower than with cationic
liposomes. It was proposed that the reason for this less effective transfection resulted
from the degradation of anionic lipoplex formulations in the lysosomes, whereas
cationic liposomes can bypass this endosomal–lysosomal route and escape early degra-
dation in these compartments.

To reduce this lysosomal–endosomal degradation of transgenes, Yang and Huang
developed a pH-sensitive anionic liposome formulation. This pH-sensitive liposome
was stable in physiological pH, but became destabilized in an acidic environment.
Typically, these liposomes were prepared at pH 8.0. Under the acidic environment in
the endosomes (~ pH 5.0), the pH-sensitive liposomes were protonated and destabi-
lized, resulting in the release of DNA. A subsequent study hasshown that a pH-sensitive
liposome formulation perform DNA release prior to the endosomal–lysosomal degradation,
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Fig. 2. Internalization pathway and fate of cationic liposome-DNA complexes. (1) Binding of cationic
lipoplexes to cell surface by charge interaction. (II) Transport from plasma membrane to endosome.
(III) Lysosome becomes endosome by maturation and a release of lipoplex to cytosol. (IV) DNA
moves to exterior of the cell. (V) DNA moves toward nucleus. (VI) Transcription of DNA to mRNA.
(VII) Transcripted mRNA exported to cytoplasm. (VIII) Translation of mRNA to protein.



actually, suggesting that the pH-sensitive liposome could also bypasse the endosome-
lysosome route (45).

5. POLYMER/DNA COMPLEX (POLYPLEX)

Besides liposomes, cationic polymers have been used to promote the entry of DNA
into cells. The complex of the polymer with DNA is termed polyplexes. Polycations
include natural DNA binding proteins such as histones, the synthetic amino acid poly-
mers, polylysine, polyethyleneimine (PEI), cationic dendrimers, or carbohydrate-
based polymer chitosan. Generally, a cationic polymer performs multiple tasks,
including compacting DNA to improve the migration toward and into cells, protecting
DNA from degradation and enhancing cell binding or intracellular delivery into the
cytoplasm and the nucleus. For example, polylysine was used to protect DNA, con-
dense DNA, and deliver DNA into cells through its positive charge interaction with
the cell surface. On the other hand, PEI and cationic dendrimers, which vary the degree
of protonation corresponding to the surrounding pH, contribute to the endosomal
release of DNA. At low pH (i.e., in endosomes), an increased protonation is assumed
to trigger the endosomal release by osmotic imbalance. This effect is called the “proton
sponge” effect (46).

Polyplex show high activity in cell culture transfection. However, gene transfection
in vivo was not as successful, as exampled by PEI (47,48). Additionally, the high posi-
tive charge that is effective in gene transfer is associated with high serum sensitivity as
explained in the previous section.

6. LIPOSOME/POLYMER/DNA COMPLEX (LIPOPOLYPLEX)

Similar to polyplex, the incorporation of polymers in the formation of liposome-
DNA complex is developed to facilitate gene transfection. Addition of a cationic poly-
mer, such as poly-L-lysine (PLL), is used to condense DNA and reduce the possibility
of aggregation and enzyme degradation. The resulting ternary complex containing lipo-
some, polycation and DNA is called LPD (49,50).

Initially, cationic liposome was used to synthesize LPD and the resulting purified
complex is called LPD-I. The biodistribution of LPD-I following systemic administra-
tion is more controllable compared with the lipoplex formulations. Furthermore, LPD-I
are smaller and more stable than the lipoplex. The resulting size is reduced to less than
100 nm whereas the complex formed between DNA and DC-chol/DOPE had an aver-
age diameter of 1.2 m. The reduced size favors endocytosis, which is the major path-
way for DNA entry (51).

Furthermore, LPD-I show a higher transfection activity than the corresponding
lipoplex in vivo (52). The improved transfection resulted partly from the enhanced con-
densation of DNA within the polymer. The enhanced transfection is also associated
with the quenching ability of the polycationic polymer. Multiple protonable groups on
the polymer act as a buffer to quench lysosomal acidification and impede DNA degra-
dation. Additionally, because of the increased osmolarity of the endosomes containing
LPD-I their membrane rupture and release of the entrapped DNA into the cytoplasm
(i.e., the proton sponge effect) (46).

In addition to these biochemical properties of LPD-I, their lipid structure and compo-
sition also affect the transfection efficiency. So far, it is known that cholesterol-anchored
cationic lipids are less efficient than the double-chain hydrocarbon anchored lipids for
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intravenous delivery (53). On the other hand, the choice of the helper lipid greatly affects
the transfection efficiency. For example, DOPE as a helper lipid decreases in vivo trans-
fection activity of LPD-I while cholesterol significantly enhances in vivo transfection
activity (52). This is probably related to the fact that some amphipathic proteins in the
blood inhibit the formation of the inverted hexagonal phase of DOPE (54,55).

Because of the high sensitivity of LPD-I to serum proteins, the transfection efficiency
of LPD-I in systemic applications site is low. That is why a new lipidic vector has been
developed by Lee and Huang (56), called LPD-II. The structure of LPD-II is similar to
that of the LPD-I, but it is composed of anionic liposome instead, which renders LPD-II
more compatible with biological fluids. Furthermore, the design of LPD-II particles elimi-
nated potential problems associated with the traditional anionic liposomal DNA vectors,
such as low encapsulation efficiency and generation of excessive empty liposomes (56).
To increase cell-specific transfection (targeting) Lee et al. used a folate ligand that was
covalently attached to the surface of the LPD-II particles (56). Folate was chosen as a tar-
geting ligand because many human tumors, especially ovarian carcinoma, overexpress
folate binding protein or folate receptor (57). Another targeting LPD-II was developed by
mixing cationic PLL/DNA complex with anionic liposome containing the ligand transfer-
rin. Transferrin-targeted LPD-II was shown to selectively deliver a reporter gene to myo-
genic cells (58). However, serum sensitivity is still an existing problem with LPD-II.

7. PEPTIDE–DNA COMPLEX

In addition to cationic polymers and lipids, cationic peptides were used to enhance
gene transfection. The primary role of the cationic peptide is to condense DNA. For
example, Huang and colleagues (59) have combined a Food and Drug Administration
(FDA)-approved polycationic peptide, protamine sulfate, with cationic liposomes to
enhance DNA delivery in vitro. Protamine sulfate as a condensing agent was superior
to polylysine as well as to various other types of protamine (59).

Similarly, Schwartz and colleagues (60) have synthesized short peptides derived from
human histones or protamine and formed peptide-DNA-lipid complexes that enhanced
DNA delivery both in vitro and in vivo. More recently, McKenzie et al. developed a
peptide containing a cysteine residue, Cyc-Trp-Lys. In addition to DNA condensation,
the thiol group in the peptide, which is spontaneously oxidized to form interpeptide
disulfide bonds, resulted in a highly stable complex in vitro. In addition to the stabiliza-
tion of the complex, the increased gene expression observed might also result from the
reduction of the disulfide bonds that trigger the intracellular DNA release (61). In 2003,
Lee and his colleagues conjugated Listeriolysin O (LLO, a sulfhydryl-activated pore-
forming protein from Listeria monocytogenes) to polycationic peptide protamine (PN)
through a reversible, endosome-labile disulfide bond and formed a LLO-s-s-PN com-
plex. The LLO-s-s-PN incorporating the condensed PN/pDNA complex resulted in
approximately three orders of magnitude higher luciferase gene expression compared to
PN/pDNA in vitro (62).

8. STRATEGIES USING NONVIRAL VECTORS 
IN CANCER GENE THERAPY

Various nonviral vector systems have been used to deliver DNA into cancer cells to
induce an antitumor effect. Naked DNA encoding genes ranging from cytokine genes
to tumor antigen genes have been delivered alone (63), by gene gun (64,65), or by
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electroporation (66,67), resulting in significantly induced cytokine levels or specific
antigen expression. Electroporation has also been used to introduce plasmids that
encode antisense RNA against E6 and E7 mRNA to human papilloma virus (HPV)
expressing cancer cells, which resulted in a significant inhibition of tumor growth (68).
Another approach involved gene gun-mediated delivery of heat-shock protein 70
(Hsp70) linked to the HPV16 E7 tumor antigen gene into antigen presenting cells
(APCs). It led to an enhanced E7-specific immune response of lymphocytes after expo-
sure to these transfected APCs (69).

Lipoplex has been shown to greatly enhance the efficiency of gene transfer in the spinal
cord (70), lungs (71), and tumors (72), both, by intratumoral injection and intravenous
injection. That delivery of cationic liposomes is safe in humans, even with the high charge
ratio of cationic liposome to DNA, was shown early in gene therapy trials (41,73). This
was in contrast to the previous understanding that the positive charge of cationic liposomes
led to potential harmfull aggregations with serum proteins that could impede blood circu-
lation and hemostasis. In clinical studies, complex of DNA and cationic liposomes induces
gene expression resulting in reduction of tumor size (74). That repeated administration of
lipoplex is feasible and well supported was made evident in a recent clinical study in
patients with cystic fibrosis (75). In that study, repeated administration of the cystic fibro-
sis transmembrane regulator (CFTR) cDNA in DC-Chol/DOPE cationic liposomes
resulted in continued expression of CFTR in the airway epithelium.

LPD also plays an increasingly important role in antitumor gene therapy. An interest-
ing method is to deliver a plasmid containing an unmethylated CpG motif flanked by
two 5 -purines and two 3 -pyrimidines in the form of LPD. This approach induced proin-
flammatory cytokine levels leading to a nonspecific immune response and it showed a
remarkable decrease of tumor burden in lung cancers (76). In order to enhance a specific
immune response against tumor antigens, such as a peptide epitope of the HPV16 E7
protein expressed by cervix cancer cells, entrapping of the epitope peptide in LPDs was
tested. With this approach, specific immunity was induced and complete tumor regres-
sion was observed in all tumor-bearing mice treated with LPD/E7 nanoparticles (63).

9. LIMITATIONS AND POSSIBLE SOLUTIONS 
IN DNA TRANSPORT AND UPTAKE IN VIVO

Despite encouraging results in the use of nonviral vectors for cancer therapy, it
became evident that solutions to overcome various intracellular and extracellular obsta-
cles were necessary in order to improve the performance of nonviral tumor gene trans-
fer. Intracellular uptake and transport is greatly dependent on the size of the DNA
and/or the DNA combined with its vector. Usually, the size of liposomes varies from 80
to 100 m. The most efficient and useful liposomes for the delivery of therapeutic genes,
peptides or drugs are 80 to 200 nm in diameter. Considering the transport of macromole-
cules in tissue, small size should be more favorable for diffusion in the matrix and uptake
by cells. For the application to tumors, however, large lipoplex (400 nm–1.4 m in
diameter) could be more favorable (77,78) because large lipoplex tends to be retained
in the capillary bed within the tumor. In contrast, small lipoplex (200–400 nm) tends to
be taken up by the organs of the reticuloendithelial system (RES) (79). Theoretically,
the transport of large lipoplex is feasible in tumor. The vasculature is extensive in most
tumors but because of its “immature” endothelium the permeability of these tumor ves-
sels is greater than that in tissues with a mature vascular bed (80). This increased
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permeability may facilitate the extravasation of lipoplex in the tumor. However, in real-
ity, the high interstitial pressure within the tumor tissue is one of the major barriers for
the transport of macromolecules into cancer cells (79). Unlike endothelial cells, tumor
cells are not readily accessible and extravasation across the blood vessel is necessary to
reach the tumor cells. The high pressure prohibits convective extravasation of mole-
cules into the tumor tissue. This is the reason, why, in vivo, lipoplex molecules greater
than 400 nm in diameter may not be able to extravasate and penetrate the tumor tissue
(81). Additional hindrance of transtumoral vector transportation results from the vis-
cous extracellular matrix in the tumor. In a solid tumor, tumor cells occupy less than
50% of the total volume whereas  from 1 to 10% of the volume is occupied by the vas-
culature (80). The rest of the tumor consists of a collagen-rich extracellular matrix.
Therefore, to transfect cancer cells efficiently in vivo, DNA has to travel through the
endothelial barrier and the interstitial matrix to access tumor cells. 

One way to increase transendothelial and transinterstitial transfer of DNA to the tar-
get cell might be by hydrodynamics-based gene delivery via the local tumor circula-
tion. Because the hydrodynamic pressure should counter the high interstitial pressure
of the tumor, this way of application could, if applied locally, be an alternative strategy.
However, to date little is known about the transport mechanism of macromolecules
through the tumor interstitium, and research focusing on the understanding of macro-
molecular transport will be vital to overcome these barriers.

10. FUTURE DIRECTIONS

The ultimate goal of nonviral gene therapy is to cure genetic diseases, such as cancer,
with minimal toxicity. Over the past decades, it has been encouraging to see significant
progress and improvements in the design of nonviral vectors. This chapter attempted to
highlight some major achievements of nonviral gene therapy in antitumor strategies.
However, several challenges still must be addressed and overcome. 

First, the performance of nonviral vectors in gene transfer still remains to be
improved. The transfection efficiency achieved by cationic liposomes is still a few
orders of magnitude lower than viral vectors. As the transfer of a therapeutic gene is
not trivial, different and specific steps in the DNA internalization need to be elucidated.
Furthermore, a better understanding of the viral vector internalization mechanism may
facilitate improvement in the design of the nonviral vectors.

Another concern is the safety of nonviral vectors. Although nonviral vectors are less
immunogenic as compared with viral vectors, they nonetheless induce an inflammatory
response in the host. This ris the result of immune stimulation of unmethylated CpG
motifs of the plasmid, which could enhance antitumor effects but concurrently it has
the potential to induce inflammatory responses in untargeted tissues, leading to
unwanted toxicity. After intratumoral injection or other local administrations most of
the DNA accumulates in or near the injections site, facilitating local antitumor thera-
pies. However, systemic administration, especially hydrodynamic-based injection via
the tail vein can cause extensive biodistribution of the gene to locations including spleen
and kidney (82). This increases the possibility of an inflammatory response in untar-
geted tissue. Researchers tried to overcome this problem with the coapplication of
immunosuppressant agents and more efforts have been placed on the modification of
plasmid DNA by mutating the CpG motifs (83–85). We, in our laboratory have chosen
to explore the potential of sequential injection of cationic liposome followed by DNA
in reducing unwanted inflammatory response in non/target tissues. We found that the



sequential injection could avoid serious systemic inflammation without sacrificing
transfection efficiency in the lung (86). Whether these approaches will be applicable in
humans will have to be tested in the near future.

Overall, nonviral gene therapy is potentially favorable for cancer treatments because
of its flexiblility in design and reduced immunogenicity and toxicity. A nonviral vector
with increasing gene expression and minimal toxicity is anticipated in the future if the
previously discussed challenges could be overcome.
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Summary
Oncogenes, tumor suppressor genes, and apoptosis-inducing genes play critical roles in cell prolifer-

ation, differentiation, and death. Their expressions are frequently altered in cancer cells by gene mutation,
deletion, rearrangement, inactivation, or overexpression. Some of these alterations are directly related to
the development and maintenance of malignant phenotypes; others relate to the response of cancer cells
to various anticancer therapies. Both preclinical and clinical studies have indicated that restoring the
normal function of these genes may be an effective means of cancer therapy although full realization of
any anticancer benefit will depend on effective delivery of these genes to cancer cells. 

Key Words: Gene therapy; neoplasia; apoptosis; oncogene; tumor suppressor gene; adenovirus.

1. INTRODUCTION

A fundamental feature of cancer is the loss of normal cell behavior (i.e., cell prolif-
eration, differentiation, and death), resulting in the unlimited and continuous growth of
cancer cells. Because this malignant phenotype can be inherited by the offspring of
cancer cells, it is widely considered that cancer is a genetic disease of somatic cells and
that genes which regulate cell growth, cycling, differentiation, and death are frequently
altered or mutated (1,2).

Stepwise development of malignant phenotype is another well-recognized feature of
cancer (2). Premalignant lesions have been observed for several types of cancer. For
example, in the familial adenomatous polyposis (FAP) syndrome, a large number of pre-
cancerous colonic polyps may develop in affected individuals between 7 and 36 yr of age,
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and without colectomy, will inevitably lead to colon cancer (3). Another example is
myelodysplasia syndromes (MDS), which are clonal stem cell disorders characterized by
progressive cytopenia and the presence of multilineage dysplasia in bone marrow. It is
estimated that between 20 and 40% of adults with MDS will develop acute leukemia (4).

Because cancer is considered a genetic disease, its stepwise development must
involve distinct gene alterations in at each step of cancer development (1,2). Moreover,
it has long been realized that in normal situation, cell growth is under control of two
distinct groups of signals. Oncogenes normally encode positive signals that promote
cell growth and division. Tumor suppressor genes normally encode negative signals
that inhibit cell growth and division and induce cell-cycle arrest or initiate apoptotic
programs. Apoptosis-related genes encode a variety of gene products that promote
either cell survival (antiapoptotic) or cell death (proapoptotic). The resulting progrowth
and antigrowth and proapoptotic and antiapoptotic functions collectively determine the
cell’s fate to grow or not to grow, to die or not to die. Any dysfunction or imbalance of
these signals may lead to abnormal cell behavior and malignant transformation (7,8).

2. ONCOGENES

2.1. Viral Oncogenes
The concept of oncogenes initially came from studies of neoplastic transformation

by tumor-producing viruses. As early as the 1960s, it was noticed that some DNA or
RNA viruses could induce tumor formation either in their natural hosts or in hetero-
logous species (9,10). Among the RNA viruses, only retroviruses can induce neoplastic
transformation. Some retroviruses, such as the avian leucosis virus (ALV), can induce
tumor formation only after long incubation periods, usually lasting more than several
months. Other retroviruses, such as the Rous sarcoma virus (RSV), can induce tumor
formation very rapidly in infected chickens, usually within 1 to 2 wk, and are thus
named acute transforming viruses. Comparison of the genome of acute transforming
virus RSV with that of nonacute transforming virus ALV resulted in the discovery of
the first viral oncogene (src), consisting of an extra gene sequence on the 3 -end
between the env gene and 3 -long terminal repeats (LTRs) (11). Gene transfer experi-
ments demonstrated that this additional gene could induce neoplastic transformation in
chickens. Since then, more than 20 viral oncogenes have been identified and isolated
from acute transforming retroviruses (12).

2.2. Proto-Oncogenes and Cellular Oncogenes
Although viral oncogenes can induce neoplastic transformation in animals, their

mechanisms for doing so do not involve viral replication. This suggests that viral onco-
genes are not necessary for viral life cycles and that they derive from other species. In
fact, some early researchers observed that animals occasionally developed tumors very
rapidly when they were infected with nonacute transforming retroviruses such as ALV.
These nonacute transforming retroviruses were then isolated from the tumor sites and
were subsequently shown not to be novel retroviruses but rather contained additional
gene sequences in the genome. This finding strongly indicated that viral oncogenes
derived from hosts that the viruses had infected. Direct evidence in support of this
hypothesis came from DNA hybridization experiments. Isotope-labeled viral onco-
genes, such as src, hybridized to DNA samples from a broad range of species including
chicken, dog, and human.
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Currently, normal cellular genes from which viral oncogenes or cellular oncogenes
are derived are defined as proto-oncogenes (11,12). Nevertheless, there are fundamen-
tal differences between proto-oncogenes and oncogenes. Proto-oncogenes are function-
ally normal cellular genes that are regulated by normal molecular mechanisms, whereas
oncogenes are functionally abnormal genes that are deregulated by abnormal molecular
mechanisms. However, proto-oncogenes may induce neoplastic transformation when
gene mutations or abnormal transcriptional activation cause them to function abnor-
mally and behave like viral oncogenes. In these situations, the abnormally functioning
proto-oncogenes are called cellular oncogenes. Gene transfer assays can detect the
presence of cellular oncogenes (11,12). For example, when transfected with the DNA
of chemically transformed cells, cells from an immortalized but nontransformed mouse
cell line designated NIH3T3 can develop tumor clones very efficiently. In contrast,
NIH 3T3 cells transfected with normal DNA do not develop tumor clones efficiently.
This suggests that normal cellular proto-oncogenes might be abnormally activated to
function oncogenically by causing the neoplastic transformation of normal cells (5,13).

2.3. Classification of Proto-Oncogenes
By using different approaches such as neoplastic transformation assays, karyotypic

analysis, and oncogenic virus studies, more than 100 human genes have been identified
as proto-oncogenes (5). These can be classified into three categories according to the cell-
ular levels they act on. The first class includes growth factors and growth factor receptors
such as platelet-derived growth factors (PDGF), fibroblast growth factors, epidermal
growth factor receptors (EGFR), the stem cell factor (SCF) receptor kinase c-kit, and the
angiotensin receptor mas. The second class of proto-oncogenes acts on cellular cytoplasm
and includes tyrosine and serine/threonine kinases (e.g., c-src, c-abl, c-fps, c-raf, and 
c-mos), several guanosine binding proteins (e.g., ras and gsp/gip), and other signaling
cytoplasmic proteins (e.g., crk and vav). The third class includes nuclear transcription fac-
tors of the NF- B family (e.g., c-rel), the leucine zipper family (e.g., c-fos and c-jun), and
the HLH family (e.g., c-myc) (5,14). Upon phosphorylation, these transcription factors can
bind to specific DNA sequences on target genes to induce transcriptional activation.

2.4. Molecular Mechanisms of Oncogenes in Carcinogenesis
2.4.1. PLATELET-DERIVED GROWTH FACTOR AND ITS RECEPTORS

So far, four PDGF polypeptide chains have been identified and designated A, B, C,
and D. Formed from these chains are five dimeric PDGF isoforms (PDGF-AA, -AB,
-BB, -CC, and -DD), which exert their cellular effects through two tyrosine kinase
receptors (i.e., PDGF- and PDGF- ). Interaction of PDGF ligands with PDGF recep-
tors leads to receptor dimerization, autophosphorylation, and further receptor activa-
tion. The activated PDGF receptors then recruit SH2 domain-containing signaling
molecules (e.g., c-Src, phospholipase PLC- , PI3K, and Grb2/Sos complex) to activate
a number of signaling pathways, including c-Src-c-myc, PLC- -PKC-Raf1-MEK-ERK,
PI3K-PDK1-AKT, and Grb2-Sos1-Ras-Raf1-MEK-ERK. Activation of these pathways
ultimately induces various cellular processes including division, cell proliferation, and
migration (15,16).

In certain malignancies, PDGF receptor signaling is constitutively activated by the
genetic alteration of either PDGF or PDGF receptors. In dermatofibrosarcoma protuber-
ans (DFSP), for example, chromosomal translocation creates a fusion gene composed of
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collagen 1A1 and the PDGF B chain whose expression results in persistent activation
the of PDGF-BB gene (17). In patients with high-grade gliomas or gastrointestinal stro-
mal tumors (GIST), amplification, activating point mutations, and small deletions in the
PDGF- receptor have been reported (18,19). Constitutive activation of the PDGF-
receptor has also been described in chronic myelomonocytic leukemia (CMML) (20).

2.4.2. EPIDERMAL GROWTH FACTOR RECEPTORS

The EGFR family contains a series of structurally and functionally related receptors:
EGF receptor (EGFR, or ErbR-1/HER1), ErB-2/ne /HER2, ErbB-3/HER3, and ErbB-
4/HER4. All EGF receptors are transmembrane glycoproteins and have tyrosine kinase
activity in their intracellular regions. However, the extracellular regions of the different
receptors selectively bind to specific EGF-like growth factors. As for the PDGF recep-
tors, the binding of EGF receptors to their ligands leads to dimerization and autophos-
phorylation of tyrosine residues on the receptors, and finally activation. The activated
receptors then activate two important intracellular kinase pathways (Ras-Raf-MEK-
ERK and PI3K-PDK1-AKT), which in turn activate related transcription factors in the
nucleus, resulting in cell proliferation, differentiation, migration, and adhesion (21,22).

EGF receptors are commonly overexpressed in a number of epithelial malignancies
and are often associated with an aggressive phenotype. They are overexpressed in over
50% of non-small-cell lung cancers (NSCLC), head and neck squamous cell carcinoma
(HNSCC), and colon cancers, along with overexpression of one or more other EGFR
family members (21,23,24).

2.4.3. RAS ONCOGENES

The ras oncogene family consists of three members: K-ras, H-ras, and N-ras. An
estimated 10 to 50% of acute leukemias, 50% of colon carcinomas, and 90% of pancre-
atic carcinomas have activating mutations in different ras oncogenes. Evidence sug-
gests that ras gene products have GTPase activity. When bound to GTP, ras proteins are
in their active state. However, when GTP converts to GDP, ras proteins return to an
inactive GDP-binding state. A single amino acid substitution at ras codon 12, 13, or 61
affects the GTPase activity, resulting in the accumulation of the ras-GTP binding iso-
form and the constitutive activation of downstream pathways, such as Ras-Raf-MEK-
ERK, PI3K-PDK1-AKT, Tiam1-Rac, and Ral GEF-Ral. Activation of these pathways
leads to transformation, invasion, and metastasis (26,27).

2.4.4. C-ABL ONCOGENE

Karyotypic abnormalities, including the translocation, duplication deletion, and loss
of chromosomes, have long been recognized. Most chromosomal abnormalities do not
correlate with cancer types, suggesting that these abnormalities are likely secondary
events and reflecting the inherent genetic instability of cancer cells. In contrast, some
types of malignancies consistently undergo certain chromosomal changes. For exam-
ple, a reciprocal translocation between chromosomes 9 and 22 occurs in the leukemia
cells of more than 90% of patients with chronic myelogenous leukemia (CML) (28). As
a result of this translocation, the abl proto-oncogene, on the long arm of chromosome 
9 is translocated to chromosome 22. The translocation breakpoints on chromosome 
9 occur either upstream or downstream of abl exon 1A. The translation breakpoints on
chromosome 22 occur near the middle of a region encoding the functional bcr gene.
The translocation thus produces a fusion gene comprising the half of the bcr gene and
all of the abl gene except for its small 5 -end. Like the viral abl oncogene, this bcr/abl
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fusion protein has an enhanced tyrosine kinase activity that may cause CML (29). Two
strong lines of evidence support this hypothesis. First, the bcr/abl fusion protein is
capable of inducing the neoplastic transformation of hematopoietic cells in culture.
Second, specific tyrosine kinase inhibitors of the bcr/abl fusion protein can induce and
sustain clinical remission in CML patients (30). The key pathways of bcr/abl may
involve c-myc, PI3K-PDK1-AKT, and Ras-Raf1-MEK-ERK (16).

3. TUMOR SUPPRESSOR GENES

3.1. The Concept of Tumor Suppressor Genes
Whereas oncogenes promote oncogenesis and regulate cell growth in a dominant

positive fashion, tumor suppressor genes regulate cell growth in a dominant negative
fashion. Thus, their loss of function correlates with tumor development (31). Cell fusion
experiments provided the first insights into this concept of tumor suppressor genes. In
such studies, somatic cell hybrids resulting from the fusion of normal cells with tumor
cells lost their tumorigenicity, thus strongly suggesting the existence of one or more
tumor suppressor genes in the normal cells. Further experiments showed that the
tumorigenicity of the tumor cells could be restored when the cell hybrids lost some
chromosomes specific to the normal cells (32). For example, loss of chromosome 11
from normal cells led to recovery of the tumorigenic phenotype in a hybrid formed by
the fusion of normal human fibroblasts and cervical carcinoma (HeLa) cells. This find-
ing suggested that normal tumor suppressor genes in normal cells can compensate for
the inactivation of tumor suppressor genes in tumor cells and thus reverse the tumori-
genic phenotype (33).

3.2. Identification of the Retinoblastoma (Rb)—The First Tumor
Suppressor Gene

Retinoblastoma is a malignant tumor arising in the retina of the eye. Inherited
retinoblastoma, as opposed to sporadic form, is characterized by a single autosomal
dominant inheritance that results in the early onset of multiple tumors in both retinas.
In patients with inherited retinoblastoma, every retinal cell inherits the retinoblastoma
susceptibility gene (Rb), but only a very few develop retinoblastoma. This suggests that
the development of retinoblastoma requires not only the susceptibility gene but also at
least one other molecular event (34). This is so-called “two-hit” hypothesis, originally
proposed by Alfred Knudson, is in agreement with that retinoblastoma is caused by two
mutations. In inherited retinoblastoma, the first mutation occurs in germ-line cells, and
the second mutation occurs in somatic cells. In sporadic retinoblastoma, both mutations
occur in somatic cells. Further evidence in support of this hypothesis is the fact that the
two mutations required for retinoblastoma occur on two alleles of the same tumor sup-
pressor gene, which results in inactivation of the gene. The Rb tumor suppressor gene,
which maps to chromosome 13q14, is about 200-kb long and consists of 27 exons. Its
protein product is composed of 928 amino acids and has a molecular mass of 110 kDa
(34–36).

3.3. Classification of Tumor Suppressor Genes
Tumor suppressor genes can be classified according to their function as gatekeepers,

caretakers, or landscapers (6). Gatekeepers are rate-limiting tumor suppressor genes
involved in tumor initiation and progression or metastasis. For example, mutations of
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the adenomatous polyposis coli (APC) gatekeeper gene are key molecular events in the
development of FAP; mutations of p53 or K-ras alone are not sufficient to lead to
tumorigenesis if the APC gene product is functionally normal. Other gatekeeper genes
besides APC are PTEN, p53, p73, Fhit, Rb, von Hippel-Lindau, and neurofibromatosis
type 1. In contrast, caretakers suppress cell growth by ensuring the fidelity of DNA
through the repair of DNA damage or the prevention of genomic instability. The care-
taker genes include ATM (ataxia telangiectasia mutated), ATR (ATM and Rad3-related),
BRCA1, BRCA2, and mismatch-repair genes. The inactivation of caretaker genes leads
to genetic instabilities that promote the mutation of all genes, including gatekeepers.
Landscaper genes are genes that lead to the abnormal proliferation of normal cells. For
example, mutation of a landscaper gene in patients with juvenile polyposis syndromes
leads to the abnormal proliferation of stromal cells instead of tumor cells. As a result of
this abnormal microenvironment, the epithelial cells associated with the polyps are
more likely to undergo neoplastic transformation (6,37).

Genes such as p53 can function as both gatekeepers and caretakers. As a gate-
keeper, p53 protein downregulates the expression of Bcl-2 and directly activates the
expression of Bax, Noxa, p53-regulated apoptosis-inducing protein 1 (p53AIP1), p53-
upregulated modulator of apoptosis (PUMA), Fas, and death receptor killer/DR5, thus
initiating both mitochondria- and membrane-mediated apoptotic pathways. As a care-
taker, p53 transactivates genes that mediate G1 and G2 arrest so as to prevent replica-
tion of damaged DNA or prevent transmission of damaged DNA to the next generation
(6,37).

3.4. Interaction of Oncogenes and Tumor Suppressor Genes 
in Human Carcinogenesis

Humans are the highest class of organism on earth, likewise, human carcinogenesis
is more complicated than carcinogenesis in any other organisms. For example, a single
activated oncogene can cause neoplastic transformation in avians and rodents. In
humans, however, expression of a single oncogene such as myc or ras in normal human
cells induces only apoptosis or senescence (31). This has led to the widely accepted
concept of multistep carcinogenesis involving the activation of multiple cellular onco-
genes and the inactivation of tumor suppressor genes. Often, several tumor suppressor
genes form pathways with other tumor suppressor genes or with oncogenes that govern
cell growth, apoptosis, differentiation, and genome integrity (31).

A good example is the Rb pathway. In its nonphosphorylated form, Rb inhibits the
cell cycle by blocking DNA synthesis (S-phase). It does so by binding to proteins of
the E2F family of transcriptional factors and inhibiting their functions as transcrip-
tional activator. On the other hand, phosphorylated Rb catalyzes the release of E2F pro-
teins, which then function as transcriptional activators. It is important to note that most
of the genes targeted by E2F proteins play important roles in cellular DNA synthesis
and DNA replication (38). Rb itself is the main substrate for cdk4, cdk6, and cyclin D
complexes, all three of which are drivers of the cell cycle and can phosphorylate Rb.
The INK4 family of proteins that includes the tumor suppressor p16, can inhibit the
activity of the cdk4 and cdk6 kinases. Like other members of the INK family, p16 can
be transcriptionally upregulated in response to senescence and oncogenic stress.
Therefore, upregulation of p16 is a major inhibitor of Rb phosphorylation in stressed
normal cells. In cancerous cells, the Rb pathway is deregulated by loss of p16 or Rb or
by activation of oncogenes such as cdk4 or cyclin D1 (31,38).



Another example is the p53 pathway. DNA damage or oncogene activation can acti-
vate p53, which in turn induces cell-growth arrest or apoptosis. The ability of p53 to
induce cell-growth arrest is mediated by the cdk inhibitor p21. Interestingly, p21 activ-
ity is also involved in the Rb pathway. The pathway of p53-induced apoptosis is medi-
ated mainly by a group of BH3 domain-containing proteins, that includes bax, NOXA,
and PUMA (38,39).

4. APOPTOSIS-INDUCING GENES

Apoptosis is an evolutionarily conserved mechanism for eliminating unwanted cells
not only during development but also during a variety of physiological and pathologic
processes. Unlike necrosis, apoptosis is an active form of cell death that is tightly and
precisely regulated by molecular machinery in cells. Although apoptosis can be trig-
gered by diverse stimuli, it is usually initiated through two major cell-intrinsic path-
ways, the mitochondrial pathway and the membrane pathway. Apoptosis is characterized
by characteristic morphological changes that include cell shrinkage, chromatin conden-
sation, membrane blebbing, internucleosomal DNA degradation, and fragmentation of
cells into apoptotic bodies.  A variety of genes, some of them proapoptotic and some of
them antiapoptotic are involved in these two pathways. The relative balance of these
competing activities determines whether a cell will live or die (7,40).

4.1. Bcl-2 Family Genes
Bcl-2 family genes are involved in the so-called mitochondrial pathway of apoptosis.

When stimulated by apoptotic signals including DNA damage, hypoxia, withdrawal of
cell growth factors, some Bcl-2 genes exert a proapoptotic function whereas others
exert an antiapoptotic function (41). At least 15 Bcl-2 family members have been iden-
tified (8). The proapoptotic genes Bax, Bak, and Bok genes contain BH1, BH2, and
BH3 domains. The proapoptotic genes Bik, Blk, Bim, Bad, Bid, Hrk, BNIP3, EGL-1,
Rad-9, and PUMA contain only the BH3 domain. The antiapoptotic genes Bcl-2 and
Bcl-XL inhibit apoptosis.

The proapoptotic protein Bax responds to apoptotic signals by accumulating in mito-
chondria, which results in the release of two key apoptogenic factors-cytochrome c and
SMAC/DIABLO from mitochrondria into the cytosol (7,41–43). There, cytochrome c
binds to APAF1 and then recruits and activates caspase-9, which can then activate exe-
cutioner proteases caspase-3 and caspase-7 (44). Once released into the cytosol,
SMAC/DIABLO can bind inhibitors of apoptosis (IAPs), thus blocking their inhibitory
effects on executioner caspases (42,43). Most of the proapoptotic genes in the Bcl-2
family induce a very strong cell-killing effect when overexpressed (8,45,46). In the
mitochondrial death pathway, the ratio of proapoptotic and antiapoptotic Bcl-2 family
proteins ultimately determines whether a cell lives or dies (8,47,48).

4.2. Tumor Necrosis Factor Family
The tumor necrosis factor (TNF) family contains at least three proteins-TNF- ,

FasL, and TNF-related apoptosis-inducing ligand (TRAIL)-that are known to promote
cell death by activating a death receptor pathway (49). The interaction of these ligands
with their death receptors is the initial step in the pathway. In brief, ligand binding
leads to trimerization and activation of the death receptors, which in turn recruit and
activate two adaptor proteins known as Fas-associated death domain protein (FADD)
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and TNF receptor-associated death domain protein (TRADD). FADD and TRADD in
turn activate the caspases that ultimately trigger apoptosis (50,51).

4.3. Caspases
Caspases are a family of cysteine proteases that play critical roles in apoptosis sig-

naling pathways. For example, activation of executive caspases caspase-3 and -7 func-
tions in both the mitochondrial and death-receptor apoptosis pathways, whereas
caspase-8 activation is usually an essential step in the death-receptor apoptosis pathway
(41,42,52,53). Caspases normally exist in their inactive precursor forms as zymogens,
which become activated during apoptosis through proteolysis at internal aspartic acid
residues (54). Mutation or malfunction of some caspases may render cancer cells resist-
ant to conventional anticancer therapy (55,56).

5. ONCOGENES, TUMOR SUPPRESSOR GENES, AND APOPTOSIS-
INDUCING GENES IN CANCER GENE THERAPY

Recent advances in molecular biology and biotechnology have led to the develop-
ment of nucleic acid–based medicines that directly target the genetic alterations or
molecular mechanisms required for tumorigenesis or for maintenance of the malignant
phenotype. The rationale is that local intratumoral expression of the desired therapeutic
proteins may exert a constant therapeutic effect at the cancer site without causing sub-
stantial systemic toxicity. A growing body of evidence indicates that enforced over-
expression or downregulation of various genetically encoded functions can directly or
indirectly exert a therapeutic benefit by augmenting the response to conventional thera-
peutics (37).

5.1. Overexpression of Tumor Suppressor Genes 
and Apoptosis-Inducing Genes

The fact that overexpression of tumor suppressor genes and apoptosis-inducing genes
can induce cell-cycle arrest or apoptosis has led to numerous experimental and clinical
investigations into their use as anticancer therapeutics (37,40). Transfer of various
tumor suppressor genes directly into cancer cells has been demonstrated to suppress
tumor growth by inducing apoptosis and cell-cycle arrest while also exerting lethal
bystander effects. Adenovirus-mediated p53 gene therapy has produced promising
results in lung cancer and head and neck cancer, among cancers. Combination of tumor
suppressor gene therapy with conventional anticancer therapy has been shown to yield
synergistic therapeutic benefits. In clinical trials, tumor suppressor genes, especially
the p53 gene, have been well tolerated and produced favorable clinical responses,
including pathologically complete responses, in subsets of patients with advanced dis-
ease or cancers resistant to conventional therapy (37).

In preclinical studies, the intratumoral injection and ectopic overexpression of adeno-
viral proapoptotic genes (e.g., Bax, Bak, Bik, Bid, TNF, FasL, TRAIL) and constitu-
tively active genes (e.g., caspase-3 and caspase-6) induced apoptosis and suppressed
tumor growth (57–65). Adenovirus-mediated Bax or Bak gene therapy has been espe-
cially effective both in vitro and in vivo (57,58). On the other hand, soluble TRAIL
protein can induce apoptosis in a wide range of cancer cell lines including leukemia
and solid tumors. Injection of soluble TRAIL into subcutaneous tumors of nude mice
results in tumor growth suppression without systemic toxicity (40). Nevertheless, the
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therapeutic benefit of recombinant TRAIL protein is frequently attenuated by weak
antitumor activity and resistance. Interestingly, however, cancer cells resistant to
TRAIL protein can be effectively killed by the TRAIL gene (66–68), as has been found
in certain breast cancer cell line (66), prostate cancers (67), and hepatomas (68).
Because most of the proapoptotic genes mentioned above induce apoptosis regardless
of a cell’s p53 status, they are effective in both p53-sensitive and p53-resistant cancer
cells (69).

5.2. Downregulation of Oncogenes and Antiapoptotic Genes
Because cell growth and cell death are determined by a balance between oncogene

and tumor suppressor gene and antiapoptotic and proapoptotic gene function, it is con-
ceivable that downregulation of oncogene or antiapoptotic gene function, or both, can
also change the balance of signals for growth or death in cancer cells, resulting in sup-
pression of growth or apoptosis. Downregulating the function of oncogenes or anti-
apoptotic genes can be achieved in a variety of ways, including the use of ribozymes
(70), dominant-negative mutants (71), intracellular single-chain antibodies (72), anti-
sense oligonucleotides (73), and small interfering RNA (siRNA) (74). siRNA is com-
prised of small, double-stranded RNAs that can induce the intracellular degradation of
specific mRNAs. For instance, efficient apoptosis has been observed in HeLa cells,
transiently transfected with a siRNA expression vector specific for Bcl-2 and subse-
quently treated with doxorubicin (75). We also found that transfection of siRNA spe-
cific for Bcl-xL can by itself lead to cell death in some colon cancer cell lines.

Recently, more attention has been paid to the therapeutic potential of small mole-
cules that can interact with and inhibit, or downregulate oncogene and antiapoptotic
gene products. This has been shown to occur in patients with CML who achieved clin-
ical remission after treatment with Imatinab (Glivec). Because activation of the single
bcr/abl oncogene as a result pf translocation is sufficient to initiate tumorigenesis,
Imatinab treatment is a good model of targeted therapy (76).

5.3. Targeted Gene Therapy
Although overexpression of some tumor suppressor genes such as p53 does not nec-

essarily cause damage to normal cells, overexpression of apoptotic genes or down regu-
lation of antiapoptotic genes may do so. For example, systemic administration of the
Bax-expressing adenovector causes massive cell death in the mouse liver (57,77).
Similarly, overexpression of the full-length TRAIL protein in normal human primary
hepatocytes leads to widespread apoptosis (63). Thus, any successful clinical applica-
tion of these agents will have to include efforts to limit their cytotoxic/oncolytic effects
to cancer cells. Strategies for achieving this have so far fallen into two categories: spe-
cific transduction of cancer cells with targeted vectors (targeted transduction) and con-
trol of transgene expression with tumor-specific promoters (nonspecific transduction).
These two strategies are discussed in more detail in Chapter 1.
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Summary
Over the past 25 yr, gene silencing therapy derived from nucleic acid-based molecules has

evolved from bench research to clinical therapy. The recent discovery of RNA interference (RNAi),
a mechanism by which double stranded RNAs mediate sequence-specific gene silencing, provided a
new tool in the fight against cancer. The application of RNAi technology in basic cancer research
will facilitate the identification and validation of potential therapeutic targets for cancer, and the
elucidation of the molecular pathways governing cancer growth and development. RNAi technology
could be further developed into therapeutics for cancer by selectively silencing aberrantly activated
oncogenes. However, major challenges of delivery, specificity and efficacy need to be overcome
before siRNAs can be used as therapeutic agents. 

Key Words: Gene silencing; cancer therapy; RNA interference (RNAi); small interfering RNA
(siRNA); short hairpin RNA (shRNA).

1. MAJOR APPROACHES TO SEQUENCE-SPECIFIC GENE SILENCING

Tumorigenesis in humans is the consequence of multiple genetic and epigenetic
events that lead to uncontrollable cell proliferation (1). Aberrant activation of many
genes as a result of overexpression or oncogenic mutations is often associated with
oncogenic phenotypes of human cancers. The determination of whether their aberrant
activation is the cause or merely a consequence of tumorigenesis will identify the real
targets for effective anticancer therapy. Because silencing of cancer-causing genes
should cure the disease at its genetic root, the development of agents that are able to
specifically silence target genes has been a rational strategy for cancer therapy.

Over the past two decades, nucleic-acid-based gene inhibition has been one of the
major approaches to the development of gene-silencing therapeutics. Several types of
nucleic acid molecules which are capable of sequence-specific inhibition of gene
expression have been developed as therapeutics for many disorders such as viral infec-
tions and cancer (2–5). The three major nucleic-acid-based gene-silencing molecules
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are chemically modified antisense oligonucleotides (ODNs), ribozymes, and small
interfering RNAs (siRNAs). Although they are all antisense-guided sequence-specific
gene silencing molecules, the mechanisms and potency of gene silencing by the three
types of molecules are significantly different.

1.1. ODNs and Ribozymes
ODNs act by hybridizing to target mRNA. Depending on the backbone modifica-

tions, ODNs can block target gene function through two different mechanisms.
Negatively charged ODNs form RNA–DNA duplexes to produce a substrate for ribonu-
clease H (RNAse H), which specifically cleaves the target mRNA. ODNs with other
backbone modifications do not recruit RNAse H. These ODNs act by steric hindrance
to block the splicing of heteronuclear RNA into mature mRNA, nuclear-cytoplasmic
transport or translation of mRNA. The mechanisms and application of ODNs have been
the subject of several comprehensive reviews (2,3,6,7). Ribozymes are RNA molecules
that have intrinsic catalytic activity. Ribozymes bind to substrate RNAs through
Watson-Crick base pairing and cleave target RNAs by catalyzing the hydrolysis of the
phosphodiester backbone (2,3). At least six classes of ribozymes have been described.
The hammerhead ribozyme is the most extensively studied. The catalytic motif within
the ribozyme is flanked by sequences that are complementary to sequences surround-
ing the target RNA cleavage site and serve as guides of ribozymes to its mRNA targets.

1.2. RNAi
RNAi is a relatively new and rapidly developing technology for sequence-specific

gene silencing (8–13). Studies have shown that siRNAs are more potent in gene silenc-
ing than different types of ODNs (14–19) and ribozymes (20–22). RNAi is a cellular
mechanism by which double-stranded RNAs (dsRNAs) trigger the silencing of the cor-
responding gene that was first observed in the nematode worm, Caenorhabditi selegans
(23), and plants (24). It is now known that RNAi is an evolutionarily conserved mech-
anism of dsRNA-mediated gene silencing in diverse species. siRNAs found in nature
are derived from long dsRNAs that are expressed from viruses, transposons, experi-
mentally introduced transgenes or endogenous genes. In plants, the RNAi pathway is
used as a natural defense mechanism against viral infection. In mammalian cells, how-
ever, dsRNAs longer than 30 nucleotides will provoke the activation of dsRNA-acti-
vated protein kinase (PKR), which causes nonspecific inhibition of protein translation
and cell death (25,26). A major breakthrough in the application of RNAi technology in
mammalian cells came from the observation that synthetic siRNAs of 21 nucleotides in
length that mimic Dicer cleavage products efficiently induced sequence-specific gene
silencing when transiently transfected into mammalian cells (27,28). However, one
drawback of transient transfected synthetic siRNAs is that their effects are transient, as
mammals apparently lack the mechanisms that amplify silencing in worms and plants
(11). Therefore, this approach is not suitable for studies that require long-term gene
silencing in mammalian cells. Another important technical advance came from the
demonstration that dsRNAs of 19–29 nucleotides that are expressed endogenously
using RNA polymerase III promoters, either as short hairpin RNAs (shRNAs) or as
separate complementary RNAs, efficiently induced target gene silencing in mammalian
cells (21,29–35). The endogenous expression of siRNAs from DNA templates has sev-
eral advantages over the exogenous delivery of synthetic siRNAs (36,37). For example,
it allows stable gene silencing both in vitro in cultured cells and in vivo in animals
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(32,38–42). More recently, it was demonstrated that transgenic mice expressing shRNA
can pass the RNAi to the next generation (43,44).

The long dsRNA or shRNA silencing triggers are cleaved to produce siRNAs by
Dicer, which is a member of the RNase-III family of dsRNA-specific endonucleases
(45). Dicer cleaves long dsRNA or shRNA into 21- to 28- nucleotide siRNA duplexes
that contain 2-nucleotide 3 -overhangs with 5 -phosphate and 3 -hydroxyl termini
(46,47) (see Fig. 1). This configuration is functionally important for siRNA incorpora-
tion into the RNA-induced silencing complex (RISC) (47,48). Components of the RNAi
machinery specifically recognize the siRNA duplex and incorporate a single siRNA
strand into RISC (49). The antisense strand of the siRNA in the RISC complex func-
tions as a guide for target mRNA degradation (49,50) (see Fig. 1). Cleavage of target
mRNA by RISC complex is endonucleolytic. RISC cleaves mRNAs containing per-
fectly complementary sequences, 10 nucleotides from the 5 -end of the incorporated
siRNA strand (46).

2. RNAI IN BASIC CANCER RESEARCH

The release of nearly complete human genome sequences and the identification of a
large number of genes whose aberrant expression is associated with a variety of cancers
by high-throughput genomic and proteomic approaches have provided both unprece-
dented opportunities and challenges for the development of new cancer therapeutics. For
example, gene expression profiling using DNA microarray technology has identified dis-
tinct signatures of cancer gene expression that are associated with metastatic capacity and
prognosis of cancer. Although the identification of a large number of genes that are up- or
down-regulated in cancer has provided a large amount of information for both basic and
clinical cancer research, it provides no information on whether the altered expression of a
particular gene is the cause or a consequence of cancer. Because only the tumor-causing
genes are the likely druggable targets, functional validation of therapeutic targets among
these genes become a major challenge in the development of cancer therapeutics.
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Fig. 1. The RNAi pathway. Double-stranded RNA (dsRNA) or short-hairpin RNA (shRNA) is
processed into small interfering RNA (siRNA) by Dicer inside the cell. One of the strands of the
siRNA is incorporated into RISC and guides the specific degradation of homologous mRNA.



Therefore, techniques that permit high-throughput functional validation of this large num-
ber of candidate genes are in high demand. The RNAi technology which has the potential
ability to silence any genes of interest with high specificity and potency is becoming a
promising tool to meet this demand.

Several near-genome-wide RNAi screens have been performed in C.  elegans and
Drosophila melangogaster (51,52). Until recently, most of the functional studies using
RNAi in mammalian cells have been performed on a single gene or a limited number of
genes in a family or specific pathway. The recent reports using RNAi to target a family
of genes (53,54) or thousands of genes that are involved in specific pathways and cell-
ular processes demonstrated the utility of RNAi for genome-wide high-throughput
functional studies in mammalian systems (55–57). By combining RNAi and micro-
array technologies, now it is experimentally feasible to functionally establish the causal
role of genes in tumorigenesis with high throughput. So far, these large scale applica-
tions of RNAi to gene function studies are carried out using the reverse genetic screen-
ing approach. Recently, technology of enzymatic production of siRNA has been
developed (58–60). This technology enables the generation of shRNAs targeting genes
of interest without the requirement of a prior knowledge of their sequence information,
thus making it possible to apply RNAi directly in forward genetic screens. For cancer
research, the reverse genetic approach using RNAi may have several advantages. First,
the sequence information for almost all of the genes in the human genome are avail-
able; second, gene expression profiling databases for most types of human malignan-
cies are established and readily accessible; and third, it will allow the scoring of neutral
or negative phenotypes such as cell death and growth arrest. By comparing phenotypic
readouts such as invasiveness, growth and apoptosis among cancer cells that express
shRNAs targeting different genes, reverse cancer genetic screens using RNAi will per-
mit functional validation of genes whose aberrant expression contributes to specific
caner phenotypes. On the other hand, the forward genetic approach will allow RNAi
libraries to be generated directly from cDNA libraries derived from mRNAs isolated
from cancer cells or mRNAs enriched for a specific cancer phenotype. This is espe-
cially advantageous for studies involving species from which sequences for most of the
genes are not yet readily available. However, this forward genetic approach will not be
able to score the neutral and negative phenotypes. This will impose significant limita-
tions on the utility of forward genetic RNAi screen for cancer research unless improved
screening strategies are developed that can score negative phenotypes. 

The down-regulation of essential cellular genes required for cell growth and survival
by RNAi will result in an arrest of cell growth or in cell death, thus imposing signifi-
cant limitations on the applications of RNAi to long-term studies on the function of
these genes in vitro using cultured cells or in vivo using animals. The availability of an
inducible RNAi system will overcome this limitation. Therefore, the development of
inducible RNAi systems that allow controllable RNAi in vivo and in vitro will signifi-
cantly increase the utility of RNAi for both basic research and therapeutic applications
to cancer (61–66). RNAi can be used to simultaneously target multiple genes in one
cell, thus generating multiple knockdowns (67,68). The ability to knockdown more
than one gene by simply cointroducing or sequentially introducing siRNAs targeting
multiple genes into cells in vitro or in vivo makes it easy to study functional interac-
tions between genes in the control of cancer growth and development. During the short
period since its discovery, RNAi technology has been developing at a rapid pace. These
technical advances in RNAi have significantly improved the utility of RNAi in both
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basic and clinical cancer research including target discovery and validation. Thus,
RNAi has evolved into a functional genomic tool allowing both forward and reverse
genetic screens in cancer research. As discussed below, concerns on RNAi specificity
have been raised in recent studies. Therefore, appropriate controls of and alternative
approaches to siRNA should be included in studies using RNAi to confirm the results. 

3. RNAI IN CLINICAL CANCER THERAPY

In concept, diseases such as cancer, which are characterized by overexpression or
aberrant activation of specific oncogenes, are suitable candidates for nucleic acid-based
gene-silencing therapies. Several nucleic acid drugs that are based on ODNs were under
clinical trials and Vitravene (sodium fomivirsen) has been used for the treatment of
cytomegalovirus (CMV) infection of the eye in clinics (2,3,5). Several ribozyme-based
phase I/II clinical trials are in early-phase of clinical evaluation for patients with breast
cancer, colon cancer, and hepatitis (3). The problems of toxicity and poor clinical effi-
cacy with antisense and ribosome molecules remain to be solved even after more than
a decade of drug development attempts. Although the term RNAi was coined just 6 yr
ago (23) and the application of siRNAs in mammalian cells was started only three years
ago (27,28), RNAi is rapidly taking center stage of the development of nucleic acid-
based therapeutics. siRNA-based biotechnology companies were established and many
companies switched their focus from developing ODNs and ribozyme therapeutics to
siRNA therapeutics (5,69). Currently, the enthusiasm toward RNAi therapeutics is high,
partly because RNAi is a natural defense mechanism that protects organisms from viral
infections, and it is more potent than ODNs and ribozymes in target gene silencing.
Because the RNAi field is still young, siRNAs have not yet had the time to enter clini-
cal trials. However, some companies are planning to begin clinical trials in the near
future. Animal experiments with RNAi have demonstrated the therapeutic potential of
RNAi. For example, siRNAs have been shown to protect mice from hepatitis (70,71),
viral infection (72,73), sepsis (74), tumor growth (75–79), and ocular neovasculariza-
tion causing macular degeneration (80).

In spite of the tremendous promises that RNAi holds as potential therapeutics, many
hurdles need to be overcome before it can be used to treat human diseases safely and
effectively. High on the list are specificity, potency, and delivery. Gene silencing by
RNAi has been demonstrated to be highly specific. For example, even a single
nucleotide mismatch between the antisense strand of the siRNA and target mRNA can
abolish the RNAi effect (46,81). RNAi specifically targeting the M-BCR/ABL fusion
site has been used to kill leukemic cells with such a rearrangement (82). RNAi was
used to specifically and stably inhibit the expression of the oncogenic K-RASv12 allele
while leaving the wild type K-RAS intact in human tumor cells (32). RNAi was also
used for the isoform-specific knockdown of vascular endothelial growth factor (VEGF)
(83) and destruction of particular splice variants of a gene (84). In addition, gene
expression profiling studies also demonstrated that siRNA targeting specific genes
showed no nonspecific effects on the global gene expression pattern (85,86).

However, one of the potential problems for nucleic-acid-based gene silencing mole-
cules is the induction of off-target effects by hybridizing to sequences with homology
to the intended target. It appears that RNAi is also no exception. In contrast to the
aforementioned studies, several recent reports showed the off-target effects of siRNA.
Transcript profiles revealed siRNA-specific rather than target-specific signatures,
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including the direct silencing of nontargeted genes containing as few as eleven contigu-
ous nucleotides of identity to the siRNA (87). It was also indicated that siRNAs have
partial complementary sequence matches to off-target genes may result in a microRNA-
like inhibition of translation (88). Nonspecific off-target effects were found to be siRNA
concentration-dependent (89). These results together demonstrated that siRNAs may
crossreact with targets of limited sequence homology under certain conditions. Recent
studies also showed that siRNAs or endogenously expressed shRNAs also have the
potential to activate the interferon system (90,91). Another recent study, however,
showed that siRNAs generated by phage polymerases but not their synthetic counter-
parts elicited interferon induction (92). The authors concluded that it was the initiating
5 -triphosphate of the siRNA generated by T3, T7, or Sp6 RNA polymerase that induced
interferon production. On the basis of these studies, it is apparent that the side effects
of RNAi are dependent on several factors including siRNA concentration and sequence,
as well as methods of siRNA generation.

These results emphasize the importance of proper RNAi design to minimize side
effects. If the sequences of the siRNAs are carefully selected, RNAi can have exquisite
specificity. siRNAs are able to discriminate targets from nontargets by a single
nucleotide difference (32,93–95). If the most effective sequence for RNAi is identified,
it is possible to use the lowest concentration of siRNA to achieve sufficient gene silenc-
ing, thus reducing the possibility of eliciting nonspecific side effects. This requires
more basic studies towards a better understanding of the molecular basis of the RNAi
machinery. The effectiveness of RNAi is determined by several factors. First, some
sequences within the mRNA cannot be targeted by RNAi. Although the reason for this
is still unclear, it is believed that some regions in the target mRNA are not accessible to
siRNA as a result of the formation of secondary or tertiary structures or the binding of
RNA interacting proteins. It is difficult to accurately predict which region within an
mRNA will serve as an effective siRNA target. A common solution to this problem is
to select multiple regions within the target mRNA almost randomly so that at least one
of them may be targeted. Secondly, the hairpin loop structure of the endogenously
expressed shRNA also influences RNAi potency.  Because exactly how shRNA is
processed into functional siRNA is largely unknown, it is impossible to make a rational
design of an effective hairpin loop. Therefore, a hairpin loop sequence is usually
selected through trial and error. Once a working hairpin loop is identified, it will be
used in the design of shRNAs for subsequent RNAi studies as it is not feasible to select
the most effective hairpin loop for each shRNA. However, different sequences in the
stem may require different loops for maximum potency. Third, the length of the stem
sequence of the shRNA also affects RNAi potency (31). Fourth, the thermodynamic
properties of the sequences within a siRNA duplex also play a critical role in determin-
ing RNAi effectiveness. Rules for selecting more efficient siRNA have been proposed
(96–98). A key step in RNAi is the assembly of the RISC complex. Effective RNAi
requires the incorporation of the antisense strand of the siRNA duplex, which is com-
plementary to the target mRNA, into the activated RISC where it functions as a guide
for target mRNA degradation. It was shown that the two strands of a siRNA duplex are
not equally incorporated into RISC. Both the absolute and relative stabilities of the
base pairs at the 5 -end of the two siRNA strands determine the degree to which each
strand participates in the RNAi pathway (99,100). If the siRNA or shRNA is not cor-
rectly designed, the sense strand of the siRNA duplex will be preferentially assembled
into RISC. This will not only result in ineffective on-target silencing, but will also
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increase the probability of off-target silencing of genes with homology to the sense
strand of the siRNA.

A systematic analysis of 180 siRNAs targeting the mRNAs of two genes identified
eight characteristics within the siRNA duplex that are associated with siRNA fun-
ctionality (101). These characteristics should provide important guides for selecting
more effective siRNA sequences. Currently, however, the position at which Dicer
cleaves shRNAs that are expressed endogenously from RNA polymerase III promoters
is not known. Consequently, the rules for selecting effective siRNA may not be reliably
applied to the selection of effective shRNAs. In summary, the effectiveness of RNAi is
determined by a combination of multiple of factors. All of them must be take into con-
sideration when developing algorithms for effective RNAi design. At present, screening
several different siRNA or shRNAs for every target mRNA remains a common practice
for identifying effective and specific siRNA.

More importantly, for siRNAs to work as therapeutic agents, they must be able to
reach their target in the cells. Delivery is one of the major obstacles for RNAi therapy.
Up to now, in vivo gene silencing by RNAi was very limited in the mammalian system.
Practical and efficient methods need be developed to deliver siRNA or shRNA expres-
sion vectors into the target cells at the therapeutic level and duration so that it can
reverse the disease pathophysiology. The long-term inhibition of target mRNA will
probably be required for the treatment of chronic diseases such as cancers. Although
the basic RNAi pathway is evolutionarily conserved in diverse species, mammalian
RNAi lacks the systemic RNAi (102) and transitive RNAi (103), mechanisms that
spread and amplify RNAi effect respectively. In C. elegans and plants, for example,
RNAi-mediated gene silencing can spread to remote regions of the body, thus called
systemic RNAi. Amplification of the dsRNA silencing trigger (transitive RNAi) in C.
elegans, through mechanisms that may involve RNA-dependent RNA polymerases
(RdRP), results in a self-propagating silencing effect throughout the organism. Because
mammalian cells lack both mechanisms, transient transfection of RNAi triggers of
siRNAs or shRNAs in mammalian cells will result in a transient effect, lasting 2 to 7 d (9)
depending upon the speed of cell division and the half-life of the RNAi triggers.
Because of the reversible nature of the post-transcriptional gene silencing by RNAi and
the lack of the amplification mechanism in mammalian cells, continuous delivery or
expression of siRNAs in the cells is required for sustained target gene silencing.

Chemical modification has been shown to protect siRNA molecules from degradation,
thus increasing the duration and potency of the RNAi effect (104,105). By preventing
siRNA from degradation, the modified siRNAs could be administrated systemically
through blood stream or locally to the tumor. A variety of strategies have been developed
for delivery of ODNs and ribozymes in vivo (5). These methods could be adopted for the
delivery of siRNA. Currently, shRNAs for RNAi are mostly expressed using H1 (RNase
P) or U6 promoter. Both are RNA polymerase III promoters that have all the regulatory
elements upstream of the transcription initiation site and produce transcripts without a
cap or poly A tail (106). Many viral vectors including adenoviral, adeno-associated viral
(AAV), onco-retroviral, and lentiviral vectors have been utilized to deliver RNAi expres-
sion cassettes in vitro in cultured cells or in vivo in animals (5,107). Each of these viral
vectors has its advantages and disadvantages. Currently, issues such as long-term and
therapeutic-level transgene expression in target tissues and safety remain to be solved.
Of particularly relevance to cancer therapy is that cancer cells are genetically and func-
tionally heterogeneous. It has been shown that only a small subpopulation of cells, called
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cancer stem cells, within breast cancer possesses tumor-initiating capability and is
responsible for maintaining tumor growth and metastasis (108). Cancer stem cells have
a long life and increased proliferation potential and self-renewal ability. Differing from
the majority of the fast-proliferating cancer cells, however, cancer stem cells are active
at a slow rate or inactive until required in response to environmental stimuli. Delivery of
siRNAs to the majority of the rapidly dividing cancer cells will result in initial remis-
sion, but cancer will relapse later if the cancer stem cells are not targeted. Therefore, to
cure cancer, strategies should be developed to deliver siRNA into the relatively slow-
dividing or nondividing cancer stem cells.

4. CONCLUSIONS

RNAi has become a powerful tool in cancer research. The successful application of
RNAi technology in studies of cancer gene function at near genome-wide level in com-
bination with other approaches such as gene expression profiling will significantly
accelerate the identification and validation of targets for cancer therapy. RNAi has great
potential in the development of therapeutics for cancer. However, the challenges of
ensuring target specificity and effective delivery remain to be met. These obstacles will
be overcome with the development of advanced algorithm for design of highly effective
siRNAs, transfection reagents for highly efficient siRNA delivery, modifications for
more stable and potent siRNAs, and vectors for therapeutic-level expression of shRNAs
in cancer cells. With the abilities to design highly specific and effective siRNAs and to
deliver them to the target sites at therapeutic levels, siRNAs could be used as therapeutic
molecules for gene silencing therapy against cancer.
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Summary
Adenovirus (Ad) has been applied for gene therapy in various applications. The current Ad vec-

tor system has two critical problems; low transduction of the target cancer cells and high transduc-
tion of nontarget normal organs. To address these issues, we have been working on “retargeting” of
Ad vectors via transductional or transcriptional targeting. Transductional targeting has been achieved
with application of various bridging moieties, genetical modification of vector capsid, or chemically
coating viral particles. On the other hand, transcriptional targeting has been performed by employ-
ing natural or artificial transcriptional control elements with desired selectivity profile. In the field
of cancer gene therapy, such retargeting has achieved augmented infectivity in the cancers that have
been difficult to transduce with conventional Ad vector, as well as cancer specific transgene expres-
sion for avoiding toxicity. Success in cancer gene therapy requires vector design reflecting the
pathological/physiological profile of the target disease, such as conditionally replicative adenovirus
with combined retargeting mechanisms incorporated. In addition, we must continue to seek new tar-
geting modalities because different tumor context always imposes unique challenges with respect to
disease targeting. While reliable preclinical/clinical studies are necessary to establish a legitimate
role of adenoviral retargeting in the field of cancer gene therapy, it is obvious that better vector
targeting should leads to more potent and safe adenovirus based cancer therapeutics.
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1. THE NECESSITY OF ADENOVIRUS RETARGETING

Adenovirus (Ad) has been applied for gene therapy in various applications, taking
advantage of its high transduction efficiency in vivo (1). However, commonly used vec-
tors based on Ad serotype 5 and 2 require the primary adenoviral receptor, the cox-
sackie adenovirus receptor (CAR), for efficient infection and, hence, show tropism
determined by the tissue distribution of the CAR expression (2–5). This characteristic
of the current adenoviral vector system leads to two fundamental problems; high trans-
duction of nontarget cells and low transduction of the target cells.

The first issue is transduction of unwanted cell subsets. In vivo, systemically admini-
stered adenovirus vectors (or those released from local injection sites) predominantly
accumulate in the liver as a result of both CAR-dependent and -independent mecha-
nisms, leading to strong expression of the payload gene (4–9). For some diseases like
hemophilia, the expression of the transgene in the liver is desirable, because the pre-
dominant, natural production site of those proteins is the liver (10,11). However, for
many diseases, which require transgene expression in target cells other than the hepato-
cyte, vector absorption by the liver and the possible toxicity resulting from ectopic
expression of the transgene hampers the systemic application of adenoviral vectors.
This is typically the case for cancer gene therapy. If nonselective vectors are employed,
for example, for systemic suicide gene therapy, the expression of the activator enzyme
in the liver would lead to severe adverse effects as a result of nontarget activation of the
prodrug (6,12–14). Hence, a strategy to target cytotoxic transgene expression is
required.

The second problem of the current adenoviral vectors is poor transduction efficiency
in the cells with low-CAR expression. In many tumors, such as in pancreatic cancers
(15,18), esophageal adenocarcinoma (16,17,19) as well as gastric (20), gall bladder
(21), and bile duct cancers the cells express CAR on the surface at low levels only. As
a result, transduction efficiency of those cells is extremely poor with vectors that dis-
play the native tropism of wild type Ad 2 or 5. To realize the therapeutic potential of Ad
vectors in these CAR-deficient tumors, the development of a retargeted vector system
with a CAR-independent infection machinery is mandatory.

These limitations spur the effort to develop retargeted adenoviral vectors in order to
fully take advantage of the possibilities of adenoviral vector-based gene therapies.

2. ADENOVIRAL INFECTION

The knowledge of adenovirus infection provides the basics for the development of
adenoviral retargeting strategies. The native adenoviral infection pathway starts with
the adherence of the virus to the cell surface for which two cellular receptors are respon-
sible. As shown in Fig. 1, the initial binding of the subtype C adenoviruses, like Ad
type 5/2, on the cell is mediated by attachment of the adenoviral fiber-knob region (the
distal tip of each fiber monomer) onto CAR (2,3). This cell surface protein has two
immunoglobulin-like domains in its extracellular region (22). It, thus, has been sug-
gested that it plays a role in cell-cell junction (23,24), but its complete function has not
been fully elucidated yet. After binding to the cell surface via CAR, receptor-mediated
endocytosis of the virion requires a second step that involves the interaction of Arg-
Gly-Asp (RGD) motifs in the penton base with the surface integrins v 3 or v 525.
The viral entry is followed by a stepwise disassembly of the virus in the endosome and
the consecutive endosomal lysis, which is mediated by the penton base and low
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intraendosomal pH. After the release of the capsid into the cytosol, it is transported to
the cell nucleus where theviral DNA is released (26). Because viral entry and endoso-
mal escape are independent phenomena, modification of the viral binding capability
would not compromise downstream events.

3. BASIC STRATEGIES FOR ADENOVIRUS RETARGETING

The general categorization of adenovirus retargeting is based on whether the retarget-
ing happens prior to or after entry into cells. Strategies redirecting binding and entry are
grouped into “transductional targeting” methods controlling the expression of the trans-
gene after vector entry (post-transductional targeting) mostly employ promoters and are
called “transcriptional targeting.” With respect to transductional targeting, adenovirus is
amenable to these strategies because this virus does not have a lipid envelope, but instead
relies on protein–protein interaction for cell entry (26). Thus, protein-based modification
by both genetic and nongenetic means may be exploited to achieve altered tropism with
relative ease compared with enveloped viruses (27). Indeed, elucidation of Ad infection
and replication machinery provides a firm foundation for designing targeting strategies
(26). Major approaches for transductional targeting are shown in Fig. 2.

3.1. Transductional Targeting
One method of adenoviral retargeting employs antibody conjugates whereby an anti-

body (Ab) component binds to adenovirus and is cross-linking to a targeting moiety
facilitating the binding to an alternative receptor (27). An Ab directed against the fiber-
knob region has been used because it not only binds to the virus but also eliminates the
undesired adenovirus native tropism by masking the region required for CAR affinity.
A conjugate consisting of an anti-knob antibody combined with folate enabled retarget-
ing of adenovirus to folate receptor positive malignancies (28). Along the same lines,
adenovirus with a FLAG epitope insertion in the penton base region was retargeted to

v 5 integrin of endothelial and smooth muscle cells by using a bispecific conjugate
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Fig. 1. Mechanism of adenoviral infection. Initial binding of adenovirus to cells is mainly mediated
by the interaction between the adenoviral fiber-knob region and the CAR on the surface of the cells.
Subsequently, the RGD motif in the viral penton base region binds to integrins on the cell, inducing
internalization of the virus. Stepwise disassembly in the endosome, and then endosomal lysis medi-
ated by the penton base and low endosomal pH release the capsid into the cytosol, followed by trans-
portation to the nucleus and finally viral DNA release. 



with anti- v 5 integrin Ab and anti-FLAG Ab (29)29. Further Ab conjugate-based
retargeting strategies using Abs of receptor ligands combined with an anti-knob Ab
have been reported for various cell surface targets. These Abs targeted the fibroblast
growth factor (FGF) receptor (30), epidermal growth factor (EGF) receptor (31), and
angiotensin-converting enzyme (ACE) (32). Interestingly, the anti-ACE Ab achieved
suitable in vivo targeting for the pulmonary vasculature when combined with transcrip-
tional targeting (32). These data indicate that antibody-based targeting can confer CAR-
independent infection, infectivity enhancement, and targeting.
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Although these approaches validated the concept of adenoviral retargeting using
large ligands, antibody-based conjugates encounter production problem. It is rather dif-
ficult to maintain structural and functional consistency of the crosslinked bispecific
conjugate, making mass-production as a drug nonfeasible. To overcome these prob-
lems, fusion proteins created by genetic means are developed as an alternative to chem-
ical crosslinking with the advantage of easier mass-production. The initial report in this
field applied a fusion protein of anti-knob single-chain antibody (scFv) and EGF (33).
This fusion protein successfully enhanced gene delivery to EGF-receptor positive
malignancies. A slightly different fusion protein based system for bridging a targeting
moiety to adenovirus uses the extracellular domain of CAR, which binds to the Ad5
fiber-knob region. Combined with the EGF ligand for target recognition, this fusion
protein expressed in a Baculovirus system successfully retargeted Ad to EGFR positive
cells (34). In contrast with these two methods, which employ extrinsic bridging mole-
cules, genetically modified viruses based on alteration of the viral genome offer several
distinct benefits. The most obvious advantage is that production of genetically modi-
fied viruses is much simpler relative to targeting conjugates because all components are
encoded in the viral genome. So far, several targeting moieties have been successfully
incorporated into adenoviruses. An integrin-binding motif and polylysine were success-
fully incorporated in the carboxyl terminus of fiber (35), whereas the FLAG octapep-
tide (36) and RGD-4C integrin-binding peptide (37) were placed in the HI-loop of fiber
knob region, yielding clear targeting function. On the other hand, there have been many
failed attempts in genetic incorporation of targeting motif into Ad. For example,
whereas the HI-loop tolerated the vasoactive intestinal peptide (VIP) sequence, the
infectivity of this virus did not show augmented transduction in receptor positive cells
(38). This may indicate that successful incorporation does not always translate into suc-
cessful targeting.

Attempts have also been made to genetically incorporate onto the Ad capsid Ab and
scFv, which have clear benefits as target moieties as a result of their high specificity.
With the range of current genetic approaches, incorporating these targeting moieties
while retaining functionality still remains difficult. For example, although a scFv was
successfully incorporated into the Ad capsid as a fusion protein with pIX, it did not
show its original binding ability (unpublished data). The reason for this discrepancy
has not been clearly elucidated although possible explanations include scFv accessibil-
ity, alteration of capsid trafficking, and scFv processing. Instead of using either
conjugate-based or genetic strategies above, the combination of both strategies may
complement their respective shortcomings. An example of such combination was pur-
sued by incorporating the Fc binding domain from protein A or G into adenovirus
(39–41). Because these motifs effectively bind to antibodies, this vector structure
enables easy incorporation of various kinds of Abs for targeting. Theoretically, this
method has large potential benefit since established antibodies with high affinity and
selectivity can be easily exploited to achieve the desired targeting.

A completely different strategy for targeting is to complex Ad with polyethylene gly-
col (PEG). Because the Ad capsid would not be exposed after PEGylation, this method
creates a stealth-like As vector to neutralization in the blood and also eliminate undesired
binding to non-target tissues/cells (42,43). In addition, PEGylation permits incorporation
of extrinsic targeting ligand on the surface of the PEG capsule. For example, RGD pep-
tide and anti-E-selectin Ab incorporated on the surface of PEG successfully allowed
selective transduction of v integrin and E-selectin positive cells, respectively (44).
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3.2. Transcriptional Targeting
Another major adenoviral targeting strategy is to control the expression of the thera-

peutic gene by using transcriptional regulatory elements (see Fig. 3). In the human
genome, genes are controlled by distinct promoters (45), which are applicable for the
control of transgene expression from an adenovirus vector (46).

The most straightforward way is to place the specific promoter in the 5 -upstream
region of the transgene placed in the vector. The transcription cassette with the specific
promoter is usually placed in the E1-deleted region in both directions (47). Various trans-
genes can be incorporated, including reporter genes (e.g., luciferase, -galactosidase, fluo-
rescent proteins), prodrug activating enzyme (e.g., thymidine kinase, cytosine deaminase).
If the adenovirus E1 region (required for replication) is placed under the control of any
exogenous promoter, the vector can achieve conditional replication depending on the pro-
moter activity (18,48,49). However, many factors (e.g., intrinsic transcription activation
activity and enhancer elements of vector backbone, removal of distant control elements
during cloning, and absence of histones) may possibly affect promoter profiles after
incorporation in an adenoviral vector system. The most important consideration is that
not all promoters showing a suitable profile in plasmid-based experiments will maintain
the desired selectivity and strength in an adenovirus vector configuration. 

A second way of transcriptional targeting is to use artificially modified or structured
promoters to achieve the desired control. In general, promoters consists of core pro-
moter elements including transcription initiation sites, and number of enhancer ele-
ments in up- or down-stream of the core region. Those enhancer regions may exist far
upstream or sometime in the intron of the gene itself. To configure these elements
(50,51) or to create new promoters with the required transcription selectivity (52), ele-
ments from one or multiple promoters may have to be combined into artificial promot-
ers. This method has big potential for the development of custom-designed transcription
profiles. On the other hand, because the activity of newly created promoters is not com-
pletely predictable, it has the potential risk to lead to aberrant expression (e.g., un-
expected high activity in normal organs, leakiness resulting from the removal of
unidentified negative control elements, and so forth). The establishment of appropriate
promoter design strategies and high efficient methods for screening are necessary to
advance the development of this strategy for Ad targeting.

An extension of using promoters for Ad transcriptional targeting is the application of
inducible promoters for the regulation of the expression. There are several promoters
known to be inducible by an external nontoxic stimuli (e.g., tetracycline [53]) or radia-
tion (54). These promoters are useful should post-administrative regulation of trans-
gene expression be necessary. Also, some vectors which encode highly toxic genes may
need negative regulation of expression during viral amplification in order to avoid
effects on virus replicaiton (55,56).

Another approach in transcriptional targeting is based on a binary system. This sys-
tem uses a specific promoter to express a triggering protein which binds to a regulatory
element that turns on the transcription of an extrinsic gene (57). Similar effect is also
achievable by using the bactriophage RNA polymerase and its recognition sequence
(58) or with CRE recombinase and its recognition sequence (lox-p) (59). This strategy
is extremely useful for constructing an expression system to enhance “selective but
weak” promoters although the vector structure and regulation mechanism are more
complex than the use of conventional strategies (60).
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4. ADENOVIRAL RETARGETING FOR CANCER GENE THERAPY

A gene therapy for various disease settings requires different selectivity and target-
ing, highlighting the importance of choosing the right strategy for successful gene ther-
apy. In the field of cancer gene therapy, aggressively proliferating cells need to be
killed or suppressed. This unique situation demands multiple levels of function in order
to achieve a therapeutic effect. First, virtually all tumor cells must be killed because
any remaining viable cancer cells would lead to tumor regrowth. Second, the cytocidal
effect needs to be limited to cancer cells, except in limited cases where the payload
gene possesses tumor selectivity. In most cases, the transgene used for cancer gene
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therapy is nonselective. Such nonselectivity indicates that specificity must be achieved
at the vector level without impeding killing potency in order to develop clinically usable
cancer gene therapy strategies (6,61).

4.1. Augmentation of Infectivity
As mentioned above, augmentation of infectivity in CAR-negative cells is an impor-

tant issue for adenoviral gene therapy (62). To obtain CAR-independent viral entry,
various transductional targeting strategies have been applied. The most frequently used
targets are the epidermal growth factor receptor (EGFR) (33,63) and the fibroblast
growth factor receptor (FGFR) (30,64), which are closely linked to the malignant poten-
tial of the tumor cells. Although retargeting to these receptors have been accomplished
successfully with conjugate-based systems, consistent manufacturing of uniform bispe-
cific antibody conjugates is considerably difficult. Alternatively, retargeting with fusion
proteins against these receptors maybe more advantageous from a pharmaceutical manu-
facturing standpoint (34).

In comparison with the strategies using targeting conjugates/fusion proteins, genetic
modification of the virus has several benefits. The process of vector formulation is
much more simple than bridging the virus with an extrinsic moiety because the gener-
ated vector would already possess the intended targeting capability. Because upscale
production requires high a standard of the stability, this simplicity is a big advantage
when considering drug production and clinical application. On the other hand, whereas
the genetic incorporation of extrinsic ligands have assisted in efficiently expanding the
infection tropism, selectivity has not been high compared with antibodies. Among the
various methods, integrin-binding RGD motif incorporation into the HI-loop (37) or
carboxyl terminus (c-terminus) (29) of the fiber, polylysine incorporation into fiber 
c-terminus (29), and replacement of the Ad5 knob with the other serotypes knob with
broader binding tropism (e.g., Ad5/Ad3 chimera) (65) have provided dramatic enhance-
ment of infectivity in CAR-negative cancer cells.

Lately, many adenoviruses with tumor-selective replication capability (conditionally
replicative adenovirus, CRAd) were developed, and some of them are already in human
clinical trials (48,49,66). Although this replicative strategy should overcome poor trans-
duction of the tumor cells, the infectivity of the progeny virus would affect the viral
spread during each replication cycle (62). Thus, infectivity enhancement is beneficial in
augmenting the therapeutic effect of these viruses (62). We have developed promoter
driven CRAds with RGD modified and 5/3 chimera fibers (18,19,67). Both versions,
especially the Ad5/Ad3 chimera, showed dramatically enhanced cytocidal effect in
vitro and in vivo. Some of these vectors are in preclinical toxicological studies with the
goal of reaching clinical trials (RGD CRAdcox2F, Ad5- 24RGD).

4.2. Configuration of Selectivity
Selectivity in the context of cancer gene therapy involves two aspects: tumor vs nor-

mal cell selectivity in the tumor locale and systemic organ selectivity. Both levels of
selectivity have been sought either by transductional or transcriptional means.

Tumor vs normal cell selectivity is achievable by using the cell-surface protein profile
as a target for transductional targeting or by employing a promoter with the required
activity profile. As targets in transductional targeting, cell-surface proteins with expres-
sion profiles that closely correlate with the malignant potential or prognosis (e.g., EGFR
for esophageal cancers) are suitable. In addition, promoters of proteins that contribute to
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malignant potential and/or cancer progression can also be used for targeting (e.g., COX-
2 [6,68], Survivin [69,70], CXCR4 [71,72]). Promoter-based strategies may provide
simple and practical solutions for achieving the required level of selectivity.

For organ selectivity, the biggest issue with adenoviral vectors is transduction of the
liver. Liver parenchymal cells express high levels of CAR (2,73), leading to the major-
ity of gene expression observed in the liver from adenovirus administered or released
into the systemic circulation (6,74). Thus, in the field of adenoviral vectors, not only
tumor retargeting but also liver untargeting should also be implemented (62).

Transductional liver untargeting can be achieved with several different ways. The
first is mutation of the CAR binding motif in the fiber-knob region. When combined
with mutation of RGD motif of penton base region, this method achieved almost 4
order reduction of liver transduction (75,76). Another way to detarget the liver is
removal of the cationic motif in the fiber shaft region (KKTK) (77). However, there is
no clear conclusion about the consistency of these methods because the experimental
results vary depending on the experimental system (78). One problem associated with
deletion of binding regions for untargeting is that the vector production yield drops if
the mutation hampers the cell binding required for the production. In this case, addi-
tion of another binding motif is required to restore the viral infectivity in the producer
cells (75).

Transcriptional liver untargeting can also be achieved by using various promoters
with tumor-ON/liver-OFF profiles. For example, the prostate specific antigen (PSA)
promoter for prostate cancer (79), cyclooxygenase 2 (cox-2) promoter for gastrointesti-
nal cancers (6), midkine promoter for pediatric malignancies (61) have shown high
specificity for their respective target tumor context while maintaining low liver activity.
Also, some promoters (e.g., tyrosinase promoter [80], cox-2 promoter [19]) have shown
profitable tumor versus nontumor ratios. The utility of these promoters has been inte-
grated into the concept of suicide gene therapy and displayed the mitigation of toxicity
in nontarget cells (6,61). Although various suicide gene therapy protocols have been
tested in clinical trials, none of them has shown a remarkable clinical therapeutic effect.
However, the combination of transcriptional targeting with the above-mentioned infec-
tivity enhancement strategies may lead to improved clinical efficacy.

5. PROBLEMS ASSOCIATED WITH ADENOVIRAL RETARGETING IN
THE FIELD OF CANCER GENE THERAPY AND CURRENT EFFORTS

In 1995, the National Institutes of Health (NIH) director designated a special advi-
sory panel headed by Drs. Orkin and Motulsky which produced a report about the limi-
ting issues in the field of gene therapy and the points in the report are still valid (81).
One of the main points was that vector systems still have problems and need to be
improved to realize the benefit of gene therapy. Recently there have been several promi-
sing reports indicating the clinical benefits of gene therapy in severe combined immuno-
deficiency mice (SCID) (82) and cardiovascular disease (83,84), yet, the realization of
the clinical/therapeutic potential of the cancer gene therapy has not been achieved.

Success in gene therapy relies not only on the vector used but also the
pathological/physiological profile of the disease as the target. For example, hemophilia
has been a candidate target for gene therapy since the research in the field began and is
considered to be a relatively simple disease to address because even partial restoration
can avoid the severe complications of transgene expression need not be restricted to
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specific sites (85). However, in the field of cancer, the requirements are totally different
and much more stringent. Clinical trial outcomes indicate that current adenoviral ther-
apeutics are well tolerated in the clinical setting but not potent enough to elicit signifi-
cant and consistent therapeutic effect (86). Thus, augmentation of the antitumor effect
of adenoviral vectors is a priority at this time although a higher degree of selectivity
needs to be established as potency increases to avoid adverse effects against normal
cells (62). To this end, the agent must kill or suppress virtually the whole tumor because
even a fraction of residual viable tumor cells can easily lead to the tumor regrowth.
Particularly in the case of cancer gene therapy, the situation is further complicated by
the inaccessibility of the cancer cells from blood stream. Li et al. reported that tumor
vascularity and the amount of extra cellular matrix can determine transduction in a liver
metastasis model (87). Whereas target accessibility represents a challenging obstacle,
better targeting and infectivity enhancement methods will overcome this issue.

Although there are various candidate targeting strategies as described above, the
practicality of clinical grade vector preparation is another determining factor for clini-
cal utility. For example, extensively modified vectors may show lower yield during
vector production. These vectors would require a larger preparation to obtain the
required titers, and low-yield vectors tend to face contamination issues more frequently
because mutants which can propagate with higher yield can easily dominate the batch.
Because of the stringent standards of consistency and stability in producing clinical
grade agents, this issue should be considered when designing strategies for cancer gene
therapy therapeutics.

At the present time, genetic modification of the fiber by using small peptide sequence
insertions and subtype switching of the fiber/knob region appear to have the highest
practicality for the augmentation of infectivity (29,37,65). These methods can signifi-
cantly augment vector infectivity via binding to target moieties on the cell surface.
Because the modifications are genetically encoded on the viral genome, there are no
limiting steps in the production of the targeted vectors after vector production. However,
these targeting methods are not highly selective at this time. Adenovirus with Ad5/Ad3
chimeric fiber shows very wide tropism for a variety of normal and cancerous cells of
many origins. As a result, combining infectivity enhancement with transcriptional tar-
geting represents a promising approach to obtain both effective gene delivery as well as
selectivity of the therapeutic effect.

As an example of this strategy, we employed the combination of fiber modification-
based infectivity enhancement and promoter-based selectivity to construct condition-
ally replicative adenovirus (CRAd) for further improving therapeutic efficacy (18,19).
In a CRAd system, selective replication in the target cancer cells results in a cytocidal
effect as a result of the lytic nature of the adenovirus, followed by infection of the sur-
rounding cancer cells with the progeny virus (49). We employed an RGD-4C motif
insertion into the fiber-knob region (RGD modification) (18) or the replacement of the
Ad5 knob with the Ad3 knob (Ad5/Ad3 chimeric) (19) to enable CAR-independent
infection in gastrointestinal cancer target cells which are usually CAR-negative (e.g.,
pancreatic cancer [15], esophageal adenocarcinoma [16]). In parallel, the Cox-2 pro-
moter, which is commonly active in these target cells but inactive in many organs
including the liver under normal conditions (6), was employed to achieve replication
selectivity. Applying this combination, we successfully constructed GI cancer CRAds
which showed strong cytocidal effect in CAR-negative GI cancer cells without hamper-
ing the replication selectivity for Cox-2 positive cancers both in vitro and in vivo
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(18,19). These CRAds have high potential for the treatment of CAR-negative, Cox-2-
positive cancers such as many GI cancers (62).

6. FUTURE DIRECTIONS

Current targeting strategies are not fully adequate for realizing the promise of cancer
gene therapy. Combining existing strategies provides a practical solution; however, new
targeting modalities should be explored because each tumor context opens unique chal-
lenges with respect to disease targeting. The following strategies are promising
approached for the development of next-generation targeted adenovirus vectors for
cancer gene therapy:

6.1. Infectivity Enhancement Strategies
As mentioned above, the primary problem of current gene therapy is efficacy. To

achieve this goal, new infectivity enhancement strategies need to be sought to develop
the next generation of vectors.

In the field of adenovirus, interesting direction is exploration of new locales for lig-
and insertion. We have sought various locales in the capsid which would permit inser-
tion of large motifs for targeting and/or labeling purposes without hampering viral
functionality. Protein IX, which exists between the hexon proteins, permits large inser-
tions in the c-terminus of the protein (88–90). Capitalizing the tolerability of this locale,
we successfully introduced relatively large proteins, including single chain antibodies
(unpublished data), green fluorescent protein (91), and firefly luciferase (unpublished
data) into the Ad capsid. Because various ligands have various requirements in terms of
placement and the environment of ligand presentation, seeking alternative motif inser-
tion locales need to continue as well.

Another attractive approach is taking advantage of the variable natural tropisms of
the adenoviruses of other adenoviral types, including those of other serotypes, xeno-
types, and nonadenoviral viruses. Canine, avian, and mice adenovirus fibers have been
successfully configured into human Ad based viruses and showed interesting tropism
(92). The fiber of reovirus was also recently incorporated into adenoviral capsid (93,94).
These efforts will expand the choice of fibers for genetic capsid modification.

6.2. Strategies for Selective Amplification
As briefly mentioned above, conditionally replicative adenoviruses (CRAds) have

great potential in the field of cancer gene therapy (48,49,62). Cancer gene therapy
requires tumor-wide therapeutic effect in a vast majority of the cancer cells. In this con-
text, infectivity-enhanced CRAds can achieve such wide spread effect by spreading to
the surrounding cancer cells via viral progeny infection (18,19,67). Because each tumor
type requires different targeting methods, both transductional and transcriptional tar-
geting need to be developed and optimized for each CRAd for each individual disease
context.

Another interesting idea is to use CRAds as a modality to support the amplification of
E1-deleted vectors in target cells. Alemany et al. showed that a gutless vector condition-
ally expressing the E1 gene and an E1-deleted vector can trans-complement each other
and replicate (95). In another case, an E1B55k-deleted conditionally replicative virus was
combined with a replication-incompetent interleukin-12 expression vector, enhanced
antitumor effect was observed as a result of dramatically augmented interleukin-12
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expression (96). Although precise control of replication of each virus may be difficult,
this system is relatively easy to construct and provides large cloning capacity. In this
meaning, the versatility of this system may lead to interesting vector systems in the future.

7. CONCLUSION

Although adenovirus retargeting is promising and advancing, no retargeted adeno-
viral system has been tested in clinical trials yet. Reliable preclinical and subsequent
clinical studies are necessary to establish a legitimate role of adenoviral retargeting in
the field of cancer gene therapy. However, it is absolutely clear that better vector target-
ing yielding improved efficiency and selectivity would lead to the development of more
potent and safe adenovirus based therapies in the field of cancer.
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Summary
The use of viruses to treat human malignancy is not a new concept but has only recently evolved

into a clinically viable therapy. Spurred by advances in molecular biology that have allowed rela-
tively easy manipulation of the viral genome, a number of different viruses have been evaluated
and shown to have promise as anticancer agents. Of these, herpes simplex virus (HSV) has been
perhaps the most intensively investigated. Several strains of replication competent oncolytic HSV
have been developed, some of which have been used in clinical trials. Continuing research efforts
are aimed at manipulating the viral genome to more specifically target tumor cells, to further
enhance efficacy while maintaining safety, and to assess the role of oncolytic HSV in combination
with chemotherapy and radiation therapy.

Key Words: Herpes simplex virus (HSV); oncolytic viral therapy.

1. INTRODUCTION

More than a century has passed since the possibility of using viral pathogens to treat
cancer was first recognized. In 1893, remission of leukemia following natural viral
infections was reported. Shortly thereafter, Pasteur observed regression of cervical can-
cer in a patient after vaccination with an attenuated rabies virus (1).  Anecdotes of
tumor growth inhibition following bouts of severe viral illnesses, such as measles or
mumps, were also reported. Initial, sporadic attempts to treat cancer with viruses yielded
encouraging results (2); however, the viral treatment for cancer was not pursued further
because of fear of uncontrolled viral infection and lack of effective antiviral agents.

From: Cancer Drug Discovery and Development: Gene Therapy for Cancer
Edited by: K. K. Hunt, S. A. Vorburger, and S. G. Swisher © Humana Press Inc., Totowa, NJ

213

13 Oncolytic Herpes Simplex for Gene
Therapy in Preclinical and Clinical
Trials

Richard H. Pin, MD, Maura Reinblatt, MD,
Yuman Fong, MD, and William R. Jarnagin, MD

CONTENTS

INTRODUCTION

LYTIC CYCLE

ATTENUATION AND SAFETY

VIRAL ONCOLYTIC THERAPY

GENE DELIVERY

TARGETING

CONCLUSIONS



With advances in molecular biology, a better understanding of viral pathogenesis
and the development of effective antiviral treatments, old notions of employing viruses
to treat cancer were revisited. In the early 1990s, genetically engineered attenuated
herpes simplex viruses (HSV) were developed and are now under investigation as
potential cancer therapies (3). The ability to modify the viral genome to selectively
target tumor cells for lysis represented a major advance and has allowed oncolytic viral
therapy to emerge as a viable and potentially important cancer therapy. A major focus
of investigation in this regard has been the creation of viral strains with mutations or
deletions of certain key genes, the protein products of which are expressed at higher
levels in tumor cells compared with normal cells, thereby attenuating toxicity to normal
tissues. Other efforts have involved the creation of tumor-specific promoters that con-
trol viral growth genes and modification of genes encoding viral envelope proteins to
restrict viral infection to tumor cells that express specific receptors. Over the past 10 yr,
oncolytic HSV have moved from the laboratory bench to patient care. Today, genetically
engineered viruses are the most commonly used gene delivery vehicles in clinical trials,
with three mutated HSV being tested in phase I studies (4–6).

2. LYTIC CYCLE

HSV are comprised of an outer envelope, tegument, and inner capsid containing the
viral genomic DNA (see Fig. 1). The virus first attaches to the cell through glyco-
proteins on the viral envelope that bind to receptors on the cell membrane. Once bound,
the viral envelope delivers the tegument and capsid into the cytoplasm where the tegu-
ment transfers the capsid to the nucleus. Within the nucleus, the capsid releases the
double-stranded viral DNA for replication and transcription (see Fig. 2). The viral tegu-
ment protein, VP16, initiates the cascade of gene expression. The immediate-early
genes are the first set of genes transcribed and serve to promote the early genes that
encode proteins required for viral replication. Once viral replication is initiated, the late
genes necessary for viral assembly are activated. In this fashion, herpesviruses subvert
the cellular machinery for their own replication. The new viral progeny that are pro-
duced ultimately lyse the cell and infect and lyse neighboring cells to repeat the replica-
tive cycle. An attractive feature of replication competent HSV and other oncolytic
viruses is that a large number of progeny virus arise from relatively few initially
infected cells so that injection of a large viral load can be avoided, a feature now being
exploited specifically to treat malignant disease.

3. ATTENUATION AND SAFETY

A number of different mutations in the genome of replication-competent viruses
attenuate their toxicity to normal cells. The gene 134.5 exists as two copies in the HSV
genome and is largely responsible for neurotoxicity. The 134.5 gene product prevents
the infected host cell from shutting off its cellular machinery, a normal host response to
viral infection, and allows ongoing viral replication. A deletion in the 134.5 gene there-
fore hinders viral replication, and has been shown to limit viral spread within the cen-
tral nervous system (7).  Another important gene for replication, UL39, encodes the
enzyme ribonucleotide reductase (RR).  This enzyme is essential for the reduction of
ribonucleotides to deoxyribonucleotides, which form the DNA substrate pool (8).
Ribonucleotide reductase therefore plays a critical role in viral DNA synthesis, and
deletions in RR limit viral replication. Eukaryotic cells also produce a cellular variant
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of RR during cell division. This cellular RR has significant sequence homology to that
of viral RR and can be used to promote viral replication in dividing cells (9). Therefore,
HSV with deletions in UL39 can only replicate in rapidly dividing cells, such as some
cancer cells, which produce sufficiently high levels of exogenous, cellular RR (10).

Additional mutations in the viral genome allow the host to respond more vigorously
to viral infection. The 47 gene normally functions to down-regulate MHC class I pep-
tides on the surface of virally infected cells. This cloaks an infected cell from the host’s
immune system. A mutation in the 47 gene enables major histocompatability com-
plex (MHC) class I peptide expression, allowing antigen presentation to CD8+ cells.
This interaction improves the hosts ability to identify and destroy infected cells and
limits the ability of virus to generate new progeny (Table 1) (11).

Viruses have also been constructed with safety features that prevent undesired infection.
A temperature-sensitive mutation in the immediate-early 4 gene leads to inhibition of
viral replication at temperatures greater than 39.5°C, thereby offering some protection
against a potentially serious viral-mediated illness. Furthermore, an intact thymidine kinase
gene confers sensitivity to the antiherpetic drugs acyclovir and gancyclovir. These addi-
tional safeguards make attenuated HSV an attractive vector for cancer gene therapy. 

4. VIRAL ONCOLYTIC THERAPY

Herpesviruses are effective against a broad spectrum of human tumors. G207 is a
mutant HSV with deletions in both copies of 134.5, and a mutation in UL39 (Table 1).
This attenuated virus was first described in the treatment of malignant gliomas, and fur-
ther research has demonstrated its efficacy in treating a wide range of tumors types,
including breast, bladder, colon, gallbladder, stomach, liver, pancreas, and the oro-
digestive tract (10,12–17). In these studies, G207 has been able to effectively kill can-
cer cells in vitro and reduce experimental animal tumor burdens in vivo. Furthermore,
G207 has demonstrated preclinical safety in BALB/c mice and Aotus monkeys. In
BALB/c mice, doses of 1 × 107 plaque-forming units (pfu) of G207 injected intrace-
rebrally did not produce any adverse effects (18). Likewise, a dose of 1 × 109 pfu in
Aotus monkeys did not result in any pathology (19). Clinical safety has been further
confirmed in a phase I clinical trial of patients with malignant gliomas resistant to stan-
dard therapies subjected to direct intratumoral injections of G207. None of the patients
in this study developed serious adverse effects, and eight patients had radiographic
reduction in tumor volume (Table 2) (5).
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Fig. 1. HSV structure. (A) The viral envelope contains membrane-bound glycoproteins that aid in
docking the virus and binding to receptors on the tumor cell membrane. (B) The proteinaceous tegu-
ment is released in the cytoplasm and guides the inner icosahedral capsid to the nucleus. (C) The
capsid delivers the 152-kb double-stranded DNA viral genome to the nucleus.



Another widely tested mutant herpes virus is NV1020. Initially failing as a vaccine
against HSV-1 and HSV-2, NV1020 subsequently demonstrated potent antitumor pro-
perties. This virus differs from G207 in that it contains a deletion in only one copy of

134.5, as well as deletions in the viral genes UL24 and UL56 (Table 1) (20).  NV1020
has effectively treated a variety of human tumor xenografts including those of the colon,
prostate, pancreas, and head and neck. Moreover, NV1020 is being evaluated in a phase I
clinical trial for liver metastases from colorectal cancer (4).  To date, 9 patients with
hepatic metastases have received a maximum dose of 1.3 × 107 pfu of NV1020 delivered
through a percutaneous hepatic arterial catheter. No patients suffered severe reactions
related to viral inoculation and all patients demonstrated radiographically stable dis-
ease and reduced carcinoembryonic antigen (CEA) levels during the, admittedly, very
short 28-d observation period. The adverse effects were mild and consisted of fever (7 of 9),
nausea (3 of 9), and headache (2 of 9) (Table 2) (4).

Another virus, 1716, has deletions in both copies of the 134.5 gene. This virus has
been successful in the treatment of a variety of tumors in animal models and has
recently completed clinical trials assessing safety (Table 2). In two phase I clinical tri-
als in patients with recurrent gliomas, a maximum dose of 1 × 105 pfu was admini-
stered through direct intratumoral injection. No patients suffered adverse effects and
viral replication could be demonstrated in resected tumor specimens (6,21).  In a third
phase I clinical trial involving patients with stage 4 melanoma, 1 × 103 pfu of 1716 was
injected into a single nodule. Following treatment, histopathologic necrosis and HSV
antigen could be documented in tumor cells (22).

NV1066 is a unique mutant HSV that contains a transgene encoding an enhanced
green fluorescent protein (GFP). It is attenuated through a deletion in one copy of
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Fig. 2. HSV lytic cycle. (A) The herpes virion attaches to the tumor cell membrane. (B) After enve-
lope fusion with the cell membrane, the large genome enters the nucleus where viral DNA is repli-
cated and transcribed. A cascade of gene expression ensues which culminates in the production and
assembly of new viral particles. (C) With viral replication and egress, the tumor cell is lysed and the
viral effect amplified. Progeny virions can then infect neighboring tumor cells. The herpes replicative
cycle often is completed within 24 h and is the basis of herpes oncolytic viral therapy. 



134.5, as well as deletions in the 0 and 4 genes. The 0 and 4 gene products pre-
vent cellular apoptosis and stimulate other viral genes necessary for replication (Table 1).
Viral infection can be observed using excitation and emission filters that visualize GFP.
In this respect, NV1066 has the potential for effective detection and treatment of can-
cer. In a murine esophageal cancer model, intraperitoneal metastases less than 2 mm in
diameter could be differentiated from normal tissues by fluorescent filtered laparoscopy.
Furthermore, tumor burdens were reduced 73% in NV1066-treated animals compared
with controls, and 4 of 8 mice treated with NV1066 had no evidence of gross peritoneal
disease 4 wkafter infection (23).

5. GENE DELIVERY

Herpesviruses are effective gene transfer agents, and several strains have been devel-
oped that contain immunostimulatory or other genes while maintaining replication com-
petence and oncolytic activity. Two such strains are NV1034 and NV1042, which contain
the transgenes granulocyte-macrophage colony-stimulating factor (GM-CSF) and inter-
leukin-12 (IL-12), respectively. These viruses are particularly attractive because of their
combined immunostimulatory and oncolytic properties, a treatment approach that
appears to be more effective than either approach alone. NV1034 and NV1042 have
demonstrated efficacy in squamous cell xenograft tumors, with NV1042 specifically
eliciting “memory” tumor immunity (Table 1) (24). In addition, a mutant HSV contain-
ing a GM-CSF gene insertion has recently entered phase I clinical trial in the United
Kingdom. This GM-CSF expressing virus, OncoVEXGM-CSF, contains deletions in the

134.5 and 4 genes to attenuate its virulence. OncoVEXGM-CSF is being tested by direct
injection into several tumor types including melanoma, breast, head and neck, and

Chapter 13 / Oncolytic Herpes Simplex for Gene Therapy 217

Table 1

Virus Mutations Transgene Comments

G207 UL39 LacZ Safety confirmed in phase I trial

134.5 (both copies) Effective against a broad array of tumors

1716 134.5 (both copies) None Safety confirmed in phase I trial

NV1020 Joint region HSV-2 Originally developed as an HSV vaccine
( g134.5 one copy, segment Ongoing phase I clinical trial

UL24, UL56)
G47 UL39 Lac Z Enhanced antitumor immune response

134.5 (both copies) 

47
NV1066 134.5 (one copy) GFP Useful in detecting small tumor deposits

0, 4, TK Inhibits esophageal tumor xenografts
NV1034 UL56 GM-CSF Efficacy demonstrated in SCC xenografts

47 LacZ
NV1042 UL56 IL-12 Inhibits SCC xenograft growth

47 LacZ Elicits memory tumor immunity

HSV, herpes simplex virus; TK, thymidine kinase; GFP, green fluorescent protein; SSC, squamous cell
carcinoma.
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various gastrointestinal cancers. Thus far, 8 patients have received a maximum dose of 
1 × 107 pfu, which was well-tolerated (Table 2) (25).

Herpesviruses may also be used purely as gene delivery vehicles, stripped of their
ability to replicate. These replication-incompetent HSV, also known as HSV ampli-
cons, possess the identical envelope, tegument, and capsid as replication-competent
viruses and can therefore infect a wide array of tumor types (26).  HSV amplicons can
infect both dividing and nondividing cells and their genome can accept DNA inserts
greater than 100 kilobases (kb) (27). Although they contain less than 2% of the viral
genome and lack the ability to replicate, HSV amplicons are capable of utilizing the
host cellular machinery to promote specific transgene expression. These replication-
incompetent viruses have recently been manufactured using bacterial artificial chromo-
some technology. With this production method, contamination of amplicon stocks by
replication-competent viruses has been nearly eliminated (28).

An HSV amplicon expressing GM-CSF has been used in several studies, one of
which reported improved survival of mice with subcutaneous human gliomas from
10% to 60% at 80 d (29). Another GM-CSF-expressing amplicon has been used to treat
subcutaneous murine melanomas. The level of tumor inhibition proved to be dose-
dependent, and, interestingly, tumoral injection of HSV amplicon reduced tumor growth
in both the injected tumors and the noninoculated contralateral tumors (30).  In another
immunomodulatory approach, HSV amplicons were created to express T-cell costimu-
lating factors, such as ligand B7.1. They were able to cause growth inhibition of esta-
blished murine lymphomas. Again, direct HSV amplicon injection resulted in the
regression of the injected tumor as well as the noninoculated contralateral tumor.
Furthermore, mice that demonstrated tumor regression were resistant to further tumor
cell injections (31). An HSV amplicon expressing intercellular adhesion molecule-1
(ICAM-1) has been tested in rat hepatocellular and human colorectal cancer cell lines.
The transduced tumor cells produced high-level human ICAM-1 surface expression,
increased lymphocyte infiltration in vivo, and decreased tumorigenicity (32).

HSV amplicons and replication-competent HSV have also been used in combina-
tion. In murine colorectal cancer and rat hepatocellular carcinoma models, low dose
regional vascular delivery of G207 along with HSV amplicon expressing the lympho-
cyte stimulator, IL-2, enhanced reduction of tumor burden in the liver compared with
G207 therapy alone was observed. This enhanced antitumor efficacy was abolished
when CD4+ and CD8+ lymphocytes were depleted, suggesting that the improved anti-
tumor response was immune-mediated (33).

6. TARGETING

A fundamental problem in anticancer treatment in general, as well as in antitumor
gene therapy, is the lack of an agent that specifically targets tumor cells. To overcome
this obstacle gene therapy approaches are exploiting certain innate tumor characteris-
tics. For instance, hypoxia is a prevalent condition of many solid tumors. Low tumor
oxygen tensions have been correlated with an increased metastatic potential and resist-
ance to standard chemoradiation therapy (34,35). This tumor hypoxia can be utilized to
distinguish malignant from normal tissues and may enable the selective targeting of
cancer cells in gene therapy (36). Recently, a modified UL39 gene driven by a hypoxia-
responsive enhancer was inserted in an oncolytic herpesvirus to treat murine colorectal
cancer cells. This hypoxia-inducible UL39 virus showed improved viral susceptibility
of hypoxic cancer cells compared with cells transfected with G207, a virus deficient in
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UL39. In contrast, no increased viral spread could be noted under normal oxygen con-
centrations, demonstrating that this approach is specific to hypoxic cancers cells. In a
murine liver metastases model, this hypoxia-driven UL39 construct improved G207s
baseline reduction of tumor weight and nodule count by 65% (37).

Improved viral targeting may also be achieved by exploiting genes that are expressed at
high levels in tumors, such as CEA, -fetoprotein (AFP), or prostate specific antigen
(PSA). These genes are not significantly activated in normal, differentiated tissue but they
are found to be overexpressed in a variety of different malignancies (CEA, colorectal, pan-
creatic, gastric cancer; AFP, hepatocellular carcinoma, testicular cancer; PSA, prostate
cancer) (38,39). This tumor-specific expression can be used to target cancer cells by expres-
sion of critical viral growth genes from tumor-specific promoters (40–42). Viral prolifera-
tion can be thus restricted to cells with high level expression of the tumor-associated gene,
an approach that has already been shown effective in HSV and other viral systems (40,41).

The effective entry of viral particles into a cell depends on a sequence of inter-
actions between viral glycoproteins and cell surface receptors. Hence, the modifica-
tions of viral envelope glycoproteins is another strategy that may allow for selective
targeting of tumors without attenuating viral oncolytic activity. Unlike other mutations
which compromise the ability of the virus to replicate or to utilize cellular components,
these glycoprotein mutations do not attenuate the viral lytic cycle once the cell is
infected.  R5111 is a genetically engineered HSV containing IL-13 insertional muta-
tions in key envelope glycoproteins. R5111 has been shown to bind to the IL13R 2
receptor found on the surface of malignant gliomas only. This particular strain was
found to specifically infect and replicate within cells bearing the IL13R 2 receptor,
whereas cells lacking the receptor were not infected. Furthermore, R5111 replication
was as robust as wild-type HSV in IL12R 2 receptor-positive cells (43).

7. CONCLUSIONS

The concept to use herpes virus to kill cancer led to its application that is now
advancing from the laboratory the bench to the bedside.  In a relatively short period of
time, herpesviruses have been characterized, genetically modified, redirected to treat
malignant disease, and utilized in numerous preclinical studies. Furthermore, several
oncolytic viral mutants have been used in phase I trials that have demonstrated their
safety in humans, with sporadic reports of antitumor efficacy. In addition, both replication-
competent and replication-incompetent herpesviruses have been utilized for therapeutic
transgene expression in the treatment of cancer. Future work must be focused on ways
to enhance viral targeting without sacrificing oncolytic activity and to determine how
best to combine oncolytic agents with conventional cancer treatments.
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Summary
This chapter will discuss the potential for delivery of cytokine molecules using neo-

adjuvant/adjuvant gene therapy strategies to achieve antitumor efficacy. It focuses on two approaches
for delivery of cytokine genes to achieve effective therapy; in situ delivery using adenoviral vectors
also termed “active vaccination,” and cell based approaches using specific immune cells modified
with cytokine genes. These approaches have potential advantages for prostate cancer therapy and
possibly other genitourinary malignancies.

Key Words: Gene therapy; adenoviral vectors; cell therapy; immunostimulatory genes; prostate
cancer.

1. CHALLENGES AND OPPORTUNITIES IN PROSTATE CANCER

Prostate cancer presents specific opportunities for novel therapies such as cytokine
gene therapy but also has specific challenges. Standard therapy for localized disease
involves radical prostatectomy or radiation therapy which are often associated with 
significant morbidity (3). Despite a significant increase in the number of men diagnosed
and treated with curative intent for localized prostate cancer, a considerable number of
men develop local recurrence or distant disease following surgery or radiation performed
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with curative intent. Every year tens of thousands of men experience rising serum
prostate-specific antigen (PSA) levels as a result of local recurrence after presumptive
definitive therapy for prostate cancer because of the limited capacity to accurately deter-
mine the virulence and stage of presumed localized disease and the limited efficacy of
surgery and/or radiation therapy. Treatment options for these men are few and unproven
(5) and the ability to predict cancer-specific mortality in this group is uncertain (6).
Although these patients represent a clinical challenge they also provide an opportunity to
develop neo-adjuvant gene therapy protocols with cytokines to generate antimetastatic
effects and perhaps develop long-term antitumor immunity. They have been the preferred
treatment group for phase I trials. However, the ultimate challenge in prostate cancer
research today is the development of therapies for metastatic disease. Currently, the only
established therapy for metastatic prostate cancer is palliative hormone therapy (8).
Whereas metastatic prostate cancer is a multifocal disease, the primary metastatic site for
prostate cancer is the bone, and yet, there are no therapies that specifically target prostate
bone metastases.

In general, primary localized prostate cancer is slow growing and therefore offers
more time for testing, evaluation, and adjustment of treatment strategies as compared
with other cancers. Although the slow growth of prostate cancer limits the efficacy of
conventional chemotherapy strategies, it offers a window of opportunity to temporarily
delay either surgery or radiation therapy to attempt novel therapeutic interventions.

Human (86) and mouse (28,44) prostate cancer cells are generally considered to be
poorly immunogenic. Cancer immunotherapy seeks, in general, to overcome deficiencies
in the host immune response to malignancy that includes a significantly reduced capacity
to recognize tumor cells and initiate an effective and durable systemic response (87). The
principal host immune response against cancer cells is the cellular type or Th1 immune
response. Activation of antitumor immunity may be stimulated by Th1 promoting
cytokines through enhancement of tumor cell recognition (i.e., antigenicity) as well as by
the augmentation of existing cellular immune responses. Tumor antigenicity may be
enhanced by initiating expression of antigenic molecules and/or by increasing the effi-
ciency of antigen presentation. The cellular immune response against the cancer may be
augmented through manipulation of any of the processes involved in its development (i.e.,
attraction, activation, differentiation, and amplification of specific effector cells such as
CD8+ T-cells). In addition to augmenting the activities of T-cell effectors, consideration
must be given to abrogation of inhibitory T-reg cells which can suppress the activity of T-
cell effectors (88).

Intratumoral viral vector-mediated delivery of cytokines exploits the unique antigen
milieu of the tumor through immune cell mediated cytotoxicity that is accompanied by
release of tumor associated antigens (TAAs) (i.e., active vaccine). In addition, the avail-
ability of tumor associated immune cells (e.g., macrophage, dendritic cells [DCs], and
T-cells) also provides an opportunity for straightforward initiation of a Th1 response.
However, these potential advantages remain largely unrealized because of minimal
understanding of the underlying molecular and cellular immunology and lack of
adequate molecular tools. Systemic cancer immunotherapy also presents unique advan-
tages and opportunities for prostate cancer. Using non-cell-based or cell-based delivery
systems it is possible to specify the TAAs that are used for priming the response. There are
numerous reports of potential antigens for prostate cancer including PSA (89–92), prostate
specific membrane antigen (PSMA) (93,94), prostate associated gene (PAGE) (95), and
prostatic acid phosphatase (PAP) (96,97) as well as many additional molecules (93,98).



However, it is not clear whether these antigens are sufficiently immunogenic to serve as
targets for immunotherapy. Many of the purported antigens are secretory proteins that
limit their usefulness in immunotherapy. In addition, these antigens are also expressed
in some normal tissues such as the colon, liver, kidney, and bladder. Effective immunity
elicited against these targets therefore incurs the risk of inducing autoimmunity with
subsequent damage to essential organs. Certainly the identification of novel prostate
cancer antigens should remain a high priority. However, it is conceivable that for opti-
mal efficacy the development of sophisticated molecular approaches to TAA presenta-
tion will be required for this hetereogeneous and dynamic malignancy.

The expression of the desired cytokine that elicits the subsequent immune-response
can be achieved through the transfection of the target cells (i.e., cancer cells) by a trans-
gene carrying vector directly (in situ), or by the transfection of specialized immune-
modulator cells (i.e., DCs) termed “cell mediated gene therapy.” We will discuss
potential opportunities of in situ and cell mediated cytokine gene delivery based on
the results of recent preclinical studies. In addition, the results of recent clinical
trials that have used cytokine gene therapy based approaches for prostate cancer are
reviewed.

2. IN SITU CYTOKINE GENE THERAPY

The prostate and bladder are easily accessible for direct intratumoral gene therapy
using routine techniques, such as transrectal ultrasound guided needle biopsy of the
prostate or cystoscopy and intravesicular instillations of the bladder. Adaptation of these
methods to deliver gene therapy vectors has been relatively straightforward, although
there have been some difficulties overcoming the efficient gene transfer in the bladder
(11). Concerns related to systemic toxicity and cancer cell specificity are generally
reduced in local gene therapy applications. In addition to local anti-tumor effects, cytokine
genes delivered locally to prostate cancer lesions may induce systemic responses that
have therapeutic impact on disseminated cancer cells. This systemic immunotherapy
using local cytokine gene therapy is termed in situ cytokine gene therapy or “active
vaccine” therapy.

2.1. Herpes Simplex Virus Thymidine Kinase Gene + Ganciclovir
One approach to the development of more effective therapies for prostate cancer is

to initiate a cascade of molecular cellular events locally within the primary tumor that
generate a localized and systemic antitumor immune response through the transfer of
specific immunomodulatory genes. It has been considered that it might be possible to
use specific genes to generate localized antitumor cytotoxicity as well as to initiate a
systemic antitumor immune response. This strategy has evolved from purely cytotoxic-
based gene therapies to more immunomodulatory gene therapies and various combina-
tions to ultimately achieve the objective. Our initial gene therapy trials used the selected
herpes simplex virus thymidine kinase (HSV-tk) gene delivered with a replication defi-
cient adenoviral vector. HSV-tk+ ganciclovir (GCV) gene therapy has been shown to
elicit widespread cytotoxic activities through direct and well-defined bystander activi-
ties and to elicit nonspecific and specific antitumor immunity in a variety of cancers
(20).

For prostate cancer, there are only limited reports of preclinical studies describing the
use of nonviral vectors to deliver transgenes (e.g., liposomes) (13–15). The results of
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some preclinical studies have demonstrated that herpes vectors (16–18) or canarypox
vectors (19) can be therapeutically effective for a variety of malignancies including
prostate cancer. The use of retroviral vectors for in situ approaches has been more limited,
however they are potentially useful for ex vivo infection schemes such as those used
with cell mediated therapies that will be discussed below. Thus far adenoviral vector
systems have emerged as the predominant form of gene delivery for prostate cancer.

Preclinical studies were designed to assess both the efficacy and toxicity of adeno-
viral vector-mediated HSV-tk + GCV therapy using both in vivo and in vitro prostate
cancer models. Mouse prostate cancer cell lines were generated from both primary and
metastatic tumors initiated using the mouse prostate reconstitution model system. This
model system involves the initiation of prostate cancer with the ras and myc oncogenes
in wild-type C57Bl/6 mice (21) or mice with a targeted inactivation of one or both
alleles of the p53 gene (22,23).

The mouse models used are relevant to human prostate cancer because the mouse
prostate cancer cell lines are inoculated orthotopically thus incorporating features
unique to the prostate milieu and also incorporating the presence of the host immune
system. Furthermore, the mouse cell lines used for these models resemble human
prostate cancers in their expression of relevant oncogenic pathways and specific molec-
ular markers (24); possession of widespread metastatic activities (27); and their low
intrinsic immunogenicity (28).

In our initial studies of adenoviral vector-based HSV-tk + GCV gene therapy, we
documented cytotoxic activities in human prostate cancer cell lines in vitro and exten-
sive cytotoxic activity through the induction of necrosis and apoptosis in subcutaneous
tumors with the C57Bl/6 derived mouse prostate cancer cell line RM-1 (29). A signifi-
cant survival advantage was documented for the treated animals. In the clinically more
relevant orthotopic models cancer cells form prostate cell lines were injected into the
prostate of fully immunocompetent host mice. These inoculums develop into tumors that
were still relatively small and within the confines of the host prostate. In these mice
HSV-tk+GCV therapy led to prolonged survival (30,31). To test the possibility that
HSV-tk+GCV gene therapy could generate systemic antitumor immunity in prostate
cancer, we developed a model system of pre-established lung metastasis in which mouse
prostate cancer cells were simultaneously introduced into the prostate (orthotopic injection)
as well as into the tail vein. Tail vein injection of these cells resulted in the establish-
ment of lung colonies within 3 to 4 d and by the time of treatment (approx1 wk follow-
ing orthotopic injection) these metastatic lesions represented pre-established metastatic
targets to evaluate the systemic effects of localized in situ gene therapy. Interestingly, a
single injection of HSV-tk+GCV vectors not only suppressed the growth of local ortho-
topic tumor through necrotic and apoptotic cell death, but also dramatically reduced the
number and size of pre-established lung metastatic foci (20). In nontumor bearing mice
local inflammation after the administration of the HSV-tk+GCV vector were minimal
and vector spreading outside the prostate gland was very limited and well within the
limits that were perceived as being safe for human use (32), thus, allowing to conduct a
phase I trial in patients whose prostate cancer had recurred locally following initial
radiation therapy but without any evidence of metastatic disease. The urologic gene
therapy program Baylor College of Medicine thus conducted the first in situ gene ther-
apy phase I clinical trial for human prostate cancer and demonstrated the safety of in
situ HSV-tk+GCV gene therapy. In this clinical trial men with biochemical recurrence
of localized prostate cancer following radiation therapy received a single injection of the
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adenoviral vector (33). Although one instance of toxicity was observed at the highest
dose (1 × 1011 IU), the complications ultimately resolved completely. Minimal toxicity
was observed in most patients and decrease of serum PSA levels by 50% or more was
noted in 3 of 18 patients (33). An additional 18 patients received doses of 1–2 × 1010 IU,
which proved to be a safe dose even when administered at multiple sites or when
repeated for up to three times (34). Analysis of the data from this group of patients
indicated that in situ HSV-tk+GCV gene therapy led to an increased PSA doubling
time, a significant PSA reduction, and a significantly increased mean time to return to
initial PSA following vector injection, both after the initial and the repeated injections.
A potential immune modulatory component in the response to HSV-tk gene +GCV
gene therapy was demonstrated by increased levels of activated (HLA DR+) CD8+ T-
cells in the peripheral blood following treatment. Interestingly, the density of CD8+ T-
cells in post-treatment biopsies was increased, which correlated with an increased
number of apoptotic cells (7).

After the safety and potential efficacy of HSV-tk + GCV gene therapy had been
shown in men with recurrent disease, the gene therapy was tested in a neo-adjuvant setting.
Men with newly diagnosed prostate cancer and clinical markers that suggested high
grade disease who elected to undergo a radical prostatectomy 4 to 6 wk after vector
injection entered the trial. The radical prostatectomy specimens clearly demonstrated
that in situ gene therapy induced local inflammation within prostate cancer foci accom-
panied by increased infiltration of CD4 and CD8 T-cells (35). In addition, necrosis
within prostate cancer lesions in preference to adjacent normal prostatic tissues was
noted. Additional studies confirmed that HSV-tk+GCV gene therapy (in this patient
population) led to increased numbers of HLA DR+ CD8+ T-cells in the peripheral blood,
again suggesting a systemic immune response (36).

An additional phase I–II trial involved 59 patients that received two to three doses of
HSV-tk+GCV combined with standard of care radiotherapy. Intravenous GCV was
replaced with the oral bioequivalent drug valacyclovir. Men in this trial were stratified
to 3 groups, 29 men with low-stage disease, 26 men with high-stage disease, and 4 men
with stage D1 (regional lymph node metastases). The latter two groups also received
concurrent hormonal therapy. Mild hematologic and hepatic abnormalities found in the
patients were attributed to the gene therapy whereas genitourinary and gastrointestinal
side effects were typical radiation related side effects. However, there was no added
toxicity attributable to the combination therapeutic approach (37). The combined radio-
gene therapy approach appeared to provide good local control based on biopsy data,
but it was not adequate for men with prostate cancer that had already spread to the
pelvic lymph nodes (38). Men with low-stage disease had evidence of activation of
circulating CD4 and CD8 T-cells (36). This translational research involving adenoviral
vector mediated in situ gene therapy for prostate cancer set the stage for the further
development of immunomodulatory active vaccines.

2.2. Interleukin-12 as Antitumor Cytokine
In our analyses we found increased in serum interleukin (IL)-12 following HSV-tk + GCV

therapy in a significant number of patients. These led to preclinical testing of in situ IL-12
gene therapy. IL-12 is predominantly secreted by activated antigen presenting cells
(APCs), including monocytes, macrophages, B-cells, and DCs. IL-12 interacts with
specific cell receptors, which in turn can activate gene expression through the Stat4 signal
transduction pathway (reviewed by Gately et al. [39]). The effects of IL-12 play an
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important role in initiating and orchestrating an immune response directed by central
lymphoid effector cells, including natural killer (NK) cells, lymphokine-activated killer cells,
and both CD4+ and CD8+ T-cells. Under the stimulation of IL-12, CD4-positive T-cells
differentiate toward Th1 cells and are inhibited from differentiation into Th2 cells, a critical
step in the determination of a cell vs humoral mediated immune response, respectively
(40–43). The clinical use of IL-12 as a recombinant protein has been limited by reports
of severe toxicity after systemic application (50–52). This toxicology results in part
from downstream effects of interferon (IFN)- on the lymphohematopoietic system,
intestines, liver, and lung (53,54).

We evaluated effects of in situ IL-12 gene therapy in a orthotopical prostate cancer
model. In this C57/Bl/6 derived RM-9 model, adenoviral vectors expressing IL-12
(AdIL-12) were shown to cause significant growth suppression (>50% reduction in
tumor weight compared with controls). To evaluate the potential mechanisms for this
response, specific immune cell populations were analyzed either biochemically or
directly through quantitative immunohistochemical staining. Extensive immune cell
infiltration and their activation was noted following injection of AdIL-12. The local
antitumor immune effects were likely the result of:

• enhanced NK-mediated lysis during the first 7 d after vector injection,
• enhanced macrophage activities such as NOS activation, and
• increased cytokine production and possible cytolytic activity of CD4+ and/or CD8+

T-cells within the local tumor tissue. 

In addition to local cytotoxicity preclinical studies with IL-12 encoding vectors have
shown antimetastatic activities in a variety of malignancies (55–59). Two different
approaches were utilized to evaluate the potential for IL-12 in situ gene therapy to
affect metastatic disease. As RM-9 cells metastasize spontaneously from the orthotopic
site, we evaluated the effects of the AdmIL-12 vector on the extent of spontaneous
metastasis to lymph nodes. The results indicated that localized gene therapy could sig-
nificantly suppress the incidence of spontaneous lymph node metastases. In addition,
IL-12 in situ gene therapy suppressed the formation of pre-established lung metastasis
created by injection of RM-9 cells into the tail vein (44). The results indicated that in situ
IL-12 gene therapy not only led to a localized cytotoxic response through specific effec-
tor cells, but it also induced a systemic response that had an impact on metastatic disease.
Antibody depletion analysis demonstrated that NK cells were predominantly responsible
for the antimetastatic effects of locally administered AdIL-12 in pre-established RM-9
lung metastases. This correlated with the findings that IL-12 had been reported to
induce an NK-mediated cytolytic phase followed by a T-cell phase that was character-
ized by CTL activity (42,60–62). Although the interrelationships between the NK phase
and CTL phase are poorly understood, it is well established that the generation of Th1
response is required for the CTL phase. 

A phase I clinical trial was recently initiated at Baylor using in situ AdIL-12 in men
with prostate cancer that recurred after radiotherapy. As a phase I study the objective is
to assess the safety of direct intraprostatic injection of adenoviral vector expressing IL-12.
The initial dose was 1 × 1010 viral particles injected directly into the prostate under
ultrasound guidance. When normalized to the wet weight of the mouse prostate this
dose is essentially equivalent to the effective dose and below the maximal tolerated
dose for mice established in preclinical studies. Doses will be increased by 1/2 log
increments to a maximal dose of 5 × 1012 viral particles or until unacceptable toxicity
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is observed. A recently completed phase I trial of intratumoral delivery of AdIL-12 in
advanced digestive tumors (e.g., liver, colorectal, and pancreatic) revealed an absence
of severe adverse events even following three doses. A modest antitumor effect has
been noted (63).

2.3. Combination Therapy With HSV-tk + GCV + IL-12

To test whether combination gene therapy would lead to enhanced therapeutic effects
when compared with either treatment alone, we used the RM-9 mouse prostate cancer
cells in both orthotopic and pre-established lung metastases models of prostate cancer
(64). Combined treatment with a single injection of optimal doses of AdHSV-tk+GCV
or AdIL-12 led to significantly increased suppression of local tumor growth. However,
IL-12 gene therapy alone was significantly more effective in suppressing spontaneous
lymph node metastases and pre-established lung metastases than AdHSV-tk+GCV and
combination gene therapy did not result in additional antimetastatic activities.
Combination gene therapy also did not achieve significantly better animal survival as
compared with AdHSV-tk+GCV or AdmIL-12 alone. Analysis of localized antitumor
activities demonstrated that AdHSV-tk+GCV therapy induced higher levels of necrosis
compared with AdIL-12 or combination therapy. However, both treatments alone and in
combination resulted in similar increase of apoptosis. To address the question of syner-
gistic local cytotoxity we analyzed the systemic NK response and the numbers of tumor-
infiltrating lymphocytes and macrophages using quantitative immunohistochemical
analysis. AdHSV-tk+GCV therapy alone led to a slight increase of iNOS-positive cells
and of CD4+/CD8+ T-cells and in a moderately increased numbers of F4/80 (macrophage
selective)-positive cells within treated tumors. AdIL-12 treatment, on the other hand,
elicited a robust increase of tumor infiltration by all four immune cell markers, which
was similar to the response after combination therapy. Interestingly, local injection with
AdHSV-tk+GCV induced significant cytolytic activities of splenocyte-derived NK cells
reaching the maximal response 6 d after treatment, whereas AdIL-12 injection produced
significantly higher NK activity with maximal response 2 d following injection. The
combined treatment produced a higher systemic NK response over the 14-d treatment
period. Depletion of NK cells in vivo demonstrated that this immune cell subpopulation
was responsible for early locally cytotoxic activities induced by AdHSV-tk+GCV but
not by AdIL-12 and that NK activities were largely responsible for activities against pre-
established metastases demonstrated by both gene therapy protocols.

2.4. Related to Testes-Specific, Vespid, and Pathogenesis Protein (RTVP-1)

In a series of gene discovery experiments using differential display polymerase chain
reaction (PCR) to identify genes relevant to prostate cancer we identified a novel mouse
p53 target gene we termed mRTVP-1 (65). The human homolog of this gene had also
been identified in glioblastoma and was referred as glioma pathogenesis-related protein
(GliPR) (66) or related to testes-specific, vespid, and pathogenesis protein (RTVP-1)
(67). RTVP-1/GliPR have also been identified as a marker of myelomonocytic
differentiation in macrophages (68). The RTVP-1/GliPR protein has high amino acid
homology with human testis-specific protein, TPX1, and is structurally similar to group 1
of plant pathogenesis-related proteins that are implicated in plants defense response to
viral, bacterial, and fungal infection (66,67,69). Because the mammalian testis pro-
teins, plant proteins, and the insect venom Ag-5 proteins are all secreted, it was specu-
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lated that RTVP-1 was a secretary protein and might play a role in human immune sys-
tem (69). Comparison between the deduced protein sequence of mRTVP-1 with known
protein sequences revealed that this gene had 68% identity and 75% homology to the
human RTVP-1 (hRTVP-1) protein (65). The mRTVP-1protein contains two short in-
frame deletions of two amino acids (PH) at positions 86–87 and a 9-amino acid deletion
(KVSGFDALS) from amino acid 158–166 relative to hRTVP-1. Both mouse and human
proteins contain extracellular protein signature motifs (sig-1 and sig-2), a transmem-
brane domain, a putative N-linked glycosylation site, and a hydrophobic region near the
carboxyl terminus. Interestingly, both proteins also contain a putative N-terminal signal
peptide which suggests that both proteins are located on the cell membrane or secreted.

In our initial studies we demonstrated that mRTVP-1 was upregulated by p53 and
was also induced by DNA damaging agents such as -irradiation or doxorubicin (65).
RTVP-1 secretion appeared to be independently regulated by specific cytokines (unpub-
lished data). In normal prostate RTVP-1 protein was localized to epithelial cells and
specific immune cells.

Multiple lines of evidence support the concept that the RTVP-1 gene should be con-
sidered a tumor suppressor gene. Its regulation by p53, induction of apoptosis, and
growth inhibition provide a functional rationale for selection for downregulation of the
gene during tumor progression. Indeed hRTVP-1 is significantly downregulated in
prostate cancer compared with normal prostate tissues (70). Epigenetic rather than
genetic changes appear to be the prevalent mechanism of down-regulation of hRTVP-1
based on analysis of the methylation status of CpG dinucleotides in the promoter region
of the hRTVP-1 gene and increased expression in cancer cell lines following treatment
with a demethylation agent (70). Functional analysis of mRTVP-1 demonstrated that
overexpression induces apoptosis in multiple mouse and human cancer cell lines, like
in the two widely used prostate cancer cell lines, LNCaP and TSU-Pr1, but it has minimal
effects in normal cell lines (65,70). To test this therapeutic potential in a preclinical
model for metastatic prostate cancer mouse prostate cancer cells 178-2BMA were
injected into the prostate of host 129/Sv mice leading to tumors of about 15 mm3 after
7 d (71). At this time prostate tumors were directly inject with an adenoviral vector
expressing the mRTVP-1 gene (AdmRTVP-1) or a control vector (Ad gal). Fourteen
days later the mice were evaluated for tumor size and metastatic spread. The mice
treated with AdmRTVP-1 had significant suppression of tumor growth and fewer lung
metastases. Quantitative immunohistochemical analysis of the tumors revealed signifi-
cantly higher numbers of CD8+ T-cells, as well as APCs represented by DCs and
macrophage. In addition to this localized immune response, a single injection of
AdmRTVP-1 generated a systemic antitumor immune response noted by increased NK
and cytolytic T-cell activity. Hence, mRTVP-1 appears to have great potential for anti-
tumor therapies that are based on in situ transgene expression.

2.5. Other Clinical and Preclinical In Situ Cytokine Gene 
Therapy Approaches

A number of other cytokines have been proposed or used for prostate cancer gene
therapy including, IL-2, IL-15, IL-18, and IL-24. In a neo-adjuvant phase I clinical trial
of 24 patients with locally advanced prostate cancer, the cDNA for IL-2 was injected
into the prostate as a lipid complex (72). It was well tolerated with no evidence of sig-
nificant toxicity and yielded some evidence of systemic immune activation in the
peripheral blood and in the radical prostatectomy specimens. The IL-2 gene has also
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been inserted into a vaccinia virus that coexpressed the MUC-1 gene, which was then
delivered as an intramuscular injection to men with advanced prostate cancer (73). No
toxicity was observed and one patient that received three doses had some evidence of
systemic immune effects. IL-15 was shown to contribute to the development of NK and
antitumor response to prostate cancer in a xenograft model with PC-3 tumors (74). IL-18
may synergize with IL-12 (75) and although it has not been used in gene therapy strate-
gies for prostate cancer the recombinant protein has been used in combination with IL-12
gene therapy in a bladder cancer model (76). The IL-24 gene also known as a melanoma
differentiation associated gene 7 (MDA-7) has been used in preclinical studies for
prostate cancer gene therapy (77).

Intratumoral injection of the cDNAs for interferon- , major histocompatability com-
plex (MHC) class II transactivator and an antisense construct for a portion of the Ii
gene has demonstrated tumor suppression in the RM-9 subcutaneous prostate cancer
model (78). The addition of radiation therapy led to complete tumor regression and
CTL activities and the ability to reject tumor challenge in long-term survivors. The
IFN- gene has also evaluated in prostate (79,80), bladder (81), and renal (82) cancer.

Delivery of the granulocyte-macrophage colony-stimulating factor (GM-CSF) gene
in either a herpesvirus vector (83) or a canarypox vector (84) has been explored in pre-
clinical models. The GM-CSF gene was combined with IFN- gene for liposomal
delivery in a bladder cancer model (85).

3. CELL MEDIATED DELIVERY OF CYTOKINE GENES

Specific protocols have been developed to allow modification of APCs via direct
loading with antigen(s) or by gene modification to generate cells that have increased
capacity for antigen uptake and presentation to effector immune cells including T-cells.
To the extent that these modified cells are introduced systemically and depending on
the cell type used there is targeting capacity associated with antigen/gene modified
cell-based systemic immunotherapy. Cells that have been developed for gene-modifica-
tion based immunotherapy vehicles include tumor cells, APCs (macrophages and DCs)
and more recently adult stem cells. Modification of these cells with cytokine genes is
particularly attractive for prostate cancer therapy. 

3.1. Cytokine Modified Tumor Cell Vaccines
Antitumor vaccination with irradiated autologous cancer cells, transfected ex vivo to

express cytokine genes was exemplified by the use of GM-CSF gene modified cancer cell
delivery (86,99). Promising initial preclinical studies with an antitumor vaccine comprised
of irradiated autologous GM-CSF secreting-Dunning rat prostate carcinoma cells led to a
clinical trial in which eight patients with prostate cancer were treated with autologous
GM-CSF secreting, irradiated tumor cell vaccines prepared by ex vivo retroviral transduc-
tion of surgically harvested cells (100). Insufficient cells were obtained from three other
patients. Indeed, the major limitation of this approach was the poor prostate cancer cell
recovery and growth from clinical specimens. Side effects were minimal and localized to
the site of injection. The treatment resulted in DC and macrophage infiltration at the injec-
tion site. They also found activation of T- and B-cells against prostate cancer antigens, rep-
resenting both Th1 and Th2 T responses, at the site of testing for a delayed type
hypersensitivity response. Autologous tumor cell vaccines transduced with GM-CSF
(101,102) have advanced to phase I studies with some evidence of immune activation.
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To test the therapeutic potential of IL-12 alone or in combination with the costimula-
tory molecule B7-1 in a gene-modified tumor cell-based vaccine model, we transduced
the mouse prostate cancer cell line RM-9 with AdIL-12 or AdIL-12/B7, irradiated the
cells, and then vaccinated mice three times at weekly intervals in a conventional vacci-
nation strategy (103). Subsequent orthotopic challenge with RM-9 cells revealed a com-
plete protection from tumor growth in 33% of the mice vaccinated with
AdIL-12/B7-transduced, irradiated RM9 cells and 20% of the AdIL-12-transduced irra-
diated. In those animals that were not completely protected there was a significant reduc-
tion in primary tumor wet weight compared with controls that were vaccinated with
nontransduced irradiated RM-9 cells (103). We are currently evaluating the potential for
adenoviral vector-mediated RTVP-1 gene modified tumor cell-based vaccines using the
metastatic mouse prostate cancer cell line 178-2 BMA. Our preliminary results indicate
that RTVP-1 gene modified cell-based vaccines may be useful in the prevention of recur-
rent prostate cancer and should be the focus of additional preclinical studies.

3.2. Cytokine Modified Macrophages
Tumor associated macrophages are inversely correlated with tumor progression in

human prostate cancer (104) and they may provide important antigen presenting func-
tions in an antitumor immune response. Studies have revealed that in radical prostatec-
tomy specimens the macrophage marker scavenger receptor A (MSR-A) was expressed
in a subset of macrophages and DCs that infiltrated prostatic tissues. The majority of
MSR-A positive cells were macrophages as evidenced by coexpression of CD68 and a
relatively low percentage of DC were determined by expression of S100 protein. The
number of MSR-A positive cells was significantly increased in prostatic intraepithelial
neoplastic lesions as compared with normal prostatic tissue. In contrast, the number of
MSR-A positive cells decreased with tumor progression. This reduction in the number
of MSR-A positive cells seems to demarcate tumor progression as indicated by clinical
and pathological correlations. These studies may also be relevant because germ line
mutations in the MSR-1 gene have been associated with increased risk of prostate cancer
in some (105,106) but not all (107) studies.

To develop protocols that optimize the processing and presentation of tumor anti-
gens we isolated peritoneal macrophages from normal adult mice and transduced them
with IL-12 using an adenoviral vector. Using the 178-2 BMA mouse metastatic prostate
cancer model we demonstrated that in situ cell therapy with AdIL-12 transduced
macrophages produced significant local tumor control, decreased metastases and
improved survival compared with control Ad -gal transduced cells (108). Quantitative
immunohistochemical analysis demonstrated significantly increased infiltration of
CD4+ and CD8+ T-cells in tumors injected with AdmIL-12 transduced macrophages
compared with controls. Systemic immune effects were documented by enhanced
splenocyte-derived NK cell activity on day 2 after AdIL-12 transduced macrophage
injection and increased splenocyte-derived tumor specific cytotoxic T-lymphocyte
activities on day 14. Trafficking studies with fluorescent labeled macrophages con-
firmed that the intratumoral injected AdIL-12 transduced macrophages migrated to
draining lymph nodes more efficiently than Ad -gal transduced macrophages. This
novel approach to prostate cancer therapy demonstrates that cytokine modified
macrophages should be considered for further studies as our preclinical studies revealed
that they are capable of generating antitumor immune responses that provide effective
antimetastatic activities in preclinical studies. Optimal isolation and transduction methods

232 Timme et al.



for macrophages need to be investigated further. However, our data demonstrated that
AdIL-12 transduced murine peritoneal exudate macrophages secreted high levels of
mIL-12 and showed increased surface expression of MHC class I and II and F4/80 anti-
gen. It is also possible that other cytokines, such as RTVP-1, may also offer therapeu-
tic enhancement in the in situ macrophage setting if they also enhance the ability of the
cells to take up and process tumor antigens at the site of injection and migrate to appro-
priate sites such as draining lymph nodes and present antigen to downstream effector
cells. As a secreted molecule, RTVP-1, like IL-12, may also have indirect benefits at
the site of injection through support of effector NK and CTL cells or recruitment of
additional APCs. Direct and/or indirect effects on tumor vasculature and angiogenesis
may also contribute to the effectiveness of IL-12 (108) and RTVP-1 (71).

3.3. Cytokine Modified Dendritic Cells
DCs are extremely efficient APCs that are widely dispersed in tissues and peripheral

blood. Because they can be manipulated ex vivo and are perhaps the most specialized
APCs they have been considered the prime candidates for cell mediated cancer therapy.
A number of clinical trials using DC have been performed for prostate cancer (109–116)
as well as other cancers (see ref. 117 for a review of the first 1000 trials). Although
melanoma is the most commonly treated cancer using DC immunotherapy, GU can-
cers, notably, renal and prostate, are also being evaluated (118). Most of these studies
involve DC primed with specific polypeptides that will bind MHC Class I or II mole-
cules or with tumor lysates. Tumor derived mRNA transfected into DCs is being used
to circumvent the challenge of lack of identity of TAAs. In current clinical trials DCs
are most often injected intradermally or subcutaneously and less commonly intra-
venously or into a lymph node (118). A challenge with current clinical trials is proving
efficacy in the patient population that is typically enrolled in phase I studies, advanced
disease states typically with large tumor burdens, in whom it may be more difficult to
demonstrate clinical and immunological responses (118).

Cytokine modified DCs have been used less extensively but have the advantage of not
requiring knowledge of specific tumor antigens. As mentioned above (see Section 3.1.) a
significant challenge in prostate cancer immunotherapy is the lack of well-characterized
tumor antigens. Because specific cytokines promote intensive antitumor cytotoxicity and
can also promote a specific CTL response, potentially obviating the need to provide spe-
cific exogenous TAAs (see Section 2.3.), we undertook studies with IL-12 modified DCs
using the 178-2 BMA metastatic mouse prostate cancer preclinical model (119) using
tumor lysates generated either in situ or ex vivo. We relied on the generation of tumor
lysate in situ by delivering adenoviral vector mediated IL-12 gene transduced DCs
directly into orthotopic tumors. We compared this novel approach with DC targeting with
subcutaneous delivery of adenoviral vector mediated IL-12 transduced DCs that were
pulsed with tumor lysates prior to injection. Direct in situ delivery of IL-12 transduced
DCs was moderately more effective than the subcutaneous route of administration based
on enhanced local growth suppression, reductions in spontaneous metastatic activities and,
importantly, a significant increase in the survival of animals. Our results also demonstrated
an overlap in cellular mechanisms underlying the therapeutic responses in that both proto-
cols had comparable increases in NK activity and CTL responses.

Clinically, cytokine modified DCs might be used in several situations. The most com-
mon delivery method for DCs in clinical trials has been intradermal or subcutaneous and
it is conceivable that tumor lysates derived from radical prostatectomy specimens could
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be used in these protocols in men at high risk of recurrence. It has been shown that
migration to lymph nodes of intradermal administered DCs is inefficient if the cells are
immature (120), thus cytokine modified could acquire better homing to sites where they
would be more effective. It would be informative to evaluate RTVP-1 in this regard
since we have shown that this secreted molecule can enhance DCs migration to tumor
sites (71). Our studies also suggest that cytokine modified DCs could be injected intra-
tumorally and used in a neoadjuvant approach preradical prostatectomy or as an adju-
vant to radiation therapy. Intratumoral delivery could also be used independently or
potentially in combination with other systemic chemo- or immuno-therapy agents or
with other in situ gene therapy protocols in either the neo-adjuvant or adjuvant setting.
Overall, numerous studies confirm that opportunities exist for cytokine modified DCs to
be used clinically in prostate cancer, however, one challenge may be the considerable
financial and logistic support required for their isolation and preparation (121).

3.4. Other Possible Cell Types
There are several other cell types that could be used to facilitate cytokine mediated

gene therapy for GU tumors. Peripheral blood can be used not only as a source of
macrophage and DC precursors but also to isolate biologically active T-cells. Over a
decade ago several reports suggested that autologous T-cells could be activated in vitro
with cytokines and used to treat prostate or renal cancer (122–124). Tumor infiltrating 
T-lymphocytes isolated and treated with cytokines have also been utilized for prostate,
bladder, and renal cancer (125). The myriad strategies for isolation, enrichment, expan-
sion, and possible engineering of T-cells for adoptive therapy have recently been
reviewed (126). In an attempt to target adoptive T-cell therapy to prostate cancer, human
T-cells that were engineered to express a chimeric receptor for the tumor marker erbB2
demonstrated therapeutic potential in a xenograft models (127). In another study, four of
five prostate cancer patients T-cells were isolated and modified to express a receptor that
recognized the PSMA lysed prostate cancer cells and expressed cytokines in response to
binding to PSMA (94). Attempts to isolate and propagate tumor antigen reactive T-cell
clones for therapeutic use have been ongoing. Until recently, minimal success was
reported but newer patient lymphodepletion conditioning protocols yielded objective
clinical responses (128). We are currently evaluating a model for adoptive cell therapy
using in situ cytokine gene therapy to induce tumor reactive T-cells that can be isolated
from splenocytes and subsequently transferred to naïve animals where they confer resistance
to tumor challenge (129). Cytokine induced killer cells isolated from the peripheral blood
of patients with metastatic renal cancer and transduced with the IL-2 gene have been
shown to be safe when reinjected into patients and can generate immune activities (130).

Another potential cell population that holds great potential are bone marrow derived
stem cells. We have developed a novel anti-bone metastasis therapy using bone marrow
stem cells to transport an active IL-12 gene to the bone (131). In these preliminary experi-
ments we have used a retroviral vector, DFG-mIL12, which showed previously to effi-
ciently transduce and mediate the expression of p35 and p40 at high levels (132).
DFG-eGFP, which has an identical retroviral backbone and has been shown to efficiently
transduce eGFP (visualized in living and fixed tissues) served as control vector (132). The
distinct advantage of retroviral vectors relative to other viral vectors is their ability to stably
integrate a therapeutic gene into the host cell DNA without expressing immunogenic viral
proteins. Retroviral vectors may, therefore, be useful for ex vivo gene therapy applications
such as production of autologous or allogeneic cancer cells as vaccines (86,100). Retroviral
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vectors however, have several disadvantages with regard to clinical use. In general they
only infect dividing cells, have poor cell penetration, and diffuse poorly across cells at the
injection site. Retroviral vectors require specialized packaging cells which yield relatively
low titers. Retroviral vectors also have a relatively small genome, limiting their carrying
capacity for engineered genes. Because retroviruses randomly insert their DNA into the
cell genome, they have mutagenic potential with concerns that this may cause a malig-
nancy as in two children in gene replacement trials (133).

4. CONCLUSIONS

Cytokine-mediated gene therapy holds great potential for the treatment of genitouri-
nary cancers based on the preclinical studies described above. Cytokine gene therapy
protocols have the potential to develop an “active vaccine.” The active component of
cytokine gene therapy involves direct (cytotoxic and apoptotic) and/or indirect (immune
cell recruitment and activation) activities within the tumor following direct, in situ
delivery of the cytokine genes by adenoviral vector-mediated transduction. These activities
are capable of generating TAAs and antigen specific APCs that promote a systemic,

Fig. 1. In situ and systemic cytokine gene modified APC, cytokine gene modified vaccines, and
cytokine modified bone marrow stem cell targeting for prostate cancer therapy.



antimetastatic immune response. Specific neoadjuvant/adjuvant approaches for cytokine
gene therapy or cytokine gene-modified cell therapy together with conventional local
therapies (i.e., radiation therapy or surgery), cytotoxic gene therapy, and potentially
with systemic chemo-/immunotherapy may prove to be extremely beneficial for local
tumor control and the induction of systemic antitumor immunity.

The ultimate success of clinical studies will rely, of course, on a number of factors.
The choice of cytokine will be a key determinant. Figure 1 illustrates the various proto-
cols for cytokine gene therapy that may have clinical utility to treat prostate cancer
specifically but also have the potential to treat other genitourinary cancers. In our opinion,
the cytokine IL-12 is a potent activator of the immune system whose systemic toxicity
can be controlled by selective transduction with an appropriate vector and delivery
method. The RTVP-1 gene is a novel gene that has cytokine-like actions as well as spe-
cific cancer cytotoxic effects that make it ideal for in situ gene therapy. Localized, in situ,
cytokine or RTVP-1 gene therapy generates systemic effects mediated by factors such
as a bystander effect or induction of host immunity in preclinical models. Thus, in situ
gene therapy involving the direct injection of a viral vector into the tumor to be well
suited for delivery of cytokine genes and to create an active vaccine that initiates a
tumor specific immune response. Additional therapeutic interventions utilizing cytokine
gene therapy approaches outlined above may build on this response to yield effective
therapies for genitourinary cancers.
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Summary
To date tremendous progress has been made in the field of cancer gene therapy. Strategies have

been explored for achieving therapeutic benefit using various genes and several clinical trials for
cancer gene therapy have been carried out demonstrating that gene therapy is well tolerated.
However, in most cases the efficacy of gene transfer has been very limited. As an alternative, multi-
modality therapies are being developed with the idea of increasing the efficacy of the treatment,
decreasing toxicity, and minimizing the development of resistance. Thus, simultaneous or sequential
administration of gene therapy agents with conventional anticancer agents may work in a synergistic
manner. Conventional radiotherapy is usually limited by a narrow therapeutic index and the combi-
nation of gene therapy with radiation is especially promising. Preclinical and clinical studies have,
in fact, demonstrated significant potential for the combination of cancer gene therapy with radio-
therapy that could lead to improved treatment responses. This chapter attempts to highlight some of
the gene therapy approaches that have shown success both in preclinical models and in clinical tri-
als when used in combination with conventional radiotherapy.

Key Words: Gene therapy; ionizing radiation; carcinoma; clinical trials; radiosensitization.

1. INTRODUCTION

Gene therapy has the potential to provide cancer treatments based on novel mecha-
nisms of action that have low toxicity. Such treatments may effectively control loco-
regional recurrence as well as systemic micrometastases. Despite certain limitations,
retroviral and adenoviral vectors can provide an effective means of delivering therapeutic
genes to tumor cells. However, even if a substantial number of tumor cells are transfected,
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complete eradication of the tumor is unlikely to occur. Thus, gene therapy as a single
modality may not be efficacious in most cases. A multimodality approach consisting of
gene therapy combined with conventional radio- or chemotherapy might, therefore, be
more promising for clinical application.

Radiotherapy remains a front-line treatment for cancer. However, as is the case with
other conventional therapies, radiation therapy lacks tumor specificity and the radiation
dose is limited by the risk of normal tissue toxicity. Combining radiation with other
anticancer agents should allow lower doses to be used, thereby minimizing side effects.
Gene therapy in combination with radiation is one such promising strategy that is
currently moving from laboratory studies to clinical trials. Gene therapy allows the
intratumoral introduction of genetic material that may result in a radiosensitizing effect.
This chapter presents an overview of the potential synergistic strategies of radiation
therapy and gene transfer in the management of human malignancies.

2. GENE THERAPY APPROACHES

The basic therapeutic approaches that have been employed in cancer gene therapy
combined with radiation include molecular chemotherapy, gene replacement, oncolytic
viruses, and antimolecular therapy.

3. MOLECULAR CHEMOTHERAPY

3.1. Herpes Simplex Virus Thymidine Kinase
One specific molecular chemotherapy approach involves tumor cell transduction

with the herpes simplex virus-thymidine kinase (HSV-tk) gene via a viral vector, fol-
lowed by the systemic administration of the chemotherapy agent ganciclovir (GCV)
(1). GCV is a prodrug that must be phosphorylated initially by the HSV-tk gene pro-
duct to a monophosphate form and, subsequently, by the mammalian kinases to the
cytotoxic triphosphate form. Once activated by this process, GCV functions as a purine
analog that inhibits DNA polymerase thereby preventing DNA synthesis and inducing
cell death (2,3). In addition, HSV-tk gene therapy mediates a “bystander effect,”
whereby nontransduced neighboring cells are also killed. This bystander effect appears
to result from the transfer of active GCV metabolites through intercellular gap junc-
tions between the transduced cells and the neighboring cells (4,5). Gene therapy with
HSV-tk coadministered with GCV has been shown to be effective in various tumor
models where it delayed local tumor growth and prolonged survival (7,8). Because
radiation acts primarily by causing DNA strand breaks, HSV-tk gene therapy enhances
radiation effects by interfering with DNA repair mechanisms. Other possible mecha-
nisms may include an improved adenoviral-mediated gene transfer efficiency in irradi-
ated cells (6), and radiation-induced cellular membrane damage may facilitate the
transfer of cytotoxic nucleotide analogs from HSV-tk-expressing cells to neighboring
nontransduced cells. Chhikara et al. (9) demonstrated that the combination therapy has
a considerably better antimetastatic effect compared with HSV-tk gene therapy alone.
They attributed this to the induction of a potent local and systemic immune response as
evidenced by the abundance of CD4+ cells in the primary tumor. In a recent study
Rosenberg et al. (10) showed that HSV-tk radiosensitized human glioma, U87 MG
cells, after exposure to low concentrations of GCV. Importantly, this radiosensitization
was most pronounced in the dose range that is used clinically (1–3 Gy). Preliminary
results from an ongoing phase I/II trial evaluating the role of this combination for the
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treatment of prostate cancer indicate that this strategy is safe, but longer follow-up is
required to demonstrate whether this therapy provides a therapeutic advantage com-
pared with standard treatment (11).

3.2. Cytosine Deaminase
Several chemotherapy agents have demonstrated activity for human cancer, includ-

ing cisplatin, doxorubicin, methotrexate, vinblastine, and 5-fluorouracil (5-FU).
However, the clinical utility and effectiveness of several of these drugs is generally
limited by toxicity. Using the approach of gene therapy, a suicide gene encoding the
bacterial and fungal enzyme cytosine deaminase (CD) can be transferred from bacteria
and expressed in mammalian tumor cells. CD expressing cells can deaminate the rela-
tively non-toxic prodrug 5-fluorocytosine (5-FC) to the highly toxic drug 5-FU. The
effect of suicide gene therapy using an adenovirus vector expressing the CD gene com-
bined with radiation therapy has been evaluated in several different tumor cell systems
(12–14). The interaction between CD/5-FC gene therapy and radiation was compared
when radiation preceded CD/5-FC treatment vs radiation followed by CD/5-FC treat-
ment. Enhanced cell killing was seen only when the cells were exposed to the CD/5-FC
before radiation making this finding significant for the future design of treatment strate-
gies using the combination therapy. Adenovirus-mediated delivery of the CD gene used
with 5-FC has also been used to achieve increased radiation killing of tumor cells in
xenograft models. In a study using a colon cancer xenograft model, a significant growth
delay was observed in the irradiated, Ad-CD infected tumors treated with 5-FC com-
pared with radiation alone or the Ad-CD infected and 5-FC-treated tumors without
radiation (15).

4. GENE REPLACEMENT THERAPY

Malignant cells are frequently resistant to chemotherapy and radiation-induced pro-
grammed cell death (apoptosis). Such resistance is generally the result of abnormal
expression of certain oncogenes or mutations in or loss of expression of tumor suppres-
sor genes involved in the control of apoptosis. Strategies designed to replace defective
tumor suppressor genes, as well as to force expression of apoptosis-inducing genes
offer promise for restoring this mode of cell death in tumor cells.

4.1. p53
The p53 gene (also known as TP53) encodes a 593-amino acid phosphoprotein that

plays critical roles in several cell processes including cell-cycle regulation and control
of apoptosis (16–18). p53 gene mutations are frequent in tumor cells and have been
associated with cancer progression and the development of resistance to both
chemotherapy and radiation therapy (19–21). The development of gene transfer tech-
niques has facilitated transduction of tumor cells with wild-type p53 (wt-p53).
Preclinical studies both in vitro and in vivo have shown that restoration of wt-p53 func-
tion can induce apoptosis in cancer cells. Intratumoral injection in animal models of
retroviral or adenoviral wt-p53 constructs results in tumor regression for a variety of
different tumor histologies, including non-small-cell lung cancer (NSCLC), leukemia,
glioblastoma, and breast, liver, ovarian, colon, and kidney cancers (22–28). Several
preclinical studies have indicated that gene therapy with Ad-p53 has useful synergistic
effects when combined with certain drugs or radiation therapy. Studies from our labo-
ratory have evaluated the ability of Ad-p53 to radiosensitize human tumor cells from
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cancer cells of various origins including NSCLC, prostate cancer, colorectal cancer and
head and neck cancer (19,29–32). In addition, we have examined the effects of Ad-p53
mediated gene transfer on normal lung fibroblast cells. These studies indicated that
gene therapy using Ad-p53 in combination with radiation radiosensitized tumor cells
irrespective of their p53 status while sparing normal fibroblasts. In addition, tumor
growth suppression was enhanced by this combination strategy in xenograft tumors
growing in nude mice compared with Ad-p53 or radiation therapy when used alone,
indicating that therapy using Ad-p53 and irradiation in combination is more effective
than either treatment when used alone.

Though numerous studies have been carried out using Ad-p53 gene therapy in com-
bination with radiation, the in vitro mechanism of radiosensitization of human tumor
cells by the gene therapy vector has not been tested. In a recent study, we have demon-
strated that Ad-p53 mediated radiosensitization of human tumor cells is caused by sup-
pression of nonhomologus end joining (NHEJ), a pathway that is especially important
for repairing radiation-induced DNA double strand breaks (30). We found that Ad-p53
radiosensitized human tumor cells and that this effect correlated with a down-modula-
tion of proteins involved in NHEJ. Normal human fibroblasts were not radiosensitized
by Ad-p53, suggesting that Ad-p53 has a differential effect on DNA repair in tumor
cells versus normal cells.

Roth et al. (33) were the first group to demonstrate the safety and feasibility of using
a retroviral wt-p53 construct in patients with advanced NSCLC. Currently there are
several ongoing trials using adenoviral-mediated p53-based gene therapy for human
cancers of the lung, brain, ovary, head and neck, and bladder (34–38). Similar trials
have previously shown that p53 gene replacement therapy is feasible and safe using
both retroviral and adenoviral vectors, and that it induces tumor regression in patients
with advanced NSCLC and recurrent head and neck cancer (36). Based on these reports,
Swisher et al. (39) extended their previous studies of Ad-p53 as a single agent in
NSCLC and initiated a clinical trial of Ad-p53 combined with external beam ionizing
radiation. These investigators reported that intratumoral injection of Ad-p53 followed
by radiation therapy was well tolerated, led to successful p53 gene transfer, had low
toxicity, and produced tumor regression. A high metastatic failure rate was evident in
their patient population, which may have been expected because chemotherapy could
not be administered to these high-risk patients. Thus, because survival in locoregionally
advanced NSCLC is dependent on the control of metastatic disease, phase III random-
ized studies are being planned to determine whether the potential improvement in
locoregional control achieved by Ad-p53 and radiation therapy can translate into
improved overall survival. This group also plans to address metastatic relapse in future
studies by adding chemotherapy to the combination of Ad-p53 and radiation therapy.

4.2. mda-7
The protein product of the mda-7 gene, Mda-7/interleukin (IL)-24, is a novel

cytokine that belongs to the IL-10 family of cytokines (40). Gene delivery using 
Ad-mda-7 results in growth suppression and apoptosis in a broad-spectrum of cancer
cell types including those of the lung, prostate, mesothelioma, pancreatic, breast,
gliomas, renal, and human melanoma (41–48). In contrast, Ad-mda-7 does not elicit
deleterious effects in normal cells, including those of epithelial, fibroblast, astrocyte,
melanocyte, or endothelial origin (49). Based on these distinctive properties and reports
of antitumor and antiangiogenic activities in human tumor xenograft animal models, a
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phase I/II clinical trial in patients with advanced carcinomas involving intratumoral
administration of mda-7/IL-24 [using a replication incompetent adenovirus; ING241
(Ad-mda-7)] has been initiated. Preliminary data from this trial documents that this
gene is safe and well-tolerated by patients and that a single virus injection elicits apop-
tosis in a majority of the tumors (50).

One of the first studies demonstrating the ability of Ad-mda-7 to synergistically
enhance radiosensitivity of human tumor cells was reported by the authors. We demon-
strated that Ad-mda-7 can act to radiosensitize human lung carcinoma cells but has no
effect on normal human fibroblasts (51). We further examined the basis for this differ-
ence in the ability of Ad-mda-7 to radiosensitize tumor cells compared with normal
cells. Radiation-induced apoptosis was restored in the tumor cell lines, but not in the
normal cells. Ad-mda-7 enhances radiosensitivity independently of any ability to upreg-
ulate the expression of Fas or Bax in NSCLC cells and was independent of the p53
status of tumor cells. Further analysis indicated that phosphorylated c-Jun expression
was increased by Ad-mda-7 in tumor cells, but not in the normal fibroblasts. To eluci-
date the mechanisms underlying the radiosensitizing effect of Ad-mda-7 in tumor cells,
we have examined the relationship between ectopic expression of mda-7 and the NHEJ
pathway for repair of radiation-induced DNA double-strand breaks. The data indicated
that the expression of proteins involved in NHEJ was downregulated in tumor cells pre-
treated with Ad-mda-7 compared with that in mock-treated and Ad-Luc–treated cells.
Additionally, no such changes were observed in normal human fibroblasts treated with
Ad-mda-7. Therefore, it appears reasonable to propose that the radiosensitizing effect
of Ad-mda-7 is a result of the observed suppressed expression of NHEJ components
and capacity for repair (52). In addition to our previous observation related to JNK and
c-Jun activation, other investigators have reported that Ad-mda7 may activate p38 (43).
It will therefore be important to determine which of these or other signaling pathways
activated in Ad-mda-7 infected cells are responsible for the downregulation of compo-
nents of NHEJ and mediating the radiosensitizing effect. There have also been studies
reporting the ability of Ad-mda-7 and purified MDA-7 protein to sensitize malignant
glioma cells to ionizing radiation (41,53,54). Thus, the combination of Ad-mda-7 and
radiation may have broad applicability to cancer treatment. 

4.3. p16
The cyclin-dependent kinase inhibitor (CDK-I), p16, was identified in a yeast two-

hybrid screen as a protein that inhibits the ability of cyclin-dependent kinase 4 (CDK4)
and cyclin-dependent kinase 6 (CDK6) to regulate the phosphorylation status of phos-
pho retinoblastoma (pRb), thereby controlling progression of cells into S phase.
Inactivation of p16 function either through mutations or deletions has been linked to
the development of many types of cancers including melanoma, esophageal, lung, pan-
creas, mesothelioma, bladder, head and neck, breast, brain, acute lymphocytic leukemia,
osteosarcoma, ovarian, and renal cell carcinoma (55–62). Restoration of p16 expres-
sion to human tumor cells using adenoviral vectors has been studied by several investi-
gators and has been shown to arrest the cells in the G1-S phase of the cell cycle (63). In
addition, adenovirus-p16 (Ad-p16) was found to inhibit the growth of pre-established
xenografts and prolong the survival time of the tumor-bearing mice (64). Kawabe et al.
(65) compared the ability of Ad-p16 to radiosensitize NSCLC cell lines that lack p16
but have wt-p53, mt-p53, or deleted p53 status. Their results indicated that NSCLC
cells carrying wt-p53 were radiosensitized by Ad-p16. The NSCLC cells which did not
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have functional p53, were either minimally radiosensitized or not at all. These results
suggested that the radiosensitization involved a restoration of apoptosis propensity that
was dependent on the endogenous p53 status of the tumor cells. They further demon-
strated that NSCLC cells that lack wt-p53 could still be radiosensitized to Ad-p16 by
infecting with a small quantity of Ad-p53. Because Ad-p16 has shown limited success
as a single agent in preclinical models, Rhee et al. (66) developed a strategy to combine
ionizing radiation with Ad-p16 gene transfer to radiosensitize head and neck squamous
cell carcinoma. Combination of Ad-p16 and radiation showed an augmented therapeutic
response in vitro. When these cell lines were grown as xenograft tumors in nude mice
the antitumor response to combination therapy showed a statistically significant addi-
tive effect when compared with the response to each agent alone. They, however, did
not address the significance of functional p53 in mediating this radiosensitizing effect. 

4.4. Bax
Bax is a proapoptotic member of the bcl-2 family of proteins which can mediate the

mitochondrial pathway of apoptosis (67,68). Bax is normally sequestered in the cell and its
proapoptotic effect is exerted only after a concomitant death signal, such as deprivation of
a growth factor, or radiation (69). Induction of apoptosis may be an important mechanism
that contributes to the cytotoxicity of radiotherapy, and in many cases, its presence predicts
the sensitivity to and outcome of radiation. It has been shown that adenovirus-mediated
Bax expression sensitizes various human tumor cells to radiation both in vitro and in vivo.
Exogenous Bax-mediated induction of apoptosis sensitizes breast and ovarian cancer cells
to the effect of radiation (70–72). More importantly, it has been shown that the inability of
p53 to induce the activity of Bax is associated with the development of radioresistance in
malignant gliomas (73). Based on these observations, it can be hypothesized that Bax gene
delivery into malignant gliomas would sensitize the tumor to the cytotoxic effects of radio-
therapy. Investigation into the involved mechanism suggests that Bax-mediated radiosensi-
tization occurs through both apoptosis and necrosis pathways.

4.5. Tumor Necrosis Factor- (TNFeradeTM)
Tumor necrosis factor (TNF)- is a soluble cytokine that mediates cellular immune

response. It has potent antitumor properties as demonstrated using the recombinant
protein in numerous preclinical models (74–76) and in clinical trials as a single agent.
TNF- has been shown to be directly cytotoxic to a number of cell lines through the
production of hydroxyl radicals with resulting damage to DNA. As radiation therapy
also produces DNA damage by free radical formation, a synergistic interaction between
TNF- and radiation might be expected and several studies have demonstrated the syner-
gistic effect of TNF- combined with radiation in laboratory models. However, the
clinical development of TNF- has been limited because of severe toxicity when admin-
istered systemically. If TNF- were administered such that systemic toxicity was lim-
ited, it might be a useful anticancer agent. A gene therapy approach, using intratumoral
injections of an adenovirus expressing TNF- is one possible strategy that has been
developed by Weichselbaum (77). The vector, TNFerade™, is a replication deficient,
second generation adenoviral vector that has the radiation-inducible immediate early
growth response (Egr-1) gene promoter ligated upstream to the transcriptional start site
of human TNF- cDNA (77).

The activity of TNFerade in combination with radiation has been evaluated in a
number of different human xenograft models including gliomas, prostate, esophageal,
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and laryngeal carcinoma (78–80). The effect of the combination in each of these cases
was greater than the effect of either agent when used alone. Interestingly, the combina-
tion of TNFerade and radiation was found to be effective even against tumors that were
resistant to radiation or TNF- (77).

Based on the promising results obtained these preclinical models, a phase-I clinical
study of TNFerade was conducted in patients with various solid tumors to evaluate the
safety, tolerability, and feasibility of intratumoral administration of TNFerade in com-
bination with radiation. The results from this study demonstrated that repeated intra-
tumoral injections of TNFerade in combination with radiation are well tolerated
(81,82). Thus, this novel gene therapy approach using a radiation-inducible promoter in
combination with irradiation, appears to be an effective way to optimize the anticancer
activity and minimize the systemic toxicity of cytotoxic agents such as TNF- (77).

4.6. EIA
Several studies have shown that Her2/neu is overexpressed in human tumors and

enhances metastasis, tumorigenicity, and resistance to chemotherapeutic agents. These
patients often have poor prognosis. Adenovirus type 5 carries the EIA gene that
encodes a phosphonuclear protein which is the first viral gene product expressed in
host cells after adenoviral infection (83,84). EIA in turn activates viral gene transcrip-
tion and reprograms the host’s cellular gene expression to allow efficient propagation
of adenovirus in the host’s cells (83,84). The EIA gene also produces proteins that
inhibit Her-2/neu expression in both rodent and human cells. On the basis of this
observation it was demonstrated that E1A gene delivered via a novel cationic liposome
suppressed tumor growth and prolonged survival in orthotopic models of ovarian and
breast cancer (85,86). In a study by Wang et al. (87) E1A gene transfer was shown to
slightly enhance the sensitivity of human head and neck squamous carcinoma cells to
ionizing radiation. Based on the preclinical studies a phase I trial of E1A gene therapy
using cationic liposomes as the delivery agent has been conducted for human ovarian,
head and neck and breast cancer. Preliminary results demonstrated that E1A gene
transfer was well tolerated and no dose-limiting toxicity was observed, warranting
further testing (88,89).

5. ONCOLYTIC VIRUSES

Successful anticancer strategies require a differential response between tumor and nor-
mal tissue (i.e., a therapeutic index). Replication-competent, E1B-attenuated adenoviruses
represent a means of achieving a therapeutic index by selectively destroying tumor cells
with minimal toxicity to normal cells (90–92). The prototype virus, ONYX-015, is deleted
for the E1B protein that binds to and inactivates cellular p53 (90,93). As a result, ONYX-
015 viral therapy was initially regarded as a potentially significant advancement in cancer
treatment because of its ability to destroy p53-mutated tumors, which comprise approx
50% of all human cancers (94). In addition, p53 mutation often correlates with resistance
to conventional therapies (94,95). However, subsequent studies have called into question
the host range specificity originally described for ONYX-015 (91,96–101). Multiple
groups have recently demonstrated in vitro that ONYX-015 can lyse tumor cells having a
wild-type or mutant p53 status. Because most of these studies used heterogeneous cell
lines having diverse genetic backgrounds, it is possible that these conflicting observations
were, in part, attributable to differences other than p53 status.
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Because ONYX-015 virus has proven to be biologically active and safe in cancer
patients (102), several investigators have evaluated the possible radiosensitizing effect of
ONYX-015 on human tumor cells. ONYX-015 has been suggested as an effective neo-
adjuvant to radiation therapy in a human colon carcinoma model and malignant glioma
(103,104). These studies provide evidence that ONYX-015 has an additive, even poten-
tiating antitumor effect on irradiated human tumor xenografts supporting the use of
combined treatment with this attenuated replicative adenovirus and radiation therapy.

6. ANTIMOLECULAR THERAPY

6.1. Antisense Oligonucleotides
Antisense oligonucleotides (ASONs) are a new class of molecularly targeted agents

that are transitioning from the laboratory into the clinic. Clinically, these drugs are
well-tolerated with favorable toxicity profiles, and laboratory studies have demon-
strated that they can be feasibly combined with radiotherapy. ASONs directed against a
number of important cellular targets, including the mRNA of c-myb, MDM2, bcl-2,
protein kinase C- , PKA-I, H-ras, c-raf, R1- and R2-subunit of ribonucleotide reduc-
tase, and transforming growth factor 2 (105–108) have been investigated in clinical
trials. Laboratory studies investigating the potential value of ASONs as radiosensitizers
have also been conducted. Survivin is a recently discovered member of the IAP family
that plays a dual role in suppressing apoptosis and regulating cell division and interest
has been generated on the use of ASONs to target survivin for downregulation (109). A
variety of human tumor types including lung, breast, colon, gastric, esophageal, pan-
creatic, liver, bladder, uterine, and ovarian cancers, large-cell non-Hodgkin’s lym-
phomas, leukemias, neuroblastomas, gliomas, soft tissue sarcomas, melanomas and
other skin cancers abnormally express survivin possibly rendering them resistant to
apoptosis-inducing therapies (110). A possible role for survivin in determining the radi-
ation response of human tumor cells was revealed in a recent report indicating that sur-
vivin acts as a constitutive radioresistance factor in pancreatic cancer cells (111).
Specifically, using a panel of established cell lines an inverse relationship was found
between survivin mRNA expression and in vitro sensitivity to radiation. ASONs against
survivin attenuated survivin expression compared with the mismatch oligonucleotide,
resulting in a 20% reduction of cell viability when used as a single agent. However,
concurrent survivin inhibition and irradiation caused a significant shift in the survival
curve of human lung cancer cells after 2 Gy and 5 Gy, suggesting that the inhibition of
survivin expression produces a radiation-sensitizing effect.

Another approach to radiosensitize tumors uses ASONs designed to target DNA
repair proteins that are involved in repairing radiation-induced DNA double strand
breaks. One such protein complex, involved in DNA double-strand break repair and
V(D)J recombination, is the DNA-dependent protein kinase (DNA-PK) complex con-
sisting of Ku70 protein, cooperating with Ku80 and the DNA-PK catalytic subunit
(DNA-PKcs). It is well established that cells deficient in any of these DNA repair pro-
teins have increased radiosensitivity. Omori et al. (112) demonstrated using a human
squamous cell lung carcinoma cell line that introduction of an antisense to Ku70 sup-
pressed Ku70 protein expression as compared with controls and a small but statistically
significant increase in radiosensitivity of the cells was achieved. In addition, the anti-
sense to Ku70 increased the chemosensitivity of the cells to some DNA-damaging
agents such as bleomycin. 
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A more recent study examined the feasibility of using adenovirus-mediated, heat-
activated expression of antisense Ku70 RNA as a gene therapy approach to sensitize
cells and tumors to ionizing radiation. The adenovirus vector contained antisense Ku70
under the control of hsp70 promoter. Their data showed that heat shock induces anti-
sense Ku70 mRNA expression, reduces the endogenous Ku70 expression level, and
significantly increases the radiosensitivity of cells. This approach was then extended to
in vivo models where heat-shock-induced expression of antisense Ku70 mRNA using
this same vector attenuated Ku70 protein expression in murine FSa-II tumors, and
radiosensitized the FSa-II tumors (113). Based on these results it appears that adeno-
virus-mediated, heat-activated antisense Ku70 expression is a novel approach to
radiosensitize human tumors.

6.2. Angiogenesis Inhibitors
Over the last years, tumor-specific vasculature formation (angiogenesis) has emerged as

a promising new target for inhibiting the growth of tumors (114–118), using antiangio-
genic agents either alone, or in combination with conventional therapies (114,115,
117–119). The key advantages of this approach are that because it targets normal endothe-
lial cells rather than tumor cells, the development of drug resistance is less likely (114),
and that antiangiogenic therapy can exert a powerful antitumor effect with little or no sys-
temic toxicity to the host (114,115,117,118). The combination of antiangiogenic agents
with ionizing radiation has demonstrated a local synergistic antitumor interaction between
the two modalities (120–123) for angiostatin (120), antivascular endothelial growth factor
antibody (121), and endostatin (122). Several investigators have produced adenoviral based
vectors for delivering the genes that encode these or similar proteins thereby enabling
future tests of antiangiogenic gene therapy in combination with radiation.

7. CONCLUSIONS

The examples presented in the above sections indicate that several novel gene therapy
strategies have been discovered that may synergize with radiation to enhance therapeutic
response in tumor cells. Although the examples listed above do not reflect all such
available strategies, it is clear that several promising approaches targeting cell death
pathways have been developed and entered into clinical trials. Ultimately, the results of
these trials will help determine which if any of these strategies will become a standard
of care in radiation oncology. 
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Summary
Hematopoietic stem cells (HSCs) have been the archetypal target for therapeutic gene transfer

strategies, due to the ease with which these cells are obtained and cultured ex vivo, as well as their
capacity for reconstituting an entire tissue type. The myelosuppressive consequence of neoplastic
disease treatment has provided additional thrust for the development of HSC drug-resistance and
gene transfer strategies. In this regard, significant advances in vector design have been achieved by
careful evaluation of different promoter and enhancer sequences, as well as exogenous elements,
that contribute to high gene expression levels and resist positional effect variegation. Gene transfer
efficiencies have also been improved by the identification of envelope pseudotypes that recognize
receptors expressed in the more primitive hematopoietic populations. In addition, several natural
and synthetic gene products have been evaluated as tools for amplifying or enriching gene-modified
HSCs in vivo. These include the homeobox transcription factors, selective amplifier genes, and
drug resistance genes. The ability to enrich and repopulate the hematopoietic compartment with
therapeutic gene-corrected cells requires strategies that act on primitive progenitor populations, and
vectors that efficiently express multiple gene products. The realization of insertional mutagenesis
has demonstrated the importance of therapy-related risk assessment and the need for vectors with
inherent cell-type specificities. These advances have culminated in enhanced HSC gene transfer and
enrichment, while highlighting areas requiring further development.

Key Words: Drug resistance genes; hematopoietic stem cell; in vivo selection; stem cell ampli-
fication; insertional mutagenesis.
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1. INTRODUCTION

Once achieved, efficient and stable gene transfer into hematopoietic stem cells (HSCs)
has the potential for curing hematologic disease, or alleviating the myelosuppressive
consequences of antineoplastic chemotherapy. Regardless of the therapeutic endpoint,
HSC gene transfer efficiency is limited, and the proportion of gene-modified cells is fur-
ther diluted by the vast excess of unmanipulated cells upon transplant. These limitations
have spurred efforts aimed at improving the specificity of HSC gene therapy vectors and
the development of methods for enriching gene-modified stem cells in vivo. This chap-
ter describes the common viral vector systems used for stable gene transfer into HSCs,
and the main strategies used for protecting and enriching these cells in vivo.

1.1. Stable Gene Transfer Vectors
The requirement for high gene transfer and expression levels in HSC gene therapy

has been a driving force in the development of viral vector delivery systems. Viruses
that integrate into the host genome, such as adeno-associated viruses (AAV), retro-
viruses (RV), and lentiviruses (LV), are of particular interest due to their stable trans-
mission and expression of the transgene. Significant progress has been made in
identifying cis- and trans-acting elements, from endogenous and exogenous sources,
that influence the efficiency of vector packaging, integration, and expression.

Vectors derived from murine leukemia virus (MuLV), myeloproliferative sarcoma
virus (MPSV), spleen focus-forming virus (SFFV), and other oncoretroviruses have
been generated (1–4). Extensive characterization of these vectors has revealed both
positive and negative regulatory elements that affect transgene expression in primitive
hematopoietic cells (4–7). Exogenous sequences have also been inserted into these vec-
tors to improve transgene expression levels. In this regard, scaffold attachment regions
(8,9) and insulator elements (10–12) reduce silencing and positional effects, whereas
post-transcriptional regulatory elements (PREs), such as that from the Woodchuck hep-
atitis virus, improve expression levels by increasing transcript export and stability (13).
The cell division requirement for retroviral integration and the quiescent nature of
HSCs has limited retrovirus-based transduction efficiencies. However, insight into the
roles specific cytokines play in hematopoiesis has led to the identification of cytokine
cocktails that promote stem-cell cycling and transduction, while limiting commitment
towards differentiation (14,15).

Many of the recent HSC gene transfer models have utilized lentivirus vectors, such
as those based on the human immunodeficiency virus (HIV-1). Lentiviruses actively
transport the reverse-transcribed transgene across the nuclear envelope and therefore do
not require cell division for access to the host genome (16). This active transport process
enables lentiviruses to transduce nondividing HSCs. However, lentiviral transduction
efficiencies are dramatically improved after cytokine stimulation, indicating that at
least partial entry into the cell cycle may be necessary for key steps in viral entry
(17–19). As with retroviral vectors, key cis-acting elements in the lentiviral backbone
have been identified as essential components for efficient transduction and expression.
The central DNA flap, composed of the central polypurine tract and the central termi-
nation sequence (cPPT/CTS), has been proposed to play an important role in nuclear
translocation of the reverse-transcribed genome (20). Reinsertion of this sequence into
lentiviral vectors was shown to dramatically improve transduction of HSCs (21,22).
Self-inactivating (SIN) vectors, originally described for retroviral vectors and duplicated
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in lentiviral vectors, have been generated by deleting promoter and enhancer sequences
from the U3 region of the 3 LTR (23–25). Following reverse transcription, this modifi-
cation is duplicated to form the 5 U3 region. Thus, promoter and enhancer functions
are effectively removed from both proviral LTRs. SIN vectors are a major improvement
in safety, as they reduce the capacity for recombination or rescue from exogenous virus,
and deletion of the 3 U3 sequences may reduce the frequency of insertional activation.
Transgene expression in SIN vectors is achieved by the insertion of an internal
promoter, a range of which have been evaluated for HSC gene therapy, including the
ubiquitous cytomegalovirus (CMV), elongation factor 1 (EF-1 ), and phosphoglycer-
ate kinase (PGK) promoters (17,26). Vector comparisons utilizing the green fluoores-
cent protein (GFP) reporter indicate that the EF-1 promoter provides the most robust
multilineage hematopoietic expression levels (26). Additional studies have utilized cel-
lular promoter and enhancer sequences to restrict expression to specific hematopoietic
lineages (27,28). Many of the enhancer sequences developed in oncoretroviral vectors
for strong hematopoietic expression have also been functionally transferred into the
lentivector systems (29,30). The first clinical trial using lentiviral vectors was recently
approved for anti-HIV therapy (31). This particular study should also determine
whether or not SIN lentivectors are truly innocuous in the presence of high wild-type
virus loads.

1.2. Envelope Pseudotypes
Viral envelope proteins are responsible for cell type specificity and viral membrane

stability. In addition to combining sequence elements for improved vector expression,
vast efforts have gone into evaluating envelope proteins from other viral species for
functional substitution of retro- and lentivirus envelope proteins to improve virion
stability and transduction efficiency. This type of substitution is known as pseudotyp-
ing. Overexpression of a foreign envelope protein is often sufficient to generate a
pseudotyped a virus. The amphotropic murine and gibbon ape leukemia virus envelope
proteins were favored in early hematopoietic gene transfer applications, but subsequent
studies have shown that the receptors for these envelopes are limiting in the more primi-
tive stem cell populations (32). The reduced stability of these envelope proteins also
limits production of concentrated viral stocks. 

The vesicular stomatitis virus G glycoprotein (VSVG) is the most widely used
pseudotype for lentivirus gene transfer. This protein enables the transduction of a wide
range of species and cell types, as it utilizes a ubiquitous phospholipid for membrane
fusion, rather than a protein receptor, for entry (33). In addition, VSVG-pseudotyped
viruses are much more stable, allowing virus-enriched media to be concentrated to levels
over 108 transducing units/ml. The main drawback of VSVG is its cytotoxicity. This tox-
icity has prompted the development of inducible VSVG packaging cell lines (34,35).
Despite the reduced expression of the amphotropic receptor in early stem cells, von Laer
et al. reported that retroviral particles pseudotyped with VSVG or the amphotropic enve-
lope appear to transduce human hematopoietic progenitors with similar efficiency (36).

Vectors pseudotyped with the feline endogenous virus envelope protein, RD114, have
also been described (37). RD114-pseudoyped virions can be concentrated and the lack of
toxicity has permitted the generation of stable packaging cell lines (38). Hanawa et al.
compared lentivectors pseudotyped with VSVG, RD114, or amphotropic envelopes for
their ability to be concentrated and transduce primitive human hematopoietic CD34+ cells
(39). The amphotropic and RD114 particles excelled over VSVG at transducing cord
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blood-derived CD34+ progenitors, and the amphotropic particles were more efficient at
transducing SCID repopulating cells derived from G-CSF-mobilized peripheral blood
CD34+ cells. Relander et al. recently compared lentivectors pseudotyped with modified
gibbon ape leukemia virus, RD114, or amphotropic envelopes for transduction efficiency
of NOD/SCID-repopulating human CD34+ cells (40). In the presence of cytokine stimula-
tion, the modified RD114-pseudotyped vectors generated the highest percentage of trans-
duced cells. Many other pseudotypes are being evaluated for use in a variety of
applications. The best pseudotype for any particular situation will ultimately depend on
several factors, including the type of vector, the transduction protocol, and the type and
source of the target cells.

2. HSC EXPANSION: INDUCERS OF PROLIFERATION 
AND SELF-RENEWAL

Limited gene transfer efficiency into HSCs and the myelotoxicity associated with
neoplastic drug treatments have led to efforts aimed at enriching gene-modified cells in
vivo. Genes that are utilized to specifically enrich transduced stem cells in vivo can be
divided into two main classes: those that induce HSC proliferation and expansion, and
those that protect cells from cytotoxic drug treatments (see Fig. 1). The particular strat-
egy employed will likely be determined by the type and severity of the disorder for
which gene transfer is needed. Disorders such as chronic granulomatous disease that
can be alleviated by low levels of gene-corrected cells may favor stem cell expansion
strategies. Other diseases, such as sickle cell anemia in which uncorrected cells nega-
tively impact on survival, may favor drug selection strategies. Multigene vectors offer
the additional potential for linking the advantages of each strategy and will be dis-
cussed later in the chapter.

2.1. Endogenous Genes for HSC Expansion
Gene products that contribute to stem cell self renewal and proliferation are highly

sought after as tools for overcoming the limited cell numbers associated with stem cell
therapies. Considerable progress has been made in identifying growth factors that can
maintain or expand the stem cell pool ex vivo (41). However, growth factors act on nat-
ural receptors, and thus cannot be used to specifically enrich transduced stem cell popu-
lation in vivo. Therefore, genes that provide an intrinsic proliferative advantage to stem
cells are being evaluated as tools for enriching transduced populations. Endogenous
genes, which have a natural role in stem cell self renewal, as well as recombinant genes
engineered for this activity, have been assessed as candidates for this approach.

Although gene products that have a natural role in stem cell self renewal and prolifer-
ation will likely have the most potential for this type of application, many have also
been implicated in leukemogenesis. The homeobox transcription factors are a good
example of this. This gene family was initially discovered for its role in embryogenesis,
but many of the hox genes have an ongoing role in hematopoiesis. Several members
from the hoxA, B, and C gene clusters have distinct expression patterns that are
restricted to different lineages or stages of hematopoietic differentiation (42–44).
Ectopic expression of these genes, either with retroviral vectors, or by naturally occur-
ring translocation events, has also been linked to major perturbations in hematopoiesis
(45). The HoxB4 transcription factor appears to be an exception. Transduction of
murine or human HSCs with HoxB4 has been shown to induce expansion in vitro and
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in vivo (46–51). Murine HSCs that overexpress HoxB4 have up to a 50-fold competi-
tive repopulation advantage over untransduced cells. In these HoxB4 studies stem cell
expansion did not progress beyond normal stem cell levels, which suggests the exis-
tence of an environmental sensor of stem cell density (47). The level of HoxB4 expres-
sion also seems to determine its biological activity. Beslu et al. demonstrated that
increased HoxB4 expression levels correlated with increased repopulating potential
(52). HoxB4 applied to cells in protein form has also been shown to allow ex vivo stem
cell expansion (49,50). This strategy offers the potential for preloading stem cells prior
to transplant, allowing transient expansion without a requirement for stable expression.
Delivery of other hox members with this strategy may allow for transient expansion of
specific lineages without the associated risk of leukemogenesis. HoxB4 expression in
human CD34+ cord blood cells has been reported to impair lymphomyeloid differenti-
ation (51). Thus, the necessary feedback signals that appear to be present in the all-
murine model may not be recognized by human cells when expanded ex vivo or
transplanted into NOD/SCID mice.

2.2. Recombinant Genes for HSC Expansion
Another strategy for stem cell expansion utilizes chimeric gene products, called

selective amplifier genes (SAGs). SAGs are composed of a dimerization and a signal-
ing domain, which become activated by specific molecules called chemical inducers of
dimerization (CID). Dimerization activates the SAG signaling domains to induce cell
proliferation (see Fig. 2). Several variations of this theme have been evaluated for both
in vitro and in vivo expansion in response to CID administration. 
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Initial studies utilized the FK506-binding domain of the immunophilin FKBP12
linked to the intracellular signaling domain of either the erythropoietin or c-kit recep-
tors (53,54). The feasibility of this strategy was demonstrated using an interleukin (IL)-
3-dependent cell line; addition of the CID (FK1012) to the media rescued transduced
cells from IL-3 deprivation (53,54). The intracellular signaling domain of the thrombo-
poietin receptor was evaluated in subsequent studies (55). Murine bone marrow cells
transduced with this construct could be expanded ex vivo only in the presence of
FK1012. Although multilineage expansion was demonstrated at early time points,
megakaryocytic cells dominated the cultures at later time points. CID-mediated expan-
sion of CD34+ cord blood progenitors was achieved in later experiments using a simi-
lar construct (56). Whereas the expanded murine cultures favored megakaryocytic
differentiation, erythroid cells dominated the CID-expanded human cell cultures. 

SAG-mediated HSC expansion has also been evaluated in vivo. Zhao et al. recently
demonstrated that SAGs derived from Jak family members may be the key to amplify-
ing specific hematopoietic lineages (57). Experiments carried out with a SAG construct
containing the JH1 domain of murine Jak2 linked to a tandem binding site for the CID,
AP20187, were evaluated in a murine transplant model. Administration of the CID
resulted in a rapid expansion of transduced erythrocytes. However, the effect was short-
lived, and the transduced erythrocyte population declined to pretreatment levels after
CID withdrawal. Another SAG, consisting of the erythropoietin (EPO) receptor dimer-
ization domain fused to the thrombopoietin receptor signaling domain, was recently
evaluated in cynomogus macaques (58). Transduced CD34+ cells were transplanted
directly into irrigated femurs and humeri in unconditioned animals. In the absence of
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together, which activates the signaling domains to induce cell proliferation.



CID administration (in this case EPO), 2–30% of colony-forming units (CFU) and less
than 0.1% of peripheral mononucleocytes were transgene positive after 1 yr. Peripheral
blood marking levels in animals treated with daily injections of EPO peaked at 8–9%
over the same time period, with polyclonal marking detected in multiple lineages.
However, as seen in previous studies, marked cell percentages returned to baseline
levels shortly after each CID treatment (58).

Selective amplification strategies reported to date have demonstrated promising
results. However, the marking levels obtained in animal models remain low, and depend
on continuous CID administration. It remains unclear whether the chimeric gene prod-
ucts are only effective at expanding less primitive cell populations, or decline as a result
of an immune response. However, rather than returning to baseline levels, an immune
response would likely clear even the more primitive SAG-expressing cells upon CID
withdrawal. One advantage SAG-mediated stem cell expansion has over drug selection
schemes is the limited toxicities associated with selection. No obvious adverse events
were detected from transgene expression or CID treatment in the animal models.
Nevertheless, it will be essential to determine whether cells transduced with these con-
structs exhibit normal checkpoint controls in response to DNA damage when faced with
such strong proliferative signals. This issue needs to be addressed, especially if attempts
will be made to link SAG and drug selection strategies. Additional candidates for SAG-
mediated HSC expansion should come from transcriptional profiling studies underway.

3. SELECTIVE ENRICHMENT OF HSCS: DRUG-RESISTANCE 
GENE TRANSFER

Drug resistance genes offer another approach to enriching transduced stem cell pop-
ulations in vivo. Whereas selective amplifier genes confer a proliferative advantage,
allowing transduced stem cells to outgrow untransduced cells, drug resistance genes
provide a survival advantage to transduced stem cells in response to cytotoxic drug
treatment. The most common restriction to neoplastic drug treatment is the associated
myelotoxicity. Chemotherapy resistant genes transferred to HSCs should reduce
treatment-related morbidity and permit dose escalation to levels needed for neoplastic
cell toxicity. In addition, drug resistance genes offer the potential to specifically select
transduced cells at the expense of unmodified cells in vivo. Several drug resistance
genes have been evaluated as tools for either increasing the therapeutic index of cancer
therapies, or for selective enrichment of gene corrected stem cells.

3.1. Multidrug-Resistance Proteins
P-glycoprotein (P-gp) is encoded by the multidrug-resistance-1 gene (mdr1) and is

the prototypic member of the ATP-binding cassette family of drug resistance proteins.
P-gp was identified as the cellular protein responsible for the pleiotropic cross-
resistance certain cell lines acquired to unrelated chemotherapy drugs, such as anthra-
cyclins, epipodophyllotoxins, taxanes, and vinca-alkaloids (59,60). Drug resistance is
established by the ATP-dependent efflux of these compounds from the cell, preventing
intracellular concentrations from becoming cytotoxic (see Fig. 3).

The potential for using P-gp to protect bone marrow from myelosuppression was
first demonstrated in transgenic mice (61,62). High level P-gp expression in transgenic
bone marrow protected animals from daunomycin and taxol treatments that caused
myelosuppression in normal mice. Transplantation of mdr1-transgenic bone marrow
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into lethally-irradiated control animals was sufficient to transfer long-term drug resist-
ance to recipient animals (63). These results set the framework for retroviral gene trans-
fer experiments. In 1992 two groups demonstrated that retroviral delivery of mdr1 to
bone marrow progenitor cells resulted in increased drug tolerance that correlated with
enrichment for the transduced population (64,65). Transduction of long-term repopulat-
ing cells with mdr1 was subsequently shown to protect murine transplant recipients
from repetitive administration of normally myelotoxic chemotherapy treatments (66,67),
while simultaneously sensitizing tumor cells (68). More recent in vivo selection studies
using mdr1 have been carried out in other animal models. Schiedlmeier et al. demon-
strated the first significant evidence of mdr1-mediated selection of human hematopoietic
progenitors in vivo, using NOD/SCID recipients treated with paclitaxel (69).

Clinical trials have also been carried out to evaluate the use of mdr1 gene transfer for
cancer patients receiving autologous transplants to reduce treatment-induced myelo-
suppression (70–75). Early trials were limited by poor transduction efficiencies and
resulted in transient marking levels indicative of short-term repopulating cell contribu-
tions. Higher marking rates (up to 52%) have been obtained using plates coated with
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brane where they actively export cytotoxic drugs from the cytosol to the extracellular space. Cells
that overexpress these proteins are protected from higher drug concentrations.



the recombinant fibronectin fragment CH-296 (75). A maximum of 15% mdr1-marked
bone marrow CFU were detected a year after transplant, but evidence of mdr1-mediated
selection was limiting.   

More than 50 other ATP-binding cassette family members have been identified, some
of which have been associated with antineoplastic drug resistance in cancer cells (76).
In experiments aimed at resolving the cycling status of HSCs, Goodell et al. discovered
a population of cells resistant to labeling with the fluorescent DNA stain, Hoechst
33342 (77). Interestingly, lymphomyeloid repopulating activity was enriched over
1000-fold in the population of cells with the highest degree of Hoescht exclusion (des-
ignated SP cells). The verapamil-sensitivity of this phenomenon indicated that P-gp, or
a similar drug efflux pump, was responsible and expressed at higher levels in bone
marrow stem cells. Subsequent studies have identified SP stem cells in a variety of tis-
sues. ABCG2/BCRP1 has been identified as the transporter responsible for Hoechst
33342 efflux in SP cells. However, enforced ABCG2 expression in murine bone mar-
row reduced progenitor cell differentiation in vitro (78,79). Similar results were
previously reported for murine bone marrow cells transduced with mdr1 (80).
Overexpression of mdr1 in the absence of drug selection resulted in SP cell expansion
ex vivo and the onset of a myeloproliferative syndrome when these cells were trans-
planted into lethally irradiated recipients. Another group has recently reported an
increased frequency of leukemogenesis associated with retroviral delivery of mdr1 to
murine BM cells at a high-copy number (81). However, in this study insertional muta-
genesis was also seen using fluorescent reporter vectors, but at a reduced frequency.
The high expression levels of these proteins in primitive hematopoietic cells suggest
that these transporters may have a role in stem cell biology beyond protection from
drug exposure (82,83). However, both mdr1 and ABCG2 knockout animals exhibit nor-
mal hematopoiesis (79,84). No myeloproliferative disorders were detected during the
mdr1 clinical trials. Further, no aberrant expansion was detected in rhesus macaques
after transplanting cells transduced with conditions similar to those that caused the
disorder in mouse models (85).

Drug selection of stem cells transduced with mdr1 or ABCG2 may be limited by the
high endogenous levels of these proteins in primitive hematopoietic cell populations.
Specific point mutations of mdr1 (86) or ABCG2 (87) that are resistant to inhibition, or
have altered substrate recognition, may be more potent agents for differentially select-
ing transduced stem cells in vivo.

3.2. Alkylating Agent Resistance
The most striking HSC selection results in vivo have been obtained using the O6-

methylguanine-DNA methyltransferase (MGMT) gene. MGMT encodes O6-alkylgua-
nine-DNA alkyltransferase (AGT), which repairs DNA damage induced by alkylating
agents (see Fig. 4). Although most DNA repair pathways involve multiple protein con-
stituents, AGT is singly responsible for the repair of O6-alkyl lesions. Repair is medi-
ated by the covalent transfer of the O6-alkyl group from guanine to a cysteine thiol
located in the AGT binding pocket (88). This irreversible reaction inactivates AGT.
Thus, each AGT molecule is only capable of repairing one alkyl lesion, after which the
protein is ubiquitinated and targeted for degradation (89).

Alkylation of the O6 position of guanine is the most cytotoxic lesion produced by
methylating (e.g., temozolomide, streptozotocin, dacarbazine, and procarbazine), and
chloroethylating (e.g., BCNU, and CCNU) agents used to treat a variety of cancers.
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These agents are particularly myelosuppressive due to the low level of AGT activity in
bone marrow cells (90,91). During DNA replication O6-methylguanine residues are
mismatched with thymine (92). Therefore, DNA synthesis prior to AGT-mediated repair
results in a G:T mispair that is corrected by the mismatch repair (MMR) pathway.
Uncorrected methylguanine residues result in a futile MMR cycle in which thymine
residues are continuously mispaired opposite O6-methylguanine, eventually leading to
single strand breaks and cell death (93). The type of DNA adducts resulting from
chloroethylating agents are particularly cytotoxic. Unrepaired O6-chloroethyl lesions
rearrange to form both intra- and interstrand crosslinks to neighboring residues (94,95).

The significance of using drug resistance gene transfer to protect mammalian cells
from DNA damage was first established after the bacterial MGMT homologue (ada)
was cloned (96). Transfer and expression of ada in MGMT deficient cell lines was
shown to dramatically reduce alkylating agent toxicity (97–99). These pivotal experi-
ments set the stage for the last two decades of research aimed at using MGMT gene
transfer to protect bone marrow cells from the myelosuppressive effects of alkylating
agent chemotherapy, and as a mechanism for selecting transduced stem cells in vivo.

The first study to demonstrate MGMT-mediated protection of bone marrow (BM)
cells was carried out using electroporation for ada gene delivery (100). Stable transfer
of ada (101) or human MGMT (102,103) into murine BM cells with retroviral vectors
was subsequently shown to reduce the myelosuppressive effects of choroethylating
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Fig. 4. MGMT-mediated repair. MGMT repairs cytotoxic O6-alkylguanine lesions formed by methy-
lating and chloroethylating agents. BG inactivates endogenous MGMT, thereby increasing the sensi-
tivity of untransduced cells to alkylating agent treatment. Specific MGMT point mutants (MGMT*)
are resistant to BG inactivation, but maintain the capacity for DNA repair. HSCs transduced with
MGMT* are enriched in vivo following BG and alkylating agent treatment.



agents in vivo. Increased resistance to multiple doses of BCNU correlated with
increased percentages of MGMT-transduced murine progenitors in the bone morrow
(104). Human CD34+ hematopoietic progenitor cells transduced with MGMT were
also shown to tolerate higher doses of BCNU (105).

Just as high BM AGT expression reduces alkylating agent-induced myelosuppres-
sion, tumor cells with upregulated AGT are also tolerant to these treatments (106–108).
Therefore, the modest levels of protection achieved by MGMT gene transfer experi-
ments are unlikely to have a dramatic therapeutic impact. However, two major advance-
ments brought MGMT-mediated chemoprotection to the forefront. First was the
discovery of the potent MGMT inactivator, O6-benzylguanine (BG). BG provided a
mechanism for depleting AGT activity, sensitizing tumors to drug treatment (109–111).
However, BG-mediated inactivation of AGT is not specific, and thus sensitizes both
tumor and bone marrow cells to alkylating agents (112). The second major advance-
ment came from the identification of specific point mutations in MGMT that conferred
significant resistance to BG inactivation without altering the O6-alkyltransferase activ-
ity (113). Additional BG-resistant MGMT mutants were identified from randomized
MGMT libraries using BG and O6-alkylating agent selection schemes (114,115).
Specific MGMT mutants were then shown to efficiently protect transduced human
bone marrow progenitors from BG-mediated sensitization to chloroethylating (116)
and methylating (117) agent toxicity (see Fig. 4). Davis et al. demonstrated that murine
bone marrow progenitors transduced with the BG-resistant MGMT-G156A point
mutant could be enriched in vivo with combined doses of BG and BCNU, and this
enrichment protected transplant recipients from doses that were lethal to animals trans-
planted with control bone marrow cells (118). Other MGMT point mutants were also
shown to protect mice from combined BG and temozolomide (119), or BG and BCNU
treatments (120). These studies also demonstrated that selective enrichment occurred at
the stem cell level. 

The true potential for using MGMT mutants for stem cell selection was demon-
strated by Davis et al. using nonmyeloablated transplant recipients (121). Transduced
bone marrow CFU were enriched up to 47% in mice infused with as few as 5 × 104

transduced cells and selected with three rounds of BG and BCNU treatments.
Enrichment to 97% was obtained when 1 × 105 cells were infused prior to drug treat-
ments. In vivo enrichment for MGMT-transduced human CD34+ cord blood progeni-
tors has also been achieved in NOD/SCID recipients preconditioned with irradiation
(122) or a mild dose of BG and BCNU (123). The potency of MGMT-mediated stem
cell selection has recently been demonstrated in a large animal canine model (124,125).
Transgene-expressing granulocytes were enriched to over 98% in both animals studied
(from 3 and 16% initial cell expression percentages), following incremental dosing
with BG and temozolomide. Remarkably, polyclonal marking and long-term expres-
sion was achieved with an average of only one integration event per cell.

The use of MGMT point mutants to differentially protect the hematopoietic com-
partment while sensitizing tumors has also been reported in animal xenograft models
(126–128). Clinical trials using gene transfer of MGMT have been proposed by several
investigators, and one phase I trial in patients with advanced malignancies such as
melanoma, sarcoma and other solid tumors is in progress (129). The objective of this
trial is to protect bone marrow stem cells from the toxic effects of chemotherapy and
select for MGMT-G156A transduced cells during treatment. This strategy is expected
to result in less toxicity to bone marrow and blood cells while enriching for the number
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of genetically altered drug resistant stem cells over time, perhaps even from un-
detectable levels. The hypothesis of this study is based on preclinical data that shows
this gene can provide HSCs with more than 500-fold survival advantage compared with
HSCs not carrying the gene.  In this clinical protocol, peripheral blood stem cells are
collected from patients, exposed to a MMLRV containing the G156A MGMT gene in
the laboratory and immediately reinfused into the patient. Starting 2 d prior to cell infu-
sion and every 6 wk thereafter, patients are treated with BG and BCNU to inhibit tumor
growth and provide selective resistance to the stem cells carrying the gene.  To date, 5
patients have been enrolled and the level of gene transfer into the stem cells before
infusion ranged from 11 to 36%. No complications related to cell infusion or
chemotherapy administration have been observed. In one patient, evidence of geneti-
cally altered cells was observed by molecular analysis in the bone marrow 5 wk after
the infusion and prior to the chemotherapy treatment. Although preliminary, these
results indicate that infusion of HSCs transduced with retroviral mutant MGMT is fea-
sible and safe. This is an important trial because stem cell selection with MGMT may
be useful in other planned clinical applications including the use of MGMT in combi-
nation with therapeutic genes to correct for genetic disorders and the use of MGMT
stem cell protection during allogeneic transplantation as a selection strategy to encour-
age donor engraftment. Because the theoretical risks of oncogenesis associated with
oncoretroviral vector integration has now been observed in a successful human gene
therapy trial for SCID XI (130), the next generation of gene therapy trials will likely
incorporate lentiviral vectors.  These vectors are thought to have a decreased risk of
insertional oncogenesis, and their increased stem cell transduction efficiencies indicate
that lower multiplicities of infection (MOIs) may be used to achieve the same endpoint.

3.3. Nucleoside and Folate Analog Resistance
Several other drug resistance genes have been evaluated for in vivo selection or

chemoprotection, including cytidine deaminase (CDA), and dihydrofolate reductase
(DHFR). CDA belongs to a class of enzymes involved in pyrimidine metabolism and
salvage pathways. CDA can also inactivate cytosine nucleoside analogs, (e.g., cytara-
bine), which are used as antineoplastic agents. Transduction of murine bone marrow
cells with CDA was shown to increase hematopoietic CDA expression levels in recipi-
ent animals, but showed little evidence of drug protection (131). The selection strin-
gency for CDA-transduced bone marrow cells ex vivo is also dependent on cell density,
indicating that release of CDA into the media may inactivate these drugs, reucing the
toxicity of untransduced cells (132).

DHFR converts folate into tetrahydrofolate, a cofactor required for thymidylate and
purine biosynthesis. Folate analogs such as methotrexate (MTX) and trimetrexate (TMTX)
bind to DHFR with greater affinity, thereby inhibiting DNA synthesis (see Fig. 5). Specific
DHFR mutations have been identified that are resistant to these antifolates (133,134).
Early experiments showed that murine bone marrow transduced with DHFR mutants
efficiently protected irradiated recipients from methotrexate-induced marrow toxicity
(133,135). Allay et al. demonstrated that nucleoside transport inhibitors, such as
nitrobenzylmercaptopurineriboside phosphate (NBMPR-P), increased the sensitivity of
primitive hematopoietic cells to folate analogs (136).  Subsequent murine transplant
experiments, using both TMTX and NBMPR-P for in vivo selection, resulted in a sig-
nificant expansion of DHFR-transduced progenitors (137). However, only transient and
limiting levels of DHFR-mediated enrichment was observed in nonhuman primate



models in vivo, following combined TMTX and NBMPR-P treatment (138). Increased
toxicity was also evident in this model. Further, pretreatment with cytokines failed to
significantly increase the selection stringency for long-term repopulating cells trans-
duced with DHFR. Thus, DHFR and CDA may reduce treatment-related toxicities, but
may not provide additional protection to transduced HSCs.

4. DUAL-GENE TRANSFER STRATEGIES

Although a major focus for in vivo HSC enrichment methods has been to reduce
myelosuppression, another emphasis has been to use this strategy to repopulate a dis-
eased hematopoietic compartment with gene-corrected cells. This application requires
vectors that are capable of efficiently expressing both the selectable marker and the
therapeutic gene. The selectable marker gene allows the transduced cells to be enriched,
and the therapeutic gene restores function to the diseased cells. Several vector designs
have been generated for this endpoint.

Bicistronic vectors are constructed using internal ribosome entry site (IRES)
sequences. If two genes are positioned in the vector in tandem they will be transcribed
as a bicistronic message. However, in this configuration the first gene will be translated
by the normal cap-dependent mechanism, but the second gene will only extend the 3 -
untranslated region. An IRES element positioned between the two genes will reinitiate
translation to generate the second gene product. IRES elements were initially discov-
ered in viral genomes, but have now been identified in many other organisms. The
majority of the IRES sequences used for dual-gene vectors are derived from the polio
virus or encephalomyocarditis virus genomes. IRES-initiated translation is typically
less efficient than cap-mediated translation (139,140). Thus, the orientation of the two
genes in a bicistronic vector must be taken into account for each application. For
instance, selection of cells transduced with a therapeutic-IRES-drug-resistance gene
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Fig. 5. The role of DHFR in pyrimidine biosynthesis. Antifolates (e.g., MTX) competitively bind to
DHFR, blocking tetrahydrofolate synthesis. DHFR mutants (DHFR*) are resistant to antifolate
inhibition. Nucleoside transporters allow cells to salvage nucleosides. NBMPR-P inhibits nucleoside
transporters, further sensitizing untransduced cells to antifolate drugs.



configuration might lead to an oligoclonal population with high-therapeutic gene
expression, because high levels of the bicistronic transcript will compensate for low-
IRES translation rates. The same genes configured in the opposite orientation (with
respect to the IRES) might result in a polyclonal population with low-therapeutic gene
expression.  IRES elements with tissue-specific or inducible expression patterns have
also been identified, some of which are being developed for gene therapy applications
(141,142). Several gene therapy models have used IRES elements to couple drug resist-
ance genes to therapeutic or reporter gene expression. Bicistronic vectors containing
two separate drug resistance genes have also been used to expand HSC resistance to
additional classes of chemotherapy drugs (143).

The foot and mouth disease virus (FMDV) 2a element has also been utilized in many
dual-gene vectors (144,145). The 54-bp sequence encoding FMDV-2a is positioned
between two genes, the first of which has the stop codon removed. Thus, both genes
and the 2a element are joined as one open reading frame. After the first gene and 2a
sequence are translated, cis-acting hydrolase activity within the 2a residues cause ribo-
somes to “skip” the last peptide bond in 2a. Thus, the first gene product is released with
17 residues from the 2a element fused to its C-terminus. The ribosome then continues
translating the second gene product, which contains an N-terminal proline from the 2a
sequence (146). Like IRES elements, the efficiency of ribosome slippage sequences
appears to be sensitive to the specific gene combinations used (145). Further, the activ-
ity of the first gene product can be perturbed by the 2a residues that remain fused to its
C-terminus (147).

Alternative splicing mechanisms have also been utilized to create dual gene vectors
(148,149). These vectors are constructed by adding an extra splice acceptor site in front
of the second gene. If the first splice acceptor is recognized, the first gene is translated
and the second gene becomes an extended 3 -untranslated region. If the second splice
acceptor is recognized the first gene becomes part of the excised intron and the second
gene is translated. However, stringent selection can result in the amplification of cells that
preferentially splice out the therapeutic gene in favor of drug resistance gene expression.
Additional transcription cassettes can also be inserted into vectors to coexpress two genes.
This strategy can be complicated by transcriptional interference, resulting in the silencing
of one gene in favor of the other (150). Recently Amendola et al. created lentivectors con-
taining synthetic promoters that are bidirectional.  These synthetic promoters allow two
genes in opposite orientations to be expressed from the same promoter (151).

Another strategy utilizes a mixture of separate single-gene lentiviral vectors to
cotransduce cells. This strategy allows the rapid evaluation of two genes without a need
for dual-gene vector construction. Cotransduction with lentiviral vectors has only been
described in vitro (152,153). In these studies separate VSV-G pseudotyped LV were
shown to cotransduce cell lines or primary human neurons at a frequency proportional
to the transduction efficiency of each virus. Frimpong et al. also reported efficient
cotransduction of cells with two bicistronic vectors, each with a unique drug resistance
gene, for in vitro selection of only dual positive cells (153). Cotransduction of
hematopoietic cells has not been evaluated. In the context of ex vivo gene therapy, the
vast excess of unmodified endogenous cells in vivo would limit the efficacy of selec-
tion prior to transplant. The prolonged ex vivo culturing periods required for preselec-
tion have also been shown to correlate with reduced cell pluripotency and engraftment
(154,155). Therefore, brief transduction schemes followed by in vivo enrichment has
been a focus of most hematopoietic drug resistance gene transfer strategies.
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5. TARGETED TRANSDUCTION

Because there is an apparent tradeoff between specificity and transduction efficiency
with natural viral proteins, many attempts to engineer viruses with specificity towards
clinically relevant target cells have been made. Previous strategies have focused on
localizing the MuLV-based vectors to target cells through the use of antibody bridges
(156–158) or envelopes that display ligands such as erythropoietin, heregulin, and
hepatocyte growth factor (159–161). However these experiments required co-
expression of the wild-type envelope, or only moderately improved the transduction
efficiency. 

Other strategies have utilized the insertion of sequences within the surface domain
(SU) of viral envelopes that force transduction through new receptors. These insertions
are usually ligands (161,162) or single-chain antibodies with binding specificity for
specific proteins expressed in the target cell (163–169). Although many insertions have
been shown to fold correctly and are presented on the virion surface, the transduction
efficiency is often limited by perturbations in the transmembrane domain’s (TM) fusion
activity. Flexible linkers inserted between the ligand-SU junction have only moderately
improved transduction efficiencies (170). The process of infection involves SU trimer-
ization, receptor binding, and conformational changes that expose TM for fusion. Thus,
the insert must be presented in a way that redirects binding without perturbing SU
trimerization or fusion. Recently, Chandrashekran et al. demonstrated that expression
of a membrane-bound form of stem cell factor in an ecotropic packaging cell line
resulted in virions containing the ecotropic envelope and stem cell factor on their sur-
face, which were able to specifically transduce human cells expressing the SCF recep-
tor (171). Thus, the ecotropic envelope may be able to utilize the human receptor or
induce receptor-independent fusion upon gaining entry into endosomes. Regardless,
this study demonstrates that envelope modifications may be unnecessary when other
targeting molecules are present. 

Additional strategies have involved the use of retroviral display by randomizing the
receptor binding domains and using entry-based screens to identify targeted virions
(172,173). However, the titers obtained with retroviral vectors restrict the size of the
libraries that can be screened. Because structural information for many envelope pro-
teins remains elusive, strategies utilizing inserted targeting motifs may benefit from the
combined use of randomization strategies. Randomization of the residues flanking the
targeting motif might aid in the identification of a display configuration that allows
both targeted binding and functional envelope fusion activities. Alternatively, other
viral envelope proteins that are much more tolerant of insertions, may permit more
efficient targeted delivery vehicles.

6. BALANCING SAFETY WITH EFFICACY

Great strides have been made in vector development with much of the focus aimed
at increasing viral titers and tropism. While this improves the range of applications for
a given system, it has also led to the trend of maximizing expression without regard for
the cumulative number of integrations. Theoretical concerns over insertional mutations
arising from gene therapy vectors have now been realized in three patients enrolled in
X-linked severe combined immunodeficiency (X-SCID) gene therapy trials (174).
These adverse events have encouraged investigators to reevaluate copy number and
weigh the risks of insertional mutagenesis for gene therapy models used for preclinical
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relevance. Woods et al. have demonstrated that even early hematopoietic progenitors
are susceptible to multiple lentiviral integration events when transduced with high
MOIs (175). The finding that transcriptionally active regions of the genome are hotspots
for integration further emphasizes the need for caution (176). These issues point to the
need for standards, beyond expression level, for evaluating the potency of a given vec-
tor and delivery system. An index based on expression level per insertion may be one
such standard, but would require further standardization of the techniques used for
copy number analysis. Kustikova et al. have pointed to the importance for such a stan-
dard by demonstrating the nonlinear relationship between insertion and expression
levels (177). They concluded that expression-based gene transfer efficiencies should be
targeted to 30% or less to attain the highest expression level with the fewest insertions.
Standardized cell lines and protocols for determining viral titer are also nonexistent, as
each group tends to have a different method for defining MOI. The use of virus-loaded
fibronectin plates and spinoculation protocols for transduction further complicates the
use of MOI as an informative index. Ultimately, the number of insertions per cell and
total cell dose required for therapeutic efficacy will have to be established for clinical
trial risk assessment. The statistical risk of insertional mutagenesis and the need for
elevated titers could be reduced by minimizing the number of nontarget cell transduc-
tions. For this reason, continued emphasis should be placed on the development of
vectors with integration site or target cell specificity.

7. CONCLUSION

In summary, many advances have been, and continue to be made in HSC gene trans-
fer and selection technologies. However, multiple factors must be taken into account
for each unique application. The efficacy of cis- and trans-acting vector determinants,
such as promoters, dual-gene linkage elements, and envelope pseudotypes, often vary
based on the genes used, the cell source, the intended cell targets, and the methods used
for transduction. The risks associated with each disease should obviously outweigh
those associated with therapy. Defining the general risk of insertional mutagenesis and
in vivo selection will provide essential insight, but these risks should also be evaluated
for each application.
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Summary
Genetic vaccination has tremendous potential for the treatment and prevention of cancer. This

chapter briefly discusses the advances in research aimed at increasing the effectiveness of genetic
vaccine formulations. Particular emphasis is placed on in vivo nonviral delivery technologies and
modifications to safely achieve optimal antigen expression. We will also discuss implications for the
future of genetic vaccines.

Key Words: DNA vaccines; genetic vaccines; nonviral; cancer; delivery; electroporation; lipo-
somes; microparticles; nanoparticles; adjuvants.

1. INTRODUCTION

In the early 1990s, it was demonstrated that the simple injection of plasmid DNA in
saline into the muscle of mice led to the expression of the encoded gene (1). Shortly
thereafter it was shown that DNA vaccination could produce antibodies against an
encoded antigen (2), cytotoxic T-cell responses, and protection from lethal doses of
influenza (3,4). The elicitation of an immune response using plasmid DNA encoding an
antigen, rather than the antigen itself was thereafter defined as genetic vaccination. 

Genetic vaccination has tremendous therapeutic potential for the prevention and
treatment of diseases, the screening of pathogenic genome libraries for the determina-
tion of protective antigens (5), and the high-throughput generation of high specificity
monoclonal antibodies (6). The immunobiology of antigen presentation along with the
potential mechanisms involved with the induction of immune response in genetic 
vaccines are beyond the scope of this chapter, and in depth examination of these mech-
anisms can be found in several excellent reviews (7,8). Instead, this review will exam-
ine advances in non-viral delivery technologies for genetic vaccines.
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2. GENETIC VACCINES FOR CANCER THERAPY

2.1. The Elusive Cancer Cell
The processes of malignancy, such as invasion and rapid growth of tumor cells,

naturally cause inflammation. Dendritic cells (DCs), the most powerful antigen
presenting cell (APC), should become activated to the presence of cancer cells and
present sampled antigen in association with surface major histocompatibility 
complexes (MHC). The presentation of these tumor associated antigens (TAA), along
with the appropriate costimulatory signals, leads to activation of antigen specific CD8+

T-cells. These T-cells recognize and bind that TAA on the MHC class I of tumor cells.
Subsequent secretion of perforin and granzymes can induce caspase-dependent apop-
tosis. However, in the many reported cases of human cancer, this process obviously
does not seem to occur efficiently enough to destroy the tumor cells.

Cancer cells may evade recognition by the immune system through several mecha-
nisms (9): (1) down-regulation of antigen processing and presentation, (2) loss of some
TAA which may alert the immune system, and (3) secretion of soluble signals which can
modify the ability of DCs to effectively present antigens to naïve T-cells. Examples of
such secreted factors include interleukin (IL)-10, which inhibits DC maturation, and
transforming growth factor (TGF)- , which is secreted by cells in the eye to prohibit
destructive inflammation (9,10). Although it is unclear to what extent these mechanisms
are involved in tumor persistence, it is clear that tumor cells have developed ways to
avoid immune rejection.

2.2. Genetic Vaccines for Cancer Therapy
A primary focus of current research on genetic vaccination is the development of

strategies to activate nonresponsive antigen specific T-cells. The first consideration of any
tumor therapy is the choice of cancer antigen in a genetic construct. Much effort has been
devoted to the optimization of TAAs, and this work is described in detail elsewhere (11,12).
Despite this optimization and the large number of genetic vaccine clinical trials for
cancera, DNA vaccination in humans has not elicited as potent immune responses as
observed in smaller animal models. For example, eliciting an immune response with intra-
muscular (im) naked DNA vaccination (plasmid DNA with no delivery vehicle) requires
as much as 5mg of plasmid DNA in nonhuman primates (13), but only 50 to 300 g in
mice (4). Although high doses of plasmid are generally well tolerated in humans (14), the
need for additional technologies to boost the effectiveness of genetic vaccines is apparent.

One of the earliest advances in DNA delivery was the gene gun. This device delivers
DNA coated onto the surface of tiny gold beads which are then accelerated to a high
speed into the skin by a high pressure helium source (15). Immune responses elicited by
vaccination using gene gun delivery to the skin requires much less plasmid DNA, on the
order of several hundred to several thousand times less than naked DNA (4,16). This may
partially result from the large amount of dendritic cells present in the skin, called
Langerhan’s cells (17). However, immune responses to gene gun vaccines are usually
Th2 polarized, and there are questions as to the viability of this technology commercially.

Viral vectors are inherently efficient at gene delivery and are powerfully immunogenic.
However, the potential toxicity of viral vectors is well known, and is particularly relevant
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in patients with compromised immunity resulting from the progression of cancer and
chemotherapy. Furthermore, the common requirement of multiple vaccinations can be
problematic using viral vectors. Recently, it was shown that restimulation with adeno-
virally transduced DCs actually decreased the antigen-specific immune response in favor
of strong antiadenovirus specific immune reactions in melanoma patients (18). Pre-existing
immunity can also inhibit delivery using viral vectors. Attenuated bacteria has also shown
promise for vaccine delivery, but are associated with safety concerns as well (19).

Synthetic nonviral delivery of plasmid DNA vaccines, although potentially safer, has
proven much less effective at eliciting strong immune responses. However, recent
advances have significantly increased their efficacy and therapeutic potential. It is these
current advances which this chapter focuses on.

3. METHODS OF DNA VACCINE DELIVERY

3.1. Electroporation

Elecroporation is a common in vitro transfection method. Through the application of
electric pulses, the cellular membrane is temporarily disrupted. This, combined with
physical translocation of ionic plasmid DNA (ionophoresis), can result in efficient gene
transfection. In vivo, the application of electroporation involves the use of probes or
clamp electrodes to the site of plasmid administration. This method has been shown to
induce long-term expression of reporter gene in vivo. Adapting the process parameters
from low voltage, long pulses to high voltage, short pulses resulted in a 500× increase
in expression in muscle (20).

Studies on the delivery of TAA antigens using electroporation have yielded promis-
ing results. Mendiratta et al. reported vaccination using electroporation with both plas-
mid encoded human GP100 and mouse TPR2 antigen elicited complete protection from
melanoma challenge (21). Lohr et al. demonstrated that introduction of plasmid encod-
ing IL-2 and IL-12 (inflammatory cytokine signals) by electroporation at tumor sites
caused transduction and inhibition of murine melanoma without the systemic cytokine
levels experienced after adenoviral gene transfer (22). Further investigations have
shown that electroporation can be used to facilitate the discovery of novel antigen
encoded plasmid constructs. For example, Kalat et al. used electroporation methods to
optimize tyrosinase related protein-2 antigens to elicit CD8+ responses and inhibition
of melanoma growth in two challenge models (23). This same group later demonstrated
that electroporation was capable of inducing immune responses comparable to that of
viral infection (24).

It has been suggested that increase in gene transfection is responsible for the ampli-
fication of immune responses observed, but it is also possible that tissue damage which
occurs at the immunization site may recruit APCs, effectively increasing immuno-
genicity (25). Unfortunately, electroporation can be destructive to tissues, and some
have reported pain in patients during clinical trials (26).

3.2. Cationic Liposomes/Lipoplexes

Cationic lipids (see Fig. 1) are one of the most widely used transfection reagents in
vitro and in vivo. Through the formation of lipid bi-layers, and association with anion-
ically charged DNA, cationic liposomes can spontaneously condense DNA by charge
neutralization. These particles are commonly called lipoplexes. These formulations can
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include neutral components such as DOPE or cholesterol that can introduce endosomal
disruption properties (27). It was originally believed that fusion with cell membranes
was the primary mechanism to gain cytoplasmic access. It is now widely accepted that
this process occurs through an endocytic or phagocytic event, and access to the cyto-
plasm is mediated through a destabilization of the endosomal membrane (28).

Alternatively, it has been shown that plasmid DNA can be encapsulated within a lipid
vesicle called a dehydrated-rehydrated vesicle (DRV) (29). DRVs are formed by freeze
drying lipoplexes to increase the association of plasmid DNA with the flattened lipo-
somal vesicles. Subsequent rehydration of these dried complexes results in the apparent
entrapment of plasmid inside the lipid bilayer. Although early studies demonstrated that
cationic liposomes seem to inhibit expression of plasmid DNA when delivered instrmus-
cularly, DRVs have shown the ability to generate improved cellular immunity and secre-
tion of 100× greater IgG1 levels than that obtainable by cationic lipoplexes or naked
DNA (29). Various lipids can be included in these formulations to increased immune
response (30) and enhance oral delivery of DRVs (31). Finally, the incorporation of viral
fusogenic peptides from hemaglutinating virus Japan (HVJ) or influenza into liposomes
can enhance responses against tumor-associated antigens (Table 1).

Cationic lipid formulations are relatively easy to prepare, and protect the plasmid
DNA from nucleases in the extracellular environment. However, the polycationic nature
of the lipoplex/liposomal formulations impart a degree of cellular promiscuity in the
transfection of cells, along with an inherent ability to bind to serum proteins. This can
severely limit the stability and targetability of plasmid/lipid formulations. Creating
targeted liposome vectors with improved serum stability could significantly enhance
the potency of liposomal delivery vectors.

3.3. Polymeric Microparticles and Nanoparticles
The delivery of DNA vaccines through polymeric plasmid encapsulation or electro-

static binding has proven to be an extremely promising method of genetic vaccine deliv-
ery. First, these particles offer substantial protection of payload from extracellular
degradation (32). Second, these formulations are generally able to carry large payloads,
making codelivery of many plasmids, or other immunostimulatory agents possible.
Third, these particles, depending on their size, offer a passive targeting mechanism, since

Fig. 1. Chemical structures of DOTAP and DOPE, two commonly used lipids in liposomal formulations.



phagocytic APCs are capable of phagocytosing microparticles in the range of 1 to 10 m.
Fourth, surface modifications are possible to further enhance targeting and uptake (33).
Finally, these particles have been shown to be associated with an adjuvant effect.

Several mechanisms have been proposed to explain the microparticulate adjuvant
effect. First, it may result in part from their physical size being characteristic of
pathogens (34). Uptake of 1 m latex microparticles by monocytes results in differen-
tiation into DCs and migration to the lymph nodes (35). DC phagocytosis of latex beads
also induces phenotypic maturation of the DCs, as shown by CD83 up-regulation (36).
Alternatively, the delivery system’s ability to serve as a controlled release depot of anti-
gen or plasmid DNA (which contains immunostimulatory CpG motifs recognized by
toll-like receptors on DCs [37]) may be responsible.

3.3.1. PLASMID ENCAPSULATED IN PLGA MICROPARTICLES

By far, the most commonly used polymer to encapsulate drugs including protein
antigen and plasmid DNA is polylactic–coglycolic acid (PLGA) (see Fig. 2). This Food
and Drug Administration (FDA) approved, biodegradable and biocompatible polymer
was originally used for sutures (38). It decomposes by acid and base hydrolysis (and
possibly through enzyme catalyzed degradation [39]) to lactic and glycolic acid, which
are metabolized to CO2.

It has been used for numerous early applications ranging from delivery of narcotic
agonists (40), contraceptives (41), pesticides (42), and the healing of bone fractures (43)
and ligaments (44). Applications of PLGA for delivery of protein or peptide antigen in
the context of vaccines have been frequent, and have been previously reviewed (34,45).

There are several ways to encapsulate plasmid in PLGA microparticles (see Fig. 3,
left), but the most commonly used is the double emulsion, solvent evaporation tech-
nique (reviewed in [47]). Spray drying is used less frequently for encapsulation of
DNA (47), but in either system, the aqueous plasmid solution is first emulsified with an
organic solvent containing PLGA. Release of plasmid from PLGA microparticles tends
to occur in burst phases as a result of the “bulk eroding” property of PLGA (48,49).
The release rate of plasmid is completely adjustable by choice of molecular weight and
ratio of hydrophobic lactide to hydrophilic glycolide in the copolymer’s repeating unit.
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Table 1
Examples of Cancer Models Using Liposomal Delivery of DNA Vaccines

Delivery
TAA Liposome type route Ab CTL Protection Ref.

MAGE 1 & 3 HVJ fusogenic im + ND ND (135)
gp100 melanoma HVJ fusogenic im + + + (136)
Hsp65 (for Cationic ip ND + *90% (AC29) (137)

mesothelioma) lipoplex a40% (AB12) 
gp100 + TRP2 HVJ fusogenic imb, in +Th1 +Th2 + (138)

melanoma
PTH-rP Influenza in ND + ND (139,140)

Prostate carcinoma fusogenic

Notes: + = positive response, ND= experiment not performed.
a% of long term survivors post-tumor challenge (approx 150 d) AB12 more aggressive than AB12.
bIm route demonstrated better CTL response than in.
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Fig. 2. Structure of PLGA. Ratio of lactide to glycolide is x:y.

Stronger CTL responses could be elicited by delivery of plasmid encoding VSV antigen
in PLGA microparticles subcutaneous and intraperitoneal (ip) when compared with naked
DNA vaccinations (50). Phase 1 clinical trials using this delivery system for treatment of
anal dysplasia showed 83% of patients demonstrated immune response to the antigen
encoded in plasmid (HPV-16 E7) and continued to demonstrate a response 6 mo later (51).
Furthermore, a phase 1 clinical trial for cervical intraepithelial neoplasia demonstrated no
adverse side effects, with 73% of patients exhibiting with specific immune responses along
with 33% of patients exhibiting complete histologic responses (52). In addition, Chen et al.
demonstrated that oral immunization with plasmid DNA could elicit protective immunity
using a rotavirus challenge model when encapsulated into PLGA microparticles (53).

Although these studies show the potential of PLGA for genetic vaccine delivery,
acidic degradation products can build up internally in the microparticle structure. The
low pH environment has been shown to stabilize some drugs (54), but it can seriously
damage the integrity of supercoiled plasmid. Plasmid released from the initial burst
phase remains relatively intact, but it was demonstrated plasmid released at a later time
was transcriptionally inactive (49). Further analysis has revealed that particles undergo
a drop in pH to less than 3.5 after only 3 d of incubation in saline (55).

Addition of agents to increase immunogenicity of PLGA microparticles, such as
lypophilic additives (taurocholic acid [TA] and polyethylene glycol-distearoylphos-
phatidylethanolamine [PEG-DSPE]) substantially increases antibody response and CTL
induction. More importantly for this review, these formulations were able to demonstrate
protective immune responses against intravenous (iv) tumor challenge as measured by the
number of pulmonary metastases (56). The mechanism behind the immunogenicity of the
lipophilic additive used in these formulations is unknown, but it may have been involved
in membrane disruption, or protecting the plasmid DNA from the acidic microclimate of
PLGA microparticles.

The microparticle formulation process itself can cause substantial damage to encap-
sulated material through sheer stress associated with sonication and homogenization,
organic/aqueous interfaces which can denature proteins, and freeze drying. Ando et al.
demonstrated a “cryo” technique for fabrication of plasmid microparticles which virtu-
ally eliminated these effects by freezing the internal aqueous phase, thereby eliminat-
ing sheer stress (57). Also stabilization agents, such as sugars can be added to the
plasmid to eliminate most degradation observed in freeze drying.

3.3.2. CATIONIC MICROPARTICLES AND NANOPARTICLES

To completely avoid processing of plasmid DNA during the encapsulation process,
Singh et al. devised a method to fabricate cationic microparticles that could be used to
bind polyanionic plasmid DNA. Addition of the cationic surfactant cetyltrimethyl-
ammonium bromide (CTAB) (see Fig. 4) produced a positively charged surface in
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contrast to conventional negatively charged particles from the use of surfactants such as
polyvinyl alcohol (PVA). Through an unknown mechanism (which may involve direct
uptake of plasmid coated microparticles by DCs or disruption of the phagosomal mem-
brane by CTAB) these cationic microparticles were capable of eliciting humoral
responses 250× greater than naked DNA and substantially higher CTL response in a
HIV p55 gag model using a relatively small dose of DNA (1 g intramuscular) (58).
More recently, these microparticles have been shown to transfect primary DCs, albeit
to a low extent (59), and these particles could be found in draining lymph nodes 3 h
after intramuscular injection (60). O’Hagan et al. demonstrated use of these particles
for delivery of a polyvalent p55 gag/gp120/gp140 env genetic vaccine (61). Although
naked DNA worked best in this study at the higher dosages, the effect was almost com-
pletely diminished upon injection of lower doses DNA. Conversely, the particles with
surface adsorbed plasmid maintained high levels of Ab and CTL response with 1000×
less plasmid DNA (61).

Application of this efficient genetic vaccine delivery system to a TAA was first
directed toward carcinoembryonic antigen (CEA) by Luo et al. (62).Vaccination with
this formulation inhibited the growth of injected colon adenocarcinoma expressing the
CEA antigen in a population of vaccinated mice (62). Addition of boosting regimens
with naked DNA im encoding granulocyte-macrophage colony-stimulating factor (GM-
CSF) (as will be discussed later in this review), resulted in an increased number of
responders and further inhibition of growth in the non responding mice (62).

One extremely simple method for creating cationic nanoparticles using a hot cetyl
alcohol-polysorbate 80 wax/aqueous emulsion formed by adding cationic surfactant was

Fig. 3. PLGA microparticles prepared by the double emulsion/solvent evaporation technique. Body
is ×1000 and inset is ×5000 magnification.
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recently described (63). Subsequent cooling produces cationic microparticles approxi-
mately 100 nm in diameter. This method has several advantages including simplicity, uni-
formity of size, cationic surfaces capable of binding plasmid DNA, and elimination of
toxic organic solvents. These plasmid coated nanoparticles elicit immune induction by a
variety of routes, all resulting in high antibody and Th1 cell mediated responses (64–67).

3.3.3. DNA ENCAPSULATED IN PH SENSITIVE POLYMER MICROPARTICLES

Recently, Wang et al. demonstrated the use of biodegradable and biocompatible,
polyortho esters (POE) (see Fig. 5) for microparticulate genetic vaccines. Unlike bulk
degradation of PLGA, POE degrades by erosion of the surface, allowing acidic byprod-
ucts to diffuse away rather than building up inside the polymer matrix. Particularly
interesting is the ability of these polymers to degrade more rapidly at endosomal
(acidic) pH than at physiologic pH. One of these polymers led to higher levels of
secreted antibody and greater CD8+ T-cell responses than PLGA microparticle deliv-
ery. In addition, mice vaccinated with the POE formulations demonstrated inhibited
growth of tumor cells expressing a class I restricted epitope. The difference in immuno-
genicity of the formulations was attributed to the ability of the microparticles to release
plasmid in a time frame that corresponds to the induction of immune response by pro-
cessing and presentation of peptide on the surface of activated DCs (68).

We have recently demonstrated the use of a pH sensitive, degradable poly - amino
ester (PBAE) (see Fig. 6) along with low molecular weight PLGA in a hybrid micro-
particle DNA vaccine delivery system (148,149). This PBAE has been previously
described as capable of binding plasmid DNA and is amenable to microsphere fabrica-
tion (69,70). It has a pH sensitive solubility in the range of phagosomal acidification,
making it particularly suitable for delivery to DCs. Also, the tertiary amines in the PBAE
acts as a weak base, which can partially neutralize the acidic microclimate of PLGA and
possibly mediate phagosomal disruption through a proton-sponge mechanism (71).
Formulations resulting from the mixture of PBAE and PLGA have exhibited enhanced
delivery of plasmid DNA for expression by APCs when compared with PLGA alone and
have an interesting ability to mediate the strong costimulatory up-regulation of primary
DCs in vitro. In a model weak antigen system, we demonstrated that mice vaccinated
with these PBAE microparticle formulations were able to demonstrate antigen specific
rejection of subcutaneous (sc) lethal tumor challenge (148). Initial evidence suggests
that the response observed was most likely a polyclonal CD8+ response, but the possibil-
ity of CD4+ T-cell help cannot be ruled out. The mechanism behind the particles’ inher-
ent ability to activate primary DCs is unknown and currently under investigation.

4. ENHANCING THE IMMUNOGENICITY OF GENETIC VACCINES

4.1. Adjuvants and Costimulation
Numerous attempts have been made to increase the potency of nonviral genetic

vaccines through genetic modifications, targeting strategies, and boosting regimens, to

Fig. 4. The structure of the cationic surfactant, CTAB.
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name just a few. Adjuvants are defined as anything added to a vaccine that increases the
immune response in terms of magnitude, duration, or time of onset (72). By this defini-
tion even micro-injury during inoculation with vaccine formulations (73–75) or the
haplotype of an individual (76) can be conceivably called an adjuvant. As it relates to
DCs, adjuvancy can be more tightly defined as anything that induces progression toward
an optimal level of signal 1 (antigen presentation enhancements such as in delivery sys-
tems) and signal 2 (such as costimulatory molecule and cytokine up-regulations by
using “immunostimulatory adjuvants”). Enhancing the presentation to signal 1 seems
fairly straightforward by increasing expression of the antigen in the proper cell type.
However, methods for enhancing the optimal presentation of signal 2 remain unclear,
in part because of  the complex dialogue between lymphocytes.

It is clear, however, that signal 2 requires the up-regulation of costimulatory mole-
cules and the secretion of Th1 and Th2 cytokines. What causes this reaction to a stim-
ulus is not fully understood. One theory states that the immune system is finely tuned
to react to “danger signals” (77). These signals distinguish between when to mount an
attack, in the case of an invading pathogen, and when to suppress immune rejection, in
the case of regularly surveyed “self/nondangerous” antigens. The current dogma is that
the immune system induces tolerance to some antigens in certain circumstances (e.g.,
without signal 2 or in the presence of some other signal), and that tumor cells may have
the ability to down-regulate this signal (9). Attempts to modulate the immunostimula-
tory properties of genetic vaccines have resulted in incremental increases in vaccine
potency and understanding of the immune system.

4.2. Traditional and Genetic “Adjuvants”
Perhaps the most straightforward way to facilitate T-cell stimulation during DNA

vaccination is to deliver genes encoding for the known costimulatory and secreted
cytokine signals. The numerous types and variations of these signals are too many to
discuss here, but are reviewed thoroughly elsewhere (78). Examples of secreted

Fig. 5. The structure of the poly (ortho ester) used by Wang et al. (147). R or R is shown below the
polymer chain.
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cytokines signals are the Th1 cytokines such as IL-2, and IL-12, Th2 cytokines such as
IL-4 and IL-10, and the seemingly nonpolarized GM-CSF, the most commonly used
genetic adjuvant. The timing and administration with respect to antigen plasmid admin-
istration can significantly affect the outcome of a genetic cytokine vaccination. Also,
combinations of two or more of these cytokine signals can have a more pronounced
effect than either of the two alone. There are indications that modifications can be
made to certain known immunostimulatory cytokines which can alter their systemic
toxicity profile while still retaining their antitumor effects (79). Genes encoding for the
T-cell activating costimulatory molecules such as B7.1 and B7.2 are promising candi-
dates for increasing potency, but results have been conflicting (78,80).

Some fusion partners have an inherent immunogenicity to which they can impart upon
an antigen. Examples of this are tetanus toxoid (81), plant viral proteins (82), and HSP70
(83).  Addition of these fusion constructs is associated with large increases in potency.
Mechanisms of this increased immunogenicity are thought to involve induction of helper
T-cell responses through processing of the fusion proteins by the MHC class II pathway.

A range of traditional adjuvants have also been explored by coadministration with
the genetic vaccine formulation. As previously discussed, the delivery systems them-
selves can have adjuvant properties. Even the gold beads used in gene gun immuni-
zation have adjuvant properties. A recent study has shown gold beads in tandem with in
vivo electroporation led to an increase in observed immune responses (84). Importantly,
this did not enhance gene expression, but may have acted as a recruiting factor for DCs
(84). Other examples include alum (aluminum salts) and Freund’s oil-in-water adjuvant
(a powerful, yet toxic adjuvant containing mycobacterial materials). It is doubtful that
the latter will ever be used in humans despite the fact that modifications have been
made to decrease toxicity of this system.  A cationic emulsion, called MF59, has been
used to adsorb and increase the persistence of plasmid DNA encoding HIV p55 gag at
the injection site, which resulted in increased serum IgG titers when compared with
naked plasmid in mice and rabbits (85).

4.3. Targeting Genetic Vaccines
There are three primary ways to target an antigen to a particular cell or organ: (1)

targeting the delivery system for uptake by a specific cell, (2) linking the antigen to a
targeting ligand, or (3) using DNA that is transcriptionally regulated to only become
active in the target cell. For a specific cell type, modifications can be made to the anti-
gen to direct it to different pathways of antigen processing and presentation.

4.3.1. TARGETING UPTAKE

There are a variety of surface receptors that are potential targets for APC specific
DNA or post-transcriptional antigen delivery. Fc receptors are thought to bind immune
complexes and facilitate the opsonization of particulates. This binding activates DCs

Fig. 6. The structure of the PBAE used in hybrid microparticles described above.



by up-regulation of costimulatory molecules (86). CTLA-4 is another ligand that has
been used to target DCs, and is thought to bind B7.1/B7.2 at a high affinity. Some
chemokines act through binding to DC cell surface receptors and can be employed as
well. Certain proteins such as CD36 and 5 integrins are involved with receptor
mediated phagocytosis (87) and others such as DEC205 (or the human homolog LY75)
and DC-SIGN, which are DC markers mediate receptor mediated endocytosis (88).
All of these are potential targets for use in directing DNA or antigen specifically to
APCs (Table 2). A good example is the addition of mannose or mannan to a delivery
system to target the mannose receptor on the DC surface. Targeting this receptor has
led to 2-fold increase in phagocytosis of particle formulations by APC in vitro (89)
and has also been used to increase transfection of cultured DCs (90). The addition of
mannan to the surface has also been associated with an increase in antibody and cell
mediated immune responses in vivo (65).

4.3.2. INTRACELLULAR TARGETING

Targeting of antigen to different cellular compartments may influence the way that
antigen is processed and presented. Conceivably, an antigen normally processed by the
MHC class II pathway that is instead presented on the MHC class I pathway could lead
to immune responses that primarily elicit CTL activity instead of antibody secretion
(isotype switching), and possibly a more relevant therapy for cancer.

One of the most common cellular localization sequences used for targeting an anti-
gen fusion partner to the MHC class I pathway is ubiquitin. Ubiquitin marks proteins
for degradation by the proteosome into small peptides which are then transported to the
endoplasmic reticulum for loading onto MHC class I molecules. Addition of ubiquitin
to plasmid fusion constructs usually increases CTL responses at the cost of humoral
responses (91–95). However, in one study, a ubiquitin fusion construct demonstrated a
decrease in humoral response whereas CTL response remained unchanged (96). Further
examination of ubiquitin fusion constructs will be required for generalization of this
strategy. Calreticulin (CRT) is a particularly interesting candidate for cancer vaccines
because it has both MHC class I targeting capacity and antiangiogenesis properties (the
ability to inhibit blood vessel growth to the site of a tumor) (97–100). Addition of CRT
to fusion constructs has shown to exhibit notable antitumor activity when given as a
DNA vaccine for HPV-16 E7 antigen. It is believed that the antiangiogenesis properties
of CRT are involved in this observed response (101).

Targeting the MHC class II pathway may also be a logical strategy if a humoral
response is desired. This pathway can be targeted through fusion with lysosomal associ-
ated proteins such as LAMP-1 (102–104) or LIMP II (91). An antigen can also be targeted
to the cell surface (105). Another apparent mechanism for increasing MHC class II
processing is targeting antigen for secretion. This antigen could then be taken up by a DC
and associated with class II molecules in the lysosome. Interestingly, both humoral and/or
cell mediated immunity are increased by using this strategy (106,107). This phenomenon
may involve a cross-priming mechanism to allow antigen to enter the cytoplasm.

4.3.3. TRANSCRIPTIONAL TARGETING

One of the most commonly used mammalian promoters in genetic vaccines is the
cytomegalovirus promoter (pCMV). This is an extremely strong viral promoter that is
capable of mediating high levels of antigen expression in many cell types. However,
some of the expression products in a genetic vaccine, such as the immunomodulating
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cytokines discussed earlier, may generate toxicity if expression is not controlled. Also,
persisting expression of low levels of antigen after vaccination may induce tolerance to
the expressed antigen (108). Alternatively, one strategy is to use transient promoters
capable of transfecting a targeted subset of cells, such as DCs. One such DC specific
promoter is the lectin promoter, which was used with GFP plasmid to demonstrate
transfection of DCs in vivo and anti-green fluorescent protein (GFP) CTL response
(109). Another example is the mature DC specific fascin promoter, which demonstrated
a distinct Th1 response as compared with Th2 responses observed when using pCMV
(110,111). The isotype switching of responses by transcriptional targeting may prove to
be a powerful method to alter the way the immune system reacts to an antigen.

4.4. Increasing Gene Expression
DCs have proven to be a notoriously difficult cell to transfect (59,90,112–115).

Increasing transfection of these cells seems to be a logical way to increase vaccine
potency. Although some evidence suggests that greater antigen expression does not
always lead to greater immune responses (116), others have shown that increasing the
magnitude and duration of antigen expression is a viable way to increase the immuno-
genicity of genetic vaccines. Some examples of these strategies are: (1) optimization of
the plasmid construct, (2) avoiding degradation in the lysosomes, (3) increased DC
lifespan, and (4) self-replicating antigen constructs.

4.4.1. PLASMID MODIFICATIONS

One of the most straightforward ways to increase gene expression is through the addi-
tion of multiple gene expression cassettes in the same plasmid vector. Sasaki et al. used
these dual-antigen expression vectors to generate significantly higher expression than
that obtained by using 2× the amount of single expression vector cassettes. Vaccinations
with these plasmids correspondingly led to increased IL-4 and IFN- secretion by
isolated splenocytes (117). Haas et al. demonstrated that optimizing codon usage, which
can be significantly different in mammals relative to bacteria, led to increases in 
antibody and CTL responses in mice using a HIV gp120 antigen construct (118).
Another example is codon optimized plasmid encoding for a MHC class I restricted
listeria antigen, which showed increases in CTL responses and partial protection from
listerial challenge while unoptimized plasmid remained ineffective (119).
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Table 2
Some Examples of the Genetic Vaccine Targeting Strategiesa

Ligand Target Ref.

IgG FC Fragment DC FC receptor (141)

CTLA-4 DC B7.1 & B7.2 (142–144)
L-selectin Endothelial CD34 (lymph node) (142,143)
RANTES chemokine DC chemokine receptor (145)
IP-10 chemokine DC chemokine receptor (146)
MCP-3 chemokine DC chemokine receptor (146)
Mannose/Mannan DC MR (65,90)
DEC205 mAb DC receptor mediated endocytosis (150)
CD36/ 5 integrin Ligands DC receptor mediated phagocytosis ND

aND=These targets, to our knowledge, have not been investigated in genetic vaccine formulations.



4.4.2. AVOIDING LYSOSOMAL DEGRADATION OF PLASMID

Other attempts to increase gene expression are aimed at avoiding lysosomal degra-
dation of the plasmid DNA. Trehalose 6,6 -dimycolate (TDM) has been shown to cause
inhibition of fusion between the lysosome and phagosome (120) and this inhibition
may allow more time for the transfer of DNA from phagosomal compartments to cyto-
plasm of APCs before lysosomal degradation. Inclusion of TDM in PLGA micropar-
ticle vaccine formulations induces stronger resistance to mycobacterium tuberculosis in
mice (121). Other strategies attempt to avoid the lysosomal pathway altogether by
adding mechanisms for traversing the plasma membrane (122). Using a plasmid encod-
ing either the protein transduction domains for HSV-1 (VP-22) (123), or Pseudomonas
aeruginosa exotoxin A (ETA(dll)) (124), fused with HPV type 16 E7 antigen, Hung et al.
observed a 50× increase in the amount of responding CD8+ T-cells along with the
increased ability of vaccinated mice to react to E7 expressing tumors.

4.4.3. DENDRITIC CELL LIFE SPAN

Increasing the lifetime of an antigen expressing DCs in vivo is yet another strategy
to increase the immune presentation. Kim et al. investigated the effect of including a
plasmid encoding antiapoptotic proteins such as Bcl-xL (125) and serine protease
inhibitor 6 (SPI-6) (126) to antigen fusion constructs with MHC class II targeting sig-
nals. These antiapoptotic proteins increased avidity of T-cells and elicited stronger
tumor protection. Interestingly, covaccination with genes such as Fas (127) and cas-
pases 2 or 3 (128) (apoptotic proteins) can also increase the potency of genetic vaccine
formulations. While the exact mechanism of immune stimulation is unclear, it is possi-
ble that cross presentation of antigen from the apoptotic cells to a DCs may serve as an
appropriate “danger” signal.

4.4.4. REPLICONS

Self-replicating RNA antigen constructs, or replicons, are based on alpha viruses such
as the Venezuelan equine encephalitis virus, Sindbis Virus, and Semliki Forest Virus.
Plasmid replicons contain the information for the transcription of a positive strand of
RNA, which in turn encodes for both a 5 replicase complex, and a negative strand of
antigen encoding RNA (see Fig. 7). These vectors do not produce viral structural pro-
teins, leaving no possibility for recombinant events. This is accomplished by replacing
the viral gene for the structural proteins with a heterologous gene. Replicons have also
been called “suicide vectors” because the presence of large quantities of dsRNA is
thought to induce apoptosis shortly after transfection. Because of the infection process
occurring in the cytoplasm, there is little possibility of chromosomal integration. 

It should be noted that by using a defective helper gene encoding structural proteins,
an infection competent, but replication incompetent, viral particle can be produced.
These particles can target DCs (129,130) and have higher gene transfection efficiency
than replicon plasmids alone. However, there is a small probability that recombination
events could occur, leading to infectious particles. The reader is directed to a recent
review on alphaviral vectors for more detail on this topic (131).

Replicons have proven to be powerful enhancements to DNA vaccination, and are
capable of eliciting antibody and tumor protective responses at up to 1000 times lower
titers than conventional naked DNA vaccines in a -gal expressing tumor model (132).
Vaccination with replicons has also induced protective immunity to melanoma challenge
in a TRP-1 expression system, unlike conventional DNA vaccines (133). Although it is
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logical to infer that increased antigen expression is the reason for this enhancement, it is
widely accepted that is rather results from the presence of dsRNA. The formation of
dsRNA can activate antiviral apoptosis pathways, which subsequently lead to cross-
priming of antigen in the presence of a danger signal (133).

5. TOMORROW’S GENETIC VACCINES

The efficiency of nonviral gene delivery is still far below that of viral vectors.
However, research in the field has come a long way toward identifying key mechanisms
responsible for optimizing immune response. For example, the use of protein transduc-
tion domains and alphaviral replicons has allowed fundamental viral mechanisms to be
incorporated into completely synthetic delivery systems. There is no reason to doubt
that further understanding of viral gene delivery mechanisms will inspire synthetic ver-
sions of these functionalities which will serve the same purpose, and someday allow for
completely synthetic, yet fully potent, gene delivery with minimal safety concerns.

This “ideal” genetic vaccine formulation has already been described as having the
following properties: (1) low dose/frequency, (2) low cost, (3) effective immune
response, (4) high reproducibility, (5) pharmaceutical acceptability, and (6) a high
safety profile (134). However, “effective immune response,” by definition, requires a
strong elicitation of the immune system, a process which is currently believed to be
intimately tied to “danger signals” (77).  It is reasonable then to question whether effec-
tive genetic vaccines will have this “high safety profile” until our limited understanding

Fig. 7. Self-replicating plasmid replicons.



of adjuvancy is substantially increased. One indication of this challenge is apparent in
FDA clinical trials for conventional adjuvants. With approx 80 yr having passed since
the first usage of alum in humans, there are still no additional FDA approved adjuvants.
This could be the result of crude “adjuvancy” and low toxicity being mutually exclu-
sive traits. In the short term, mastering the intricate balance between these two proper-
ties is the key to the first FDA approved genetic vaccine formulation. Until we are able
to reconcile the apparent incompatibility between toxicity and immunogenicity, the
most potent vaccines may be reserved only for extreme circumstances, such as termi-
nally malignant cancer or severe pathogenic outbreaks.
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Summary
Angiogenesis and lymphangiogenesis play an important role in several normal and pathological

conditions such as wound healing, reproduction, inflammation, and cancer growth and metastasis. A
tight regulation between angiogenic/lymphangiogenic growth factors and inhibitors determines the
balance between a progrowth or inhibitory phenotype. Hence, inhibition of angiogenesis/lymphan-
giogenesis using gene therapy is a potentially important strategy to inhibit the growth of primary
tumors and to inhibit their metastatic spread.

This chapter reviews the more recent data available in the field of angiogenesis/lymphangio-
genesis. The focus of the chapter is on using gene therapy to achieve sustained physiological
levels of antiangiogenic inhibitors with minimal systemic toxicity as well as ways to achieve tumor
targeted antiangiogenic gene therapy.

Key Words: Angiogenesis; lymphangiogenesis; tumor targeting; targeted gene therapy; anti-
angiogenic inhibitors; VEGF; nanoparticles.

1. INTRODUCTION

Angiogenesis is a fundamental biological process involved in reproduction and
wound healing. Under these conditions, neovascularization is tightly regulated.
However, unregulated angiogenesis is thought to be indispensable for cancer growth
and metastasis (1). The process is composed of two main phases, an activation phase
and a resolution phase (2). The phase of activation encompasses increased vascular per-
meability, extravascular fibrin deposition, vessel wall disassembly, basement membrane
degradation, cell migration, extracellular matrix invasion, endothelial cell (EC) prolif-
eration, and capillary lumen formation. The phase of resolution includes inhibition of
EC proliferation, cessation of cell migration, basement membrane reconstitution,
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junctional complex maturation, and vessel wall assembly, including recruitment and
differentiation of smooth muscle cells and pericytes. Implicit in the definition of the
resolution phase is the establishment of blood flow within the newly formed vessel.

Within a given microenvironment, the angiogenic response is determined by a net
balance between pro- and antiangiogenic regulators released from activated ECs, mono-
cytes, smooth muscle cells, and platelets (3). The principal growth factors driving
angiogenesis are vascular endothelial growth factor (VEGF), basic fibroblast growth
factor (bFGF), angiopoietin-1 (Ang-1), platelet-derived growth factor (PDGF),
angiotropin, angiogenin, epidermal growth factor (EGF), and interleukins (ILs) (-1, -6,
and -8), matrix proteins such as collagen, and the integrins (4). The proteolytic enzymes
critical to angiogenesis and tumor spread include cathepsin, urokinase-type plasmino-
gen activator (uPAR), gelatinases A/B, and stromelysin (5). The angiogenic inhibitors
include naturally occurring inhibitors such as endostatin, thrombospondin (TSP), angio-
statin, inhibitors of EC growth (TNP-470, thalidomide, IL-12 etc), inhibitors of proan-
giogenic molecules (antibodies, antisense RNA and soluble receptors for FGF, VEGF),
agents that interfere with basement membrane and extracellular matrix, tissue inhibitors
of metalloproteinases, antibodies to adhesion molecules ( V 3), and small inhibitors
of receptor tyrosine kinases. Tumor necrosis factor- (TNF- ), transforming growth
factor- (TGF- ), and IL-4 are bifunctional modulators. These molecules are either
stimulators or inhibitors depending on the amount, the site, the microenvironment, and
the presence of other cytokines.

The growth of lymphatic vessels is called lymphangiogenesis and also plays an
important role in several normal and pathological conditions such as wound heal-
ing, inflammation, and cancer metastasis (6). The development of lymphatic sys-
tem may consist of two mechanisms—venous origin of the lymphatic vessels and
de novo formation of primary lymph sacs in the mesenchyme (7). Insufficient lym-
phangiogenesis causes incapacitating lymphedema, whereas lymphatic growth
around tumors may facilitate metastatic spread of malignant cells that ultimately
kill the patient (8). Although, the lymphatic vessels are composed of ECs, they lack
supporting pericytes which are present in blood vessels (9,10). The key lymphatic
growth factors are VEGF-C, VEGF-D, and their receptor VEGFR3 (7). Although
the two processes share some common similarities there are major differences as
shown in Fig. 1.

The present chapter reviews the recent literature on antiangiogenesis and lymphan-
giogenesis. The inhibition of molecular targets specific for these two processes has
been discussed. The chapter focuses on preclinical tumor targeted gene therapy to
inhibit angiogenesis and lymphangiogenesis. Finally, it addresses the need for in depth
research required to take especially antiangiogenic gene therapy to clinic. 

2. ANGIOGENESIS/LYMPHANGIOGENESIS

2.1. Requirement for Tumor Growth and Metastasis
It is a well accepted fact that a tumor growth is angiogenesis dependent, with more

than 2500 scientific reports showing angiogenesis linked to tumor growth (11,12).
Angiogenic switch occurs during the precancerous stage, thus angiogenesis might be
important in tumor initiation (13,14). The degree of vascularization of the primary
tumor correlates directly with presence of bone marrow micrometastases at diagnosis
in breast cancer patients (15). Intratumoral vascularization has a prognostic value for
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cancers of the breast, colon, cervix, lung, and melanoma, as well as others (13). The
recent data has shown that not only solid tumors but hematopoietic malignancies as
well are also dependent on angiogenesis (16,17). Bone marrow angiogenesis has been
seen in acute lymphoblastic leukemia and multiple myeloma and hence antiangiogenic
therapy can prove beneficial in treating these malignancies (18–20).

The first systematic description of the lymphatic system was carried out in 1627
and metastatic spread of breast cancer through lymphatic vessels in 1977 (21,22).
Although the physiological importance of the lymphatic system has been recognized
for a long time, the knowledge about its involvement in the metastatic cascade has
been hampered by major interests surrounding the formation of tumor-associated
blood vessels. Clinical and pathological evidence now confirms that the metastatic
spread of tumors via lymphatic vessels to local/regional lymph nodes is an early event
in metastatic disease for many human solid tumors. The recent understanding about
lymphangiogenesis has come from our knowledge of VEGF-C, VEGF-D, and their
receptor VEGFR3. The lymphatic growth factors play a central role in generating new
lymphatic vessels in and around the primary tumor and is responsible for lymphatic
metastasis (23). Several reports have shown expression of VEGF-C and -D in multiple
human malignancies such as gastric, colon, breast, lung, and malignant melanoma
(7,24–28). Metastasis of breast cancer occurs primarily through the lymphatic system,
and the extent of lymph node involvement is a key prognostic factor for the disease,
determining further therapy (29). The recent studies have extended the similar find-
ings to many other tumor types (7).

2.2. Molecular Regulators
Several published reports have reviewed molecules involved mainly in angiogenesis

and to a lesser extent in lymphangiogenesis (30–33). The following section describes
important regulators in both the processes.
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Fig. 1. Angiogenesis and Lymphangiogenesis. The flowchart depicts the major differences between
angiogenesis and lymphangiogenesis (8).



2.2.1. THE VEGF FAMILY AND VEGF RECEPTORS

The VEGF family currently consist of six known factors: VEGF-A, VEGF-B, VEGF-C,
VEGF-D, VEGF-E, and placenta growth factor, with homology to platelet derived growth
factor (34). The most important single angiogenic growth factor, VEGF (VEGF-A) induces
angiogenesis through binding to its relevant receptors, VEGFR1 and VEGFR2 that are
mainly expressed in ECs. It is the most extensively studied growth factor, with a variety
of EC specific effects, such as induction of EC proliferation, extracellular matrix degrada-
tion, migration, and tube formation (35). VEGF seems to modulate 46 different signaling
molecules (34,36). VEGF-C and VEGF-D are predominantly lymphangiogenic factors;
however, they have been shown to promote angiogenesis (8,37). The biological effects of
VEGF-C and -D are mediated mainly through VEGFR3 (38–40).

VEGF-D can induce both tumor angiogenesis and lymphangiogenesis, whereas
VEGF induces tumor angiogenesis but not lymphangiogenesis. Importantly, VEGF-D
promotes lymphatic spread of tumors whereas VEGF does not (41). In VEGF-C–/–

mice, endothelial ECs commit to the lymphatic lineage but do not sprout to form lymph
vessels and results into prenatal death (42). Recent work in animal models showed that
the incidence of metastasis is increased in tumors expressing VEGF-C and VEGF-D
(25,41). Furthermore, tumor derived expression of VEGF-C and VEGF-D may indi-
cate, lymphatic invasion, lymph node metastasis, poor survival and is a predictor of
poor outcome (7,25). Expression of VEGF-C, VEGF-D, and VEGFR3 show differ-
ences in expression pattern at different stages of cervical cancer (43). VEGFR3 is
related to the VEGF receptors, but does not bind VEGF and its expression becomes
restricted mainly to lymphatic endothelia during development.

2.2.2. BASIC FIBROBLAST GROWTH FACTOR

Basic fibroblast growth factor (bFGF) was one of the first angiogenic factors to be
characterized and since then has been studied extensively. It induces tube formation in
collagen gels, modulates integrin expression and gap junction intercellular communica-
tion, and it upregulates VEGF, VEGFR2, and uPAR in vitro (44). bFGF stimulates both
lymphangiogenesis and angiogenesis in a mouse corneal lymphangiogenesis model and
up-regulats VEGF-C expression in vascular endothelial and perivascular cells (45). It is
one of the most potent angiogenic factors and high serum levels upon diagnosis are
associated with poor outcomes for cases of lung cancer (46).

2.2.3. TIE/ANGIOPOIETIN (ANG) SYSTEM

Together with VEGF and bFGF, the Angs constitute an important regulatory system
for the development and maintenance of functional blood and lymphatic vessels. The
important members of this family include Ang-1 and Ang-2, which both bind solely to
the Tie-2 receptor and control blood vessel stabilization signals (47,48). VEGF and Ang-1
appear to work in complementary fashion during early vascular development, with
VEGF initiating vascular formation and Ang-1 promoting subsequent vascular remodel-
ing, maturation, and stabilization, perhaps in part by supporting interactions between
ECs and surrounding support cells and matrix (49–51). Ang-2 seems to be required for
the proper development of the lymphatic vessels. Mice lacking Ang-2 exhibit profound
defects in the patterning and function of the lymphatic vasculature (52).

2.2.4. MATRIX METALLOPROTEINASES

Matrix metalloproteinases (MMPs) are a family of extracellular and membrane-
associated endopeptidases, collectively digest almost all extracellular matrix and
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basement membrane components, and thus play an important role in tumor progression
(44,53). MMPs promote tumor angiogenesis by mobilizing or activating proangiogenic
factors, such as bFGF, VEGF, and TGF- (54). Indeed, recent studies have revealed
that MMPs are important during the early stages of tumor development, before meta-
stasis occurs (54). The most important proteases are MMP -2 and -9, considered as a
marker for tumor invasion and metastasis and recurrence of the disease (55,56). By
cleavage of the proapoptotic FAS ligand, MMP-7 allows tumor cells to become resis-
tant to apoptosis signals (57).

2.2.5. INTEGRINS

The important category of cell surface receptors which shows regulated expression
on vasculature in the normal tissues but enhanced expression on the tumor endothelium
are integrins (58,59). Endothelial cells have been shown to express at least 13 different
integrins—depending on their state of development, differentiation, and function—and
are required for embryonic vascular development and postnatal angiogenesis (60).
Integrin expression on the surface of activated ECs regulate distinct biologic events
such as cell migration, proliferation, and differentiation during angiogenesis (61). One
widely studied integrin, V 3, is a receptor for extracellular matrix harboring a tripep-
tide (RGD) sequence, including vitronectin, fibronectin, and fibrinogen (62). Vascular
expression of integrin V 3 in tumor vascular “hot spots” was found to be the most
significant prognostic factor predictive of relapse-free survival in both node-negative
and node-positive breast cancer patients (63). However, the most recent reports shows
that V 3 may have both positive and negative functions (60,64).
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Fig. 2. Therapeutic Approaches: Antiangiogenesis/Antilymphangiogenesis. The flowchart shows
some of the therapeutic approaches to inhibit angiogenesis and lymphangiogenesis. 



2.2.6. HYPOXIA

The hypoxic environment in solid tumors results from oxygen consumption by rapid
proliferation of tumor cells. Hypoxia has been shown to facilitate the survival of tumor
cells and to be a cause of malignant transformation thus playing a critical role in tumor
biology (65). It inhibits TNF-related apoptosis-inducing ligand (TRAIL) -induced
apoptosis by blocking Bax translocation to the mitochondria (65). Intratumoral hypoxia
has been shown to be a prognostic parameter in variety of human cancers (66). In
hypoxic tissue the hypoxia inducible factor-1 (HIF-1) has been proven to play a central
role in inducing the transcription of genes that are involved in angiogenesis, including
VEGF (67). Activation of HIF-1 in combination with activated signaling pathways is
implicated in tumor progression and prognosis (68). Increased levels of HIF-1 are
potentially associated with more aggressive breast cancer and treatment failure and/or
patient mortality in oropharyngeal squamous cell cancer (69–71).

2.2.7. OTHER PLAYERS

Other factors that seem to be involved in lymphangiogenesis include the, Prox1,
T1 /podoplanin, neuropilin-2, and integrin 9 1 (7). Prox1 a homeobox gene is a
specific and required regulator of the development of the lymphatic system and lym-
phatic programming (72,73). Prox1-deficient mice are devoid of lymphatic vasculature,
and in these animals ECs fail to acquire the lymphatic phenotype; instead, they remain
as blood vascular endothelium (72).

Podoplanin/T1 , a membrane mucoprotein, is predominantly expressed by lym-
phatic endothelium, and recent studies have shown that it is regulated by Prox1 gene
(73). Podoplanin(–/–) mice have defects in lymphatic system, but not blood vessel
pattern formation. Inhibition of podoplanin expression can decrease lymphatic
endothelial cell (LEC) adhesion in cell culture (74). Neuropilin-2 (NRP-2) acts as a
coreceptor for VEGF-C with VEGFR-3 (75). It is particularly required for the formation
of small lymphatics (76). The 9 1 integrin is required for the normal development of
the lymphatic system (77).

2.3. A Crosstalk Between Different Modulators
There are certain molecules seem to play multiple roles. A crosstalk between the

various modulators of angiogenesis and lymphangiogenesis has been described
recently (78). VEGF a key player in the induction of angiogenesis, also induces a
strong lymphangiogenic response (79). The lymphatics generated by VEGF are
giant and structurally and functionally abnormal. VEGF-C may cooperate with
VEGF in regulating embryonic vascular development and can activate VEGFR-2.
VEGF-C signaling through VEGFR-2 works synergistically with VEGF, the bind-
ing of VEGF-C to VEGFR-3 consequently regulates VEGFR-2 signaling (80). Also,
it may compensate for the loss of VEGF in VEGF deficient mice. Under certain
experimental conditions, VEGF-C promotes angiogenesis (37). Targeted inactiva-
tion of VEGFR-3 results in defective blood vessel development in early mouse
embryos (81). Further, the inactivation of VEGFR-3 by a MAb suppresses tumor
growth by inhibiting the neoangiogenesis through the disruption of endothelial lin-
ing (82). The biologic effects of VEGF-D are tissue-specific and dependent on the
abundance of blood vessels and lymphatics expressing the receptors for VEGF-D
in a given tissue; however, it is capable of inducing EC proliferation, angiogenesis,
and lymphangiogenesis (83).
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3. GENE THERAPY:
ANTIANGIOGENESIS/ANTILYMPHANGIOGENESIS

Considering the importance of angiogenesis/lymphangiogenesis in various human
malignancies, therapeutic approaches targeting the tumor endothelium may provide long-
term effective control of the disease. Antiangiogenic therapy has potential advantages
over traditional modes of cancer treatment: (1) it is less toxic than conventional
chemotherapy, (2) there is less development of resistance, and (3) it controls tumor growth
independently of growth fraction or tumor cell type (84). The following section summa-
rizes antiangiogenic/lymphangiogenic inhibitors for gene therapy. The later section
focuses on targeted gene therapy to tumor vasculature to combat any systemic toxicity.

3.1. Why Gene Therapy?
Gene therapy using nonviral/viral vectors offers an approach to the long-term delivery

of therapeutic proteins to maintain physiological circulating levels of antiangiogenic
inhibitors. The different nonviral vectors available are naked DNA/peptides, antibodies,
antisense RNA, siRNA, liposomes, and nanoparticles. The major viruses used in the field
are selected depending on requirements such as transduction efficiency, level of transgene
expression, level of integration, and target cell type. Examples of these viral vectors
include adenoviruses (Ad), retroviruses, adeno-associated viruses (AAV), lentiviruses,
herpes simplex-1 viruses (HSV) and a new category of bacteriophages (85,86). Viral
vectors can be produced in high titer and they can efficiently infect a variety of replicating
or nonreplicating cells to yield high-level expression of exogenous proteins. However,
viral vectors can be associated with serious and sometimes life threatening health risks
including potentially severe immune responses to the virus and the unintended activation
of nontarget genes predisposing the target cell to cancer or other abnormalities (87).
The following section describes the uses of different vectors and target genes for anti-
angiogenic/antilymphangiogenic gene therapy and are listed in table (Table 1).

3.2. Targets for Antiangiogenic/Antilymphangiogenic Gene Therapy
3.2.1. INHIBITION OF PROANGIOGENIC/LYMPHANGIOGENIC GROWTH FACTORS

3.2.1.1. VEGF and VEGFR-1/-2. It is well-known that vascular endothelial growth
factor with its receptor plays an important role in tumor-induced angiogenesis and has
emerged as a critical target for antiangiogenic therapy (88). Inhibition of VEGF or its
signaling pathway has been shown to suppress tumor angiogenesis and tumor growth.
An adenovirus containing antisense VEGF cDNA was shown to down-regulate VEGF
expression and significantly inhibit the growth of established experimental breast
tumors (89). Recently, the Food and Drug Administration (FDA) approved Avastin
(bevacizumab), a humanized MAb, as a first-line treatment for patients with metastatic
colorectal cancer.

Simultaneously targeting VEGF production with antisense oligonucleotide and
VEGF receptor signaling with receptor tyrosine kinase inhibitors enhances the anticancer
efficacy of either therapy alone (90). Some focus has been given to the preclinical gene
therapy with soluble truncated forms of VEGFR-2 (sVEGFR-2). This molecule func-
tions in two ways: by sequestering VEGF and, in a dominant-negative fashion, by forming
inactive heterodimers with membrane-spanning VEGFRs (91,92). Recently, murine
fibrosarcoma and melanoma cells transduced with a retrovirus expressing sVEGFR-2,
showed tumor growth reduction by inhibition of angiogenesis; however, it did not show
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Table 1
Gene Therapy for Angiogenesis/Lymphangiogenesis

Vector
Inhibitor (Nonviral/viral) Findings Ref.

Inhibition of growth factors and receptors

Antisense VEGF Adenovirus Tumor growth inhibition (89)
Anti VEGF-D – Reduction in vessels, (41)

antibody inhibition of tumor growth
Antisense – EC growth inhibition and (90)

VEGF+VEGFR tumor delay
tyrosine kinase

sVEGFR-2 and Adenovirus/Retrovirus Reduction in MVD, delay in (93–95)
VEGFR-1 tumor growth, tumor reduction,

inhibition of lymph node 
metastasis, increase in survival

sVEGFR-3 Adenovirus Inhibits fetal (97,98)
lymphangiogenesis, induces 
regression of already formed 
lymphatic vessels with no 
effect on blood vasculature,
suppression of tumor 
lymphangiogenesis

sTie2 receptor Adenovirus Inhibited both the growth of well (103)
established primary tumors and 
vascularization and growth of 
established and spontaneous 
lung metastases

Increase in endogenous angiogenic inhibitors

Endostatin plasmid Naked plasmid/cationic Tumor reduction, suppression *(248–
DNA/ lipid of lung metastasis, increase in 250)

survival, decrease in tumor 
vessels, markedly narrowed or 
collapsed lumens

Endostatin Adenovirus/Retrovirus/ Inhibition of tumor growth, (114,115,
AAV antiproliferative activity 113,251,

towards endothelial cells and 252)
direct anticancer action against 
certain colon cancer cells

Angiostatin Adenovirus Inhibition of tumor growth and (138)
intratumoral angiogenesis with 
marked increase in apoptotic cells

Angiostatin AAV Sustained levels of circulating (139,140,
angiostatin, tumor suppression 253)
and long term survival,
diminished vessel densities and 
increased apoptosis of tumor 
cells surrounding the neovessel

Endostatin+ AAV Complete protection from (232)
Angiostatin tumor development in 

combination treatment

(Continued)
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reduction in VEGF levels compared with control (93). A recombinant adenovirus
expressing sVEGFR-2 is also effective in reducing lymphatic metastases and a decrease
in the frequency of regional metastases in transgenic mice with spontaneous prostate
tumors (94). The sVEGFR-1 could inhibit the growth of follicular thyroid carcinoma
by 70% by suppressing intratumoral angiogenesis (95). These results lend support to
the use of human sVEGFR-1 in anticancer therapy. Thus, gene therapy with soluble
VEGFR-1 and -2 seems to be a reasonable approach to inhibit angiogenesis.

3.2.1.2. VEGF-C/-D and VEGFR-3. As these are the important molecules in the
generation of lymphangiogenesis, they also represent the best targets to inhibit lymph-
angiogenesis. Recently a MAb VD1 was shown to compete with VEGF-D in binding to
both VEGFR2 and VEGFR3, indicating that the binding epitopes on VEGF-D for these
two receptors may be in close proximity (96). Subcutaneous tumors grown in severe
combined immunodeficiency (SCID) mice by injecting VEGF-D overexpressing
293EBNA cells were inhibited by VD1 antibody (41). Also, treatment with the VD1

Table 1 (Continued)

Vector
Inhibitor (Nonviral/viral) Findings Ref.

TSP-1 Liposome Inhibition of growth of tumor (254)
xenograft, induction of 
necrosis and decrease in MVD 
in tumors overexpressing TSP-1

TSP-1 Adenovirus Inhibition of growth of human (130)
leukemia xenografts caused 
by inhibition of tumor 
angiogenesis

TIMP-2 Adenovirus Inhibition of tumor growth, (137)
metastasis, angiogenesis index 
and increased survival

TIMP-2 Retrovirus Increase the accumulation of (135)
connective tissue proteins in 
tumor tissue, to inhibit growth,
and to prevent local invasion

PF-4 Adenovirus/ Downregulation of ascites (116,
Retrovirus formation, tumor growth, 144)

vascularity, and prolongation 
of animal survival, decrease in 
secreted VEGF by tumor cells

Canstatin Recombinant Suppression of tumor growth (255)
purified protein in xenograft model

Tumstatin Recombinant Decreased tumor growth, (146)
purified protein decreased numbers of CD31-

positive blood vessels and 
VEGFR2-positive circulating 
endothelial cells

The table summarizes the preclinical gene therapy data available for antiangiogenesis/lymphangioge-
nesis with major finding.

AAV: adeno-associated virus; TSP-1: thrombospondin-1; TIMP-2: tissue inhibitor of metallopro-
teinases-2, MVD: microvessel density; VEGF: vascular endothelial growth factor, VEGFR: VEGF
receptor.



antibody reduced the abundance of vessels in the tumors as assessed by immunohisto-
chemistry. Thus, it is possible that a single agent could inhibit both the receptors. There
are few reports showing inhibition of VEGFR-3 by either a soluble receptor or using a
specific antibody. A soluble form of VEGFR-3 is a potent inhibitor of VEGF-C/VEGF-D
signaling, and when expressed in the skin of transgenic mice, it inhibits fetal lymph-
angiogenesis and induces a regression of already formed lymphatic vessels, though the
blood vasculature remains normal (97). Expression of the VEGFR-3-Ig fusion protein
induces apoptosis in LECs (97). A highly metastatic human lung cancer cell line,
LNM35 expressing VEGFR-3-Ig was generated (98). Mice bearing LNM35 expressing
VEGFR-3-Ig, tumors, showed inhibition of lymphatic vessels compared with non-
expresser. Histologic analysis demonstrated that most axillary lymph nodes of mice
bearing the control LNM35 tumors were almost completely occupied by the tumor
cells, but only one lymph node had macroscopic evidence of metastasis in mice bearing
VEGFR-3-Ig-expressing tumors, indicating suppression of lymph node metastasis from
a primary tumor. Similar inhibition of lymph node metastasis has been seen in a
syngeneic mammary tumor model (99). Moreover, it is not clear whether lymphangio-
genesis alone is sufficient for lymph node metastasis, as overexpression of VEGF-C
can induce growth of lymphatic vessels, but not increase the incidence of lymph node
metastasis in poorly metastatic tumor cells (98). Karpanen et al. used adenovirus
expressing a soluble fusion protein VEGFR-3, to inhibit growth of lymphatic vessels,
in MCF7 tumors (100). Systemic administration of anti-VEGFR-3 blocking antibodies
resulted in the inhibition of regional lymph node metastasis and reduction of lymphatic
vessel density in the primary tumors (101). Administration of blocking anti-VEGFR-3
antibodies could also inhibit the bFGF induced lymphangiogenesis. These findings
show that VEGFR-3 can be effective in inhibiting lymphangiogenesis induced by other
growth factors also (45).

3.2.1.3. Tie2. As shown by Lin et al., a single application of a soluble form of the
extracellular domain of murine Tie2 inhibited the growth of a mammary tumor by
>75% and tumor vascular density by 40% (102). The same group also demonstrated
that administration of adenovirus expressing Tie2 significantly inhibited the growth rate
of mammary adenocarcinoma and melanoma tumors (103). A single intravenous
administration of virus produced >1 mg/mL of circulating levels of Tie2. The coadmin-
istration of tumor cells with virus expressing Tie2 could suppress the growth of tumor
metastases. Only small, avascular metastases could be seen in the lungs of treated mice.
Administration of Ad-Tie2 also inhibited tumor metastasis when delivered at the time
of surgical excision of primary tumors. The same construct could inhibit experimental
retinal and choroidal neovascularization (104).

3.2.2. AUGMENTATION OF ANTIANGIOGENIC/ANTILYMPHANGIOGENIC INHIBITORS

Increasing levels of endogenous inhibitors can have mixed results. The increase can
have a direct action on EC function, such as inhibition of cell proliferation, tube for-
mation, cell migration, and induction of apoptosis but may also have indirect effects on
inhibiting the secretion of proangiogenic growth factors from tumor cells.

3.2.2.1. Endostatin. Endostatin, a 20-kDa fragment of collagen XVIII, is a member
of a group of endogenous antiangiogenic proteins (105). It is a multifunctional molecule;
which activates a number of signaling molecules, blocks VEGF/VEGFR signaling,
inhibits MMPs, and downregulates c-myc, and cyclin-D1 (106–111). Endostatin inhibits
endothelial cell proliferation, migration/invasion, and tube formation. The inhibitory
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effect by endostatin has been proposed to involve binding to the receptor 5 1 and also
glycopican on ECs (112). In addition to its antiangiogenic activity, endostatin exerts a
direct anticancer action that appears to be restricted to some tumor cell lines (113).
Earlier work from our laboratory has reported very high plasma levels of endostatin
after administration of a recombinant adenovirus expressing endostatin. This construct
inhibited growth of MC38 adenocarcinoma by 40%, which is relatively resistant to
adenoviral infection (114). A retroviral construct expressing endostatin showed dra-
matic reduction in tumor volume and increased overall survival in treated mice (115).
Adenovirus expressing endostatin, angiostatin, and/or platelet factor 4 (PF4) signifi-
cantly inhibited ascites formation, tumor growth, vascularity, and caused prolongation
of animal survival after intraperitoneal treatment in three different ascites tumor models
(116). Combined treatment proved to be more effective than treatment with one vector
alone. Recently, a lentivirus expressing endostatin/angiostatin was developed, which
inhibited EC proliferation in a coculture experiment (117).

3.2.2.2. Fumagillin. Fumagillin, a natural product isolated from Aspergillus fumigatus,
was found to strongly inhibit endothelial cell proliferation by selective inhibition of
methionine aminopeptidase type 2 (118,119). TNP-470 (a fumagilin analogue) was
found to have greater potency and lower toxicity than fumagillin, and it was one of the
first inhibitors of angiogenesis to reach clinical trials (120). Most of the reports have
used TNP-470 as an inhibitor. TNP-470, inhibits tumor growth and tumor angiogenesis
in number of animal models tested so far, including rhabdomyosarcoma and head and
neck cancers (121–123). However, detailed studies are needed to study the effect of
fumagillin in the gene therapy set up.

3.2.2.3. Thrombospondin 1 (TSP-1). TSP-1 is a heparin-binding glycoprotein consti-
tutively secreted by many cell types including ECs (124). It is a multimodular, 420-kDa
homotrimeric glycoprotein that participates in cellular response to growth factors,
cytokines, and injury. It regulates cell proliferation, migration, and apoptosis in a variety
of physiological and pathological settings, including wound healing, inflammation,
angiogenesis and neoplasia and it inhibits EC proliferation and angiogenesis (125–127).
Expression of TSP-1 has been inversely correlated with vascularization and malignant
progression of breast-, lung cancers and melanomas (128). TSP-1 is a potent inhibitor
of angiogenesis and tumor growth (129). In a human leukemia xenograft model, adeno-
virus-mediated TSP-1 gene transfer greatly inhibited K562-derived tumor growth and
angiogenesis in animals (130). Human glioma cell line U-251 MG (with mutated p53)
transduced with wild-type p53, led to the enhanced expression of thrombospondin-1
mRNA and protein in these cells (131). It has been shown that, p53 can stimulate the
endogenous TSP-1 gene and positively regulate TSP-1 promoter sequences (132). Thus,
these studies suggest that mutation of the p53 gene endows gliomas with an angiogenic
phenotype by reducing TSP-1 production as well as enhancing the angiogenesis inducers
in the early phase of malignant progression.

3.2.2.4. TIMP-2. It is a natural MMP inhibitor that prevents the degradation of extra-
cellular matrix proteins. It abolishes the hydrolytic activity of all activated members of
the metalloproteinase family and in particular that of MT1-MMP, MMP-2, and MMP-9,
which are selective for type IV collagenolysis (133). Overexpression of TIMP-2 in the
stroma of colorectal carcinomas correlates with a longer survival time (134).
Overexpression of TIMP-2 by a retrovirus inhibits tumor growth and invasion (135).
TIMP-2 overexpression mediated by a retrovirus significantly inhibited migration as
well as invasion and metastatic progression of H-ras transformed MCF10A human
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breast cancer cells in a dose-dependent manner (136). A single local injection of
AdTIMP-2 into pre-established lung, colon, and breast tumors significantly reduced
tumor growth rates by 60 to 80% and tumor-associated angiogenesis index by 25 to
75% (137). Lung metastasis of LLC tumor were inhibited by more than 90%. In addition,
AdTIMP-2-treated mice showed a significantly prolonged survival in all the cancer
models tested.

3.2.2.5. Angiostatin. Angiostatin is a cleavage product of plasminogen. It acts especially
on ECs without affecting tumor cells. Angiostatin delivery by a defective adenovirus
expressing a secretable angiostatin K3 molecule could selectively inhibit EC prolifera-
tion and disrupt the G2/M transition (138). A single intratumoral injection of the virus
into pre-established rat C6 glioma or human MDA-MB-231 breast carcinoma resulted
in a significant inhibition of tumor growth, which was associated with a suppression of
neovascularization and induction of apoptosis. The intratumoral injection of a high-titer
AAV-angiostatin expressing virus resulted in tumor suppression of malignant brain
tumors and long-term survival in 40% of the treated rats (139). Combined gene therapy
of an adenoviral vector carrying the suicidal thymidine kinase gene along with the
AAV-angiostatin vector offered the best tumor-suppressive effect and increased long-term
survival of up to 55% in the treated rats (139). AAV-mediated stable expression of
angiostatin inhibited tumor burden in the highly aggressive B16F10 melanoma and
Lewis lung carcinoma models of experimental metastasis resulting in prolonged survival
of treated mice (140).

3.2.2.6. Platelet Factor-4 (PF-4). PF-4 is a heparin binding protein normally stored
within the -granules of platelets. It is a potent inhibitor of EC proliferation and migra-
tion, and it is able to interact directly with bFGF and VEGF and inhibit their interaction
with cell surface receptors (141). A phase I clinical trial in metastatic colorectal cancer
with recombinant PF-4 protein was well tolerated (although no clinical responses were
observed) (142). Adenovirus/retrovirus mediated soluble PF-4 therapy selectively inhi-
bited EC proliferation and angiogenesis resulting in prolonged animal survival
(143,144). A recombinant adenovirus expressing PDF-4 reduced VEGF production by
tumor cells and led to increased survival rates in an animal model (116).

3.2.2.7. Canstatin and Tumstatin. These proteins are degradation products of type IV
collagen. Both are antiangiogenic and are involved in the inhibition of EC tube forma-
tion, and proliferation, induction of apoptosis, and both show antitumor activity
(145,146). Tumstatin exerts its biological activity by binding to V 3 integrin (112).
Canstatin inhibits Akt activation and induces Fas-dependent apoptosis in ECs (147).
Our laboratory is currently in the process of producing adenoviral and retroviral vectors
expressing canstatin.

3.2.2.8. TNF- . Numerous preclinical models and clinical trials have shown potent
antivascular properties of TNF- (148). It has been shown to have vasculotoxic effects
at high concentrations, whereas at low concentrations it promotes angiogenesis (149).
It has been shown to induce tumor vessel destruction and improve vascular permeability
to drugs in clinical settings and it, furthermore, induces significant bystander effects
(150). The antiangiogenic properties of TNF- can be augmented by endothelial mono-
cyte activating polypeptide-II (151). The severe systemic toxicity of TNF- has limited
its use to isolated organ- and limb perfusions (152,153). However, if the systemic
toxicity can be controlled, it is a useful anticancer agent leading to objective tumor
responses (154). The local expression of TNF- from adenovirus vector infected
tumor cells induced intratumoral necrosis; with considerable toxicity (155). In mice
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bearing small tumors, intratumoral injection of Ad-TNF- virus with a repeated booster
treatment results in complete regression (156).

3.2.3. PERICYTES AND VASCULAR SMOOTH MUSCLE CELLS AS TARGETS

The blood vessels develop through the assembly of the two principal cell types—ECs
and pericytes (PCs). ECs first form tubes, which are subsequently surrounded by a layer
of PCs. They form a basal lamina beneath the endothelial layer, thus contributing to the
stability of the capillary wall (157). Disruption of endothelial-pericyte associations
results in excessive regression of vascular loops and abnormal remodeling (158). Platelet
derived growth factor- (PDGF- ) and its receptor (PDGFR- ) are critically involved in
the recruitment of pericytes to blood capillaries and communication between the ECs
and PCs appears to be essential for normal blood vessel development (159).

In comparison with normal vessels, tumor blood vessels are different structurally as
well as at the molecular level (160,161). PCs show clear differences in their association
with ECs between normal and tumor vessels (162). A receptor tyrosine kinase (RTK)
inhibitor incorporating selectivity for PDGFRs (SU6668) has been shown to block further
growth of end-stage tumors (163).

Bergers et al. used a RIPtag2 transgenic model to combine the SU5416 and SU6668
RTK inhibitors (163). RIPTag2 mice have been particularly instructive about parameters
of angiogenesis. By virtue of expressing the SV40 virus oncoprotiens in the pancreatic
islet cells, RIPTag2 mice develop islet carcinomas in multiple stages of hyperplastic/
dysplastic islet, angiogenic displastic islet, solid tumors, and invasive carcinomas.
The two kinase inhibitors (SU5416 and SU6668) were more efficacious against all
stages of islet carcinogenesis than either single agent alone. It can be expected that the
combination of different RTKs will be more efficient in treating multiple stages of
tumorigenesis. Gene therapy approaches combining inhibition of pericytes and ECs
will further increase the therapeutic efficacy.

3.2.4. INTEGRINS

Another antiangiogenic approach is to target the upregulated cell surface receptors
on tumor neovasculature. The V 3 integrin expressed on a variety of tumor cells is
more consistently expressed at higher levels on neovascular ECs. VEGF induced EC
migration requires interaction between VEGFR-2 and V 3 to drive the activation of
downstream mitogenic pathways. Various studies suggest a role for V 3 in selective
tumor cell intracellular signaling, generation of growth and survival signals, migration
and generation of MMPs (62). Thus, selective targeting of upregulated V 3 and
VEGFR-2 on the neovasculature of tumors is a novel antiangiogenesis strategy for
treating a wide variety of solid tumors. It has been shown that inhibition of V 3 or

V 5 integrins by either monoclonal antibodies (MAbs) or cyclic peptides could sup-
press tumor angiogenesis in mice (60). However, a recent report showed that knock-out
mice that lack 3- or 3/ 5-integrins demonstrated increased primary tumor growth
and angiogenesis (164). This can be explained by the inactivation of the antiangiogenic
effect of endostatin and tumstatin who act via 5 1 and V 3 receptors (112).

4. TARGETED GENE THERAPY

The development of strategies to achieve effective targeted gene expression and to
enable appropriate regulation of gene expression may help to maximize therapeutic



efficacy and minimize systemic toxicity. As important players in angiogenesis/lym-
phangiogenesis, VEGF helps to maintain normal bone marrow microvascular
endothelial function and bFGF serves to modulate the proliferation of mesenchymal
cells (124). Systemic administration of a synthetic analogue of fumagillin (a strong
inhibitor of endothelial cell proliferation) to nonpregnant female mice inhibited
endometrial maturation and corpora luteum formation  whereas in pregnant mice it
resulted in complete failure of embryonic growth (165). To avoid these unwanted
effect of antiangiogenic agents on normal functions a targeted approach (i.e., by gene
therapy) is necessary (166).

Targeted gene therapy offers the possibility of systemic application, which is
advantageous because  it can prevent recurrence of distant metastases after surgery or
radiotherapy, and it can be used in combination with conventional chemotherapy,
vaccine therapy, immunotherapy or in combination with other types of gene therapy,
for example, delivery of tumor suppressor genes (84). However, efforts to influence
antiangiogenic therapy by gene delivery have been hampered by a lack of targeting
vectors specific for ECs in diseased tissues. The next section reviews the different
modes of tissue targeting, vector availability and specific targets on tumor endothe-
lium. Some of the tumor targeted gene therapy reports are listed in table (Table 2).

4.1. Tumor Targeting
4.1.1. TRANSCRIPTIONAL TARGETING

Transcriptional targeting can be achieved by the use of an expression cassette
which is activated by tissue specific promoters (TSPs) (167). The options are to use
either a promoter with a high activity in tumor cells/tumor ECs or to use inducible
promoters to achieve therapeutic transgene expression. Examples of promoters with
high tumor-selective activity (minimal expression in normal cells) are, CXCR4,
cyclooxygenase-2 (COX-2), survivin (a member of the inhibitor of apoptosis protein
family) and pre-proendothelin-1 (PPE-1) a precursor protein for endothelin-1. The
human CXCR4 gene is expressed at high levels in many types of cancers, but is
repressed in the liver. Thus, the CXCR4 promoter has a “tumor-on” and “liver-off”
status in vitro and in vivo, which make it a good candidate TSP for targeted cancer
gene therapy approaches, (i.e., for melanoma and breast cancers) (168). COX-2, a key
enzyme in the synthesis of prostaglandins and thromboxanes, is highly up-regulated
in tumor cells, stromal cells and angiogenic ECs during tumor progression (60).
COX-2 of EC promotes integrin V 3-mediated EC adhesion, spreading, migration
and angiogenesis (169). The COX-2 promoter has been used to direct expression of
caspases to COX-2-overexpressing cancer cells, inducing apoptosis while normal cells
showed no caspase activation (170). Similarly, systemic application of an adenovirus
containing a reporter gene expressed from the survivin promoter resulted in high
levels of reporter gene expression in tumor cells only (171). PPE-1 is the precursor
protein for endothelin-1 (a potent vasoconstrictor and smooth muscle cell mitogen) and
is synthesized by ECs. The murine PPE-1 promoter contains a hypoxia-responsive
element that increases the promoter activity in hypoxic tissue, like in marginally
vascularized tumors (172,173). Greenberger et al. used a chimeric death receptor
transgene, coding for Fas and TNF receptor 1 under the control of the PPE-1 promoter,
to sensitize cancer cells to the proapoptotic effect of TNF- and to induce specific
apoptosis of ECs in vitro (174).
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Table 2
Tumor Targeted Antiangiogenic Gene Therapy

Vector Targeting motif Target Ref.

Polycation COX-2 promoter Tumor cells (170)
polyethylenimine

RGD peptide V 3 integrin ECs (215)
conjugated to PEG-
liposomes

Cationic liposome Chemotheraputic drug paclitaxel ECs (210)
Peptides Receptor binding domain of VEGF (186)

VEGF
Peptides Peptide binding to VEGFR-2 VEGFR-2 (187,188)
Peptides Aminopeptidase N (CD13) and CD13 and v (190,191)

RGD ligands carrying TNF- integrins on ECs
Endothelium TNF- ECs (190)

homing peptide
Nanoparticles Integrin antagonist and ECs (222)

radionucleotide
Nanoparticles V 3 integrin ECs (221)
Quantum dots Endothelium homing peptide ECs/lymphatic (226)

vessels
Antibody E-selectinAb-dexamethasone ECs (182,198)

conjugate
Adenovirus Pre-proendothelin-1 promoter ECs (174)
Adenovirus VEGFR-2 and endoglin promoter ECs (175)
Adenovirus Angiotensin-converting enzyme Lung (183)

and flt-1 promoter
Adenovirus RGD ligand v 3 on ECs (179,228)
Adenovirus Radiosensitive EGR-1 promoter Tumor (176)

expressing TNF-
AAV Hypoxia responsive element Retina (239)

The table list the possible vectors and targeting motif available for tumor targeted antiangiogenic gene
therapy.

EC’s Endothelial cells; AAV: Adeno-associated virus; VEGF: vascular endothelial growth factor;
VEGFR: VEGF receptor; TCF- : Tumor necrosis factor- .

Recently, another tumor targeted approach with a conditionally replicating adeno-
virus capable of targeting dividing ECs was described (175). The adenovirus has
two promoters with the regulatory elements of VEGFR-2 and endoglin genes, which
have been shown to be highly overexpressed in angiogenic ECs, to drive the aden-
oviral replication sequence. Hallahan and colleagues used another adenovirus vector
expressing TNF- under the control of radiation-inducible Egr-1 promoter
(Ad5.Egr-TNF) (176). Combined treatment with Ad5.Egr-TNF and 5000 cGy (rad)
resulted in increased intratumoral TNF- production and improved tumor control,
without associated damage to normal tissue.

4.1.2. TRANSDUCTIONAL TARGETING OR RECEPTOR TARGETING

Transductional targeting involves the chemical or genetic modification of a vector,
redirecting its tropism to a new target expressed preferentially on the target cell. This



can be achieved either by direct targeting or indirect targeting. In direct targeting, the
cell-specific targeting of the vector is mediated by a ligand that is directly inserted into
the viral capsid (177). However, this direct, ligand-mediated targeting, has its prerequi-
sites that have to be considered, as there should be a good internalization site, the
ligand should be structure independent, not too large to avoid the destabilization of the
entire capsid, the ligand should be cell-type specific, the ligand-receptor complex
should be internalized in a way that allows an efficient transport of the virus and the
release of the viral DNA in the cell nucleus (178). Recently, the arginine-glycine-aspar-
tic acid (RGD) containing peptide ligands targeted to integrin receptors expressed on
activated ECs have been studied (179).

In indirect targeting the interaction between the viral vector and the target cell is
mediated by an associated molecule (e.g., a glycoside molecule or a bispecific anti-
body), which is bound to the viral surface and interacts with a specific cell surface
molecule (178,180). A bispecific antibody containing Fab arms of IIb 3 integrin
and AAV capsid antibodies, could target AAV to cells, which are not normally per-
missive for AAV infection (181). Everts et al. used this targeting strategy to the
selective delivery of dexamethasone to activated ECs, using an E-selectin-directed
drug-Ab conjugate (182). Because E-selectin is not expressed in inactive EC the
dexamethasone-Ab conjugate did not bind to resting ECs.

To achieve cell-specific transgene expression in pulmonary endothelium, Reynolds
et al. used an adenoviral vector system that combined transductional and transcriptional
targeting (183). The combination of transductional targeting to a pulmonary endothelial
marker (angiotensin-converting enzyme [ACE]) and to an endothelial-specific promoter
(VEGFR-1) resulted in a synergistic, 300,000-fold increased selectivity of transgene
expression to lung tissue compared with non-targeted vectors, that, after systemic appli-
cation usually sequestrate in the liver.

4.2. Vectors for Targeted Gene Therapy
The biggest problem of any gene therapy is the availability of suitable vectors. The

success of gene therapy is mainly dependent on the delivery of a therapeutic gene and,
hence, on the development of an adequate gene delivery vector. The vector systems can
be broadly divided in non-viral vectors and viral vectors.

4.2.1. NON-VIRAL VECTORS

Several physical and chemical criteria have been put together to generate better vec-
tors (184). The important barriers to gene delivery are chemicals including particulates,
lipids, and polymer complexes that optimize DNA complexation/condensation, mem-
brane fusion, endosomal release, and nuclear targeting. Although viral vectors are more
advantageous by most criteria than nonviral vectors, they bear the problems of systemic
cytotoxicity and immunogenicity. Ideally, a vector could mimic the beneficial aspects
of viral vectors without their disadvantages. A variety of nonviral gene delivery sys-
tems have been developed, including cationic liposomes, nanoparticles, and quantum
dots. The endothelial cell specific peptides, MAbs, antisense RNA, small interfering
RNA, and plasmid DNA, can all be complexed with either lipids, polymers or nanopar-
ticles to avoid undesired interaction with nontarget sites and to enhance uptake into the
target cells (167).

4.2.1.1. Endothelial Specific Peptides and Antibodies. A number of endothelial specific
peptides have been identified using in vivo biopanning of peptide phage-display
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libraries, which can be used as tumor-specific vascular targeting agents (185). Phage
based peptide libraries have identified peptides that bind to VEGF and prevent its
binding to VEGFR (186,187). The ATWLPPR peptide specifically inhibited VEGF-
mediated proliferation of human vascular ECs and totally abolished VEGF-induced
angiogenesis in a rabbit corneal model (188). Another peptide identified by Hetian et
al. could functionally disrupt the interaction between VEGF and the VEGFR2 and
significantly inhibited tumor growth and metastasis (189). The dose-limiting sys-
temic toxicity of TNF- has been minimized by conjugating it to endothelium target-
ing peptide (CNGRC) an aminopeptidase N (CD13) ligand that targets activated
blood vessels in tumors (190). It was 12 to 15× more efficient than murine TNF in
decreasing tumor burden. Similarly, the peptide conjugated human TNF induced
stronger antitumor effects than human TNF alone, even at 30× lower doses (190).
Further, fusion of TNF with the ACDCRGDCFCG peptide, a ligand of V integrins,
demonstrated that subnanogram doses of this conjugate were sufficient to induce
antitumor effects in tumor-bearing mice when combined with melphalan, a
chemotherapeutic drug (191).

Human antibodies can be used to target anticancer agents to cancer cells with
improved therapeutic efficacy because of reduced immunogenicity (193,194).
Endoglin/CD105 is a membrane protein involved in the TGF- receptor signaling path-
way. Its expression is strongly elevated in the angiogenic endothelium in tumors (195).
Antiendoglin antibody have been shown to preferentially bind to tumor endothelium,
which resulted in tumor growth inhibition without significant systemic toxicity
(196,197). Similarly, antibodies against E-selectin have been used to target transgenes
to activated endothelium (198).

4.2.1.2. Antisense RNA and siRNA. Antisense oligodeoxynucleotides (ODNs) are
synthetic molecules that block mRNA translation. Use of ODNs against VEGF, its
receptors and Ang-1, suppressed tumor growth and angiogenesis and induced tumor
cell apoptosis (199–201). Equally, downregulation of the integrin subunit 3 expres-
sion by antisense RNA inhibited microvascular endothelial cell capillary tube forma-
tion (202). RNAi is a conserved surveillance system that responds to double-stranded
RNA by silencing mRNAs with homology to the double-stranded RNA trigger. siRNA
targeted to either subunit of the 6 4 integrin (a laminin adhesion receptor) led to
reduced cell surface expression of this integrin and resulted in decreased invasion of
MDA-MB-231 breast carcinoma cells in a mouse model (203). In another approach,
increased expression of the antiangiogenic factor TSP-1 and decreased expression of
VEGF in human breast or ovarian cancer has been provoked by siRNA-knockdown of
Her-2/neu. This may be an effective antitumor strategy for Her-2/neu-overexpressing
cancers as antibody therapy against Her-2/neu showed good efficacy in breast carci-
noma in the clinical setting (204).

DNA-vector based RNAi, in which RNAi sequences targeting VEGF isoforms, has
potential applications in isoform-specific knock-down of VEGF (205). Rubinson et al.
and Hemann et al. have demonstrated that RNAi delivered by retroviral and lentiviral
vectors can silence genes in mice (206,207). With these reports and creation of trans-
genic mice expressing siRNA, it will now be possible to knockdown diseased genes in
vivo and test these concepts (208).

4.2.1.3. Cationic Liposomes. Cationic liposomes have a natural “tropism” to tumor
ECs, as they are taken up 15- to 33-fold more than into corresponding normal ECs
(209). Thus, the encapsulation of antineoplastic drugs into cationic liposomes is a
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promising approach to improve selective drug delivery by targeting tumor vasculature.
Strieth et al. selectively targeted paclitaxel to tumor ECs by cationic liposomes to
achieve vascular targeted chemotherapy (210). It resulted in significantly delayed
metastasis to regional lymph nodes (211). The intravenous administration of a plasmid
expressing endostatin, complexed with a cationic lipid system, led to significant levels
of endostatin in the lung and in the serum, which blocked systemic angiogenesis result-
ing in reduced tumor proliferation in murine models (212).

Yet another way to home liposomes to tumor cells or tumor EC is by conjugating
them to specific molecules like, antibodies, proteins, and small peptides (213).
Liposomes with antitumor agents modified with an angiogenic homing peptide for EC
showed strong tumor suppression compared with unmodified liposomes (214). Janssen
et al. showed, that the coupling of cyclic RGD-peptides to the surface of PEG-lipo-
somes could, indeed, target tumor endothelium (215,216).

4.2.1.4. Nanoparticles and Quantum Dots (qdots). Nanoparticles (NPs) are submi-
cron-sized polymeric colloidal particles with a therapeutic agent of interest encapsu-
lated within their polymeric matrix or adsorbed or conjugated onto the surface (217).
The NPs are mostly composed of lipids that crosslink to form liquid crystal structures
that self-assemble through polymerization. They have received considerable attention
because of their smaller size, which led to improved cellular uptake over microparti-
cles. NPs are used to improve oral bioavailability, to sustain drug/gene effect in target
tissue, to solubilize drugs for intravascular delivery, and to increase the stability of ther-
apeutic agents against enzymatic degradation (218). They are less immunogenic than
viral vectors, which offers the possibility to deliver therapeutic genes repeatedly to
angiogenic blood vessels for long-term treatment of diseases. NPs can also be conju-
gated to a biospecific ligand, which then direct them to a specific tissue or organ.
Recently, it was discovered that dense inorganic silica NPs, which by themselves do
not deliver DNA, were able to enhance DNA transfection mediated by other commonly
used transfection reagents (219). A three component system, consisting of silica NPs,
transfection agent SuperFect™ and DNA has been developed (220). The silica NPs
serve as an uptake-enhancing component by physical concentration at the cell surface;
enhanced transfection resulting from the particles is seen with almost every transfec-
tion reagent tested with little toxicity (220). The synthetic polyester based NPs, PLGA,
escapes rapidly from the degradative endo-lysosomal compartment to the cytoplasmic
compartment, thus protecting the therapeutic agent from degradation resulting from
lysosomal enzymes (217).

A cationic NP coupled to an integrin V 3-targeting ligand can deliver genes selec-
tively to angiogenic blood vessels in tumor-bearing mice (221). Systemic injection of
the NP attached to mutant Raf gene (ATP -Raf), which blocks endothelial signaling
and angiogenesis in response to multiple growth factors into mice, resulted in apoptosis
of the tumor-associated endothelium, ultimately leading to tumor cell apoptosis and
sustained regression of established primary and metastatic tumors. Li et al. used radio-
labeled NP with 90Y to target murine melanoma and colon adenocarcinoma using the
small molecule integrin antagonist (IA) and a MAb against murine VEGFR-2 (222).
The combination of radiolabeled NP either with IA or Anti-VEGFR-2 caused a signif-
icant tumor growth delay compared with single agents alone.

Recent advances in nanomaterials have produced a new class of fluorescent
labels by conjugating semiconductor quantum dots (Qdots) with biorecognition mole-
cules (223). Qdots are small (<10 nm) inorganic nanocrystals that possess unique
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luminescent properties; their fluorescence emission is stable and tuned by varying the
particle size or composition. Earlier, Erkki Ruoslahti and colleagues, identified peptides
homing specifically to tumor blood vessels and tumor lymphatic vessels (224,225). In a
recent report, the group has demonstrated that, these peptides specifically direct qdots to
blood vessels or lymphatic vessels in tumors (226). The other tested organs such as,
brain, heart, kidney, or skin did not contain detectable qdots, however, accumulation was
seen in both the liver and spleen, in addition to the targeted tissues. Adding polyethylene
glycol to the qdot coating reduced the accumulation in the liver and spleen by about
95%, without noticeably altering qdot accumulation in tumor tissue.

4.2.2. VIRAL VECTORS

Several studies utilize viral vectors to target gene therapy to tumor endothelium
(Table 2). In one approach adenovirus has been created that selectively replicates in and
lyses dividing ECs (175). Jin and colleagues used cytotoxic T-lymphocytes to deliver a
retroviral VEGF-toxin fusion protein to its specific leukemia cell target in vivo to inhibit
tumor growth (227). Melanoma cells with low levels of adenoviral receptor (CAR) can
be transduced successfully by a recombinant adenoviral containing RGD motif in their
fiber knob (228,229). The same vector revealed dramatic antitumor efficacy through
hemolytic necrosis in an established melanoma model at a much lower dose (228).
Nakamura et al. used RGD targeted adenovirus to deliver human IL-2 to CAR deficient
melanomas (179). TNFerade™, a new class of vector consisting of an adenovirus
expressing the human TNF- cDNA under the control of a radiation-inducible pro-
moter combining the therapeutic synergy between radiation and TNF- has been gen-
erated (230). Recently, TNFerade was tested in a phase I safety and toxicity trial (231).
The results of the study demonstrated that the treatment was well tolerated in patients
with predominantly prior treatment-refractory solid tumors.

In another approach, it was shown that intraperitoneal injection of a bicistronic
recombinant AAV coding for both endostatin and angiostatin resulted in a complete
protection from development of human ovarian cancer in nude mice (232). Furthermore,
retroviruses have been engineered so that they can be coated with an VEGFR-2 anti-
body for the selective delivery of genes to tumor endothelium (233).

Within recent years, bacteriophage vectors have become an alternative vector sys-
tem, which combine desirable properties of both viral and nonviral systems minimizing
the typical drawbacks of both the systems (86). Phage vectors engineered to express
specific ligands can be targeted to tumor cells. Bacteriophage containing fibroblast
growth factor (FGF) as a ligand can be used to express a reporter gene in FGF receptor
positive cells but not to the receptor negative cells (234). Long-term transgene expres-
sion was established, indicating that with the appropriate targeted tropism, phage vec-
tors could be used target gene therapeutic effects to mammalian cells. Multivalent
phage vectors have been shown to increase the transduction efficiency compared with
monovalent phage systems (235). These observations have been confirmed with phages
displaying single chain antibody against the HER2 receptor (236). The main concern
about phage vectors is the low-transduction efficiency which can be improved by cer-
tain genotoxic treatment (237). However, the efficacy of this novel vector system using
different preclinical models has yet to prove its applicability in more clinical models.

Phage display can also be used to alter the tropism of AAV to the vasculature (192).
The vector uptake is principally independent of native AAV tropism and mediated via
the peptide.
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4.3. Newer Concepts
4.3.1. USE OF TUMOR MICROENVIRONMENT

An interesting, newly emerging approach tries to couple transgene expression to
changes in the tumor microenvironment. The classical change of peritumoral tissue is
the occurrence of hypoxia resulting from limited oxygen supply caused by the expo-
nential cellular proliferation compared with the linear increase in the vascular supply.
This universal property of human cancer can be used to achieve hypoxia-regulated
expression of antiangiogenic molecules. The synthetic hypoxia-responsive element
(HRE) OBHRE combines low-basal expression in normoxic conditions with high-level
activated expression when the oxygen concentration is low (238). The recombinant
AAV containing HRE targets reporter gene expression to sites of neovascularization
and results in expression that is not sustained beyond the period of active angiogenesis
(239). Thus, HRE-driven gene expression offers an attractive strategy for the targeted
and regulated delivery of angiostatic proteins in the management of neovascular
disorders including cancer.

5. CONCLUSIONS AND FUTURE CHALLENGES

Recent results from clinical studies strongly support antiangiogenic/antilymphan-
giogenic gene therapy in treating human malignancies. The advantage of tumor tar-
geted gene therapy is, that it can be used across all tumor types with tolerable
systemic toxicity. However, the field needs to concentrate on developing better vec-
tors, vector delivery systems and appropriate targets for gene therapy. Extending our
knowledge of ECs of blood and lymphatic origin and tumor cell interactions might
help to achieve this goal.

Combining traditional treatment modalities such as radiation/chemotherapy with
antiangiogenic inhibitors as well as using combinations of different antiangiogenic
inhibitors may have therapeutic benefits in stopping the progression of cancer and pre-
venting metastasis (243,244). The antiangiogenic therapy can normalize tumor vascu-
lature, improving drug delivery by pruning the immature and inefficient vessels (245).
This leads to the new concept to treat cancer as a chronic manageable disease with
angiogenesis inhibitors. Since tumor progression depends crucially on the balance
between the in situ tumor’s total angiogenic output and an individual’s total angio-
genic defense, a beneficial long-term balance may be achieved (246). However, in
order to have long-term tumor-free survival by using antiangiogenic therapy, the fac-
tors controlling tumor neovasculature need to be systemically maintained at stable
therapeutic levels.

The field of lymphangiogenesis has long been scrutinized and overshadowed by
antiangiogenesis research. Increasing the understanding of lymphatic system develop-
ment, lymphatic markers, and how to target vectors to lymphatic vessels could help
future therapies to selectively target lymphatic vessel invasion by tumor cells without
affecting the immune response nurtured from the lymphatic flow. In the future, the
identification of molecules involved in the development of lymphatic system will sup-
port this task to selectively inhibit lymphangiogenesis.

In spite of these remaining challenges, the field of targeted antiangiogenesis and
antilymphangiogenesis therapy is moving exceedingly fast towards its clinical applica-
tion in biological tumor therapy.
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Summary
Recent advances in the fundamental understanding of brain tumor biology have suggested that

exploiting the molecular pathways underlying gliomagenesis may provide novel molecularly based
approaches to brain tumor treatment. One such molecular approach is the application of replication-
competent viruses as therapeutic agents for gliomas. With this approach, the capacity of viruses to
infect, replicate within, and lyse cells is exploited to therapeutic advantage (oncolysis). In this con-
text, by deleting 24 base pairs from the E1A gene, our group developed a conditionally replication-
competent adenovirus, 24. Because the mutant E1A protein is unable to bind Rb (the critical
protein involved in regulating entry into the cell cycle), 24 selectively replicates in tumor cells,
but not in normal cells with intact Rb. This chapter reviews the biology and therapeutic effects of

24, and outlines modifications to this virus that have resulted in second-generation 24 con-
structs that display increased tumor cell selectivity ( 24-RGD), reduced normal cell toxicity (CB1),
and augmented tumoricidal capacity ( 24-CD and 24-p53).

Key Words: Adenovirus; 24; E1A; E1B; gene therapy; oncolysis; replication-competent; vector. 

1. INTRODUCTION

Brain tumors are a significant therapeutic challenge. Despite advances in neuro-
surgical techniques, improvements in radiation therapy, and the addition of new
chemotherapeutic agents, there has been little change over the last forty years in the
outcome of patients with malignant glioma, particularly glioblastoma multiforme
(GBM), the most common adult primary tumor. Indeed, the median survival time of
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patients with GBM remains at less than 2 years (1,2). However, recent advances in the
fundamental understanding of brain tumor biology have suggested that exploiting the
molecular pathways underlying gliomagenesis may provide alternative molecularly
based approaches to brain tumor treatment.

One such molecular approach is the application of replication-competent viruses as
therapeutic agents for gliomas. With this approach, the capacity of viruses to infect,
replicate within, and lyse cells is exploited to therapeutic advantage (oncolysis) (3–5).
Although oncolytic viruses have been developed for a variety of viral types, including
herpes simplex virus (HSV) (6), influenza virus (7), Newcastle disease virus (8),
poliovirus (9), reovirus (10), vaccinia virus (11), and vesicular stomatitis virus (12),
adenoviruses have been particularly applicable to viral-based tumor therapy because
they are minimally pathogenic in humans, can be manufactured in high titers, can infect
a wide range of cells, and because much is known about their molecular biology. This
last feature has allowed for the engineering of adenoviruses that are cytotoxic to
gliomas but safe in normal brain cells (5,13–16).

In an effort to improve therapy for gliomas, our group developed a conditionally
replication-competent adenovirus ( 24) that, because of a deletion in the viral E1A
protein, selectively replicates in tumor cells whose retinoblastoma (Rb) protein is func-
tionally inactive (17). The purpose of this chapter is to review the features of 24. We
first describe the biology and therapeutic effects of 24, and then we outline modifica-
tions to this virus that have resulted in second-generation 24 viruses that display
increased tumor cell selectivity ( 24-RGD; [18]), reduced normal cell toxicity (CB1;
[19]), and augmented tumoricidal capacity ( 24-CD; [20,21]). We emphasize the use
of 24 against brain tumors, recognizing that 24 has also been shown to be effective
in other cancer types (14,21–24).

2. ONCOLTYIC VIRUSES: THE CHALLENGE OF BRAIN TUMORS

Brain tumors are generally considered to be amenable to local therapies, such as
gene therapy, because in contrast with many other cancers, gliomas rarely metastasize,
and their recurrence typically results from the failure of local control. Nevertheless, the
promise of many local therapies, including gene therapy, has not been achieved for
brain tumors because local therapies have proved incapable of delivering therapeutic
agents to the majority of the tumor (25,26). Although malignant gliomas do not meta-
stasize outside the central nervous system, they are capable of widespread infiltration
throughout the brain, and it is not uncommon for tumor cells to invade the hemisphere
opposite the main tumor mass (see Fig. 1) (27). Consequently, for local therapies to be
effective they must have the capacity to reach cells distant from the site of initial deliv-
ery. In contrast with many other therapies, replication competent adenoviruses have the
potential for spreading throughout a brain tumor and for reaching the infiltrating tumor
cells because each round of infection-replication-lysis not only kills the infected tumor
cells but also produces larger numbers of viral particles that can infect and lyse sur-
rounding contiguous cells. This feature makes replication-competent adenoviruses
especially attractive in the treatment of human gliomas (see Fig. 2).

The capacity of viruses to potentially spread throughout the target organ requires
them to be selective for tumor cells rather than normal cells. Selective killing is espe-
cially critical for brain tumors because the tumor cells that infiltrate far from the solid
tumor mass are typically intermingled with normal supportive cells (astrocytes) and
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functioning neurons, the loss of which results in neurological deficit. Indeed, most ther-
apies for brain tumors fail because of the inability to selectively kill the invading tumor
cells without damaging the normal infiltrated brain. Although wild-type adenoviruses
were used clinically as early as the 1950s (28,29), concerns about normal tissue injury
forestalled this approach, and it was never applied to brain tumors. In the modern era,
however, these concerns have been addressed by genetically manipulating viruses to
replicate selectively in malignant cells rather than normal cells, while at the same time
maintaining their oncolytic potential (virulence). This ability to create tumor-selective
viruses has allowed the treatment of brain tumors with adenoviruses.

3. 24: BIOLOGY AND THERAPY  

3.1. Molecular Biology of 24
In order to avoid toxicity to normal cells, replication-competent adenoviruses have

been designed to be tumor selective. Although targeting (selectivity) can be achieved by
a variety of approaches (30), in the context of adenoviruses, tumor selectivity has been
most successfully accomplished by altering the viral genes that are required for viral
replication in normal cells but are dispensable in cancer cells (31,32). This approach was
first pursued by Bischoff et al., who developed a conditionally replicative adenovirus,
ONYX-015, that contains a deletion in the viral p53-binding protein E1B-55kDa and
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Fig. 1. The histological composition of a GBM. T1-weighted magnetic resonance (MR) image (left)
demonstrates a contrast-enhancing tumor mass (white) that when viewed under the microscope (left
inset) is composed of abutting tumor cells. T2-weighted MR image (right) shows areas of hyper-
intensity (white zone) surrounding the mass; as viewed microscopically (right inset), this zone is
composed of infiltrating tumor cells. (Reproduced with permission from ref. 27.)



that was intended to selectively replicate in tumor cells containing an inactivated p53
protein (31). Fueyo et al. also used this approach to develop 24, whose selectivity is
based on a deletion in the E1A viral protein and which, therefore, selectively replicates
in tumor cells containing inactivated retinoblastoma (Rb) protein (17). To understand the
basis of the selectivity of 24 for tumor cells vs normal cells, the roles of cellular Rb
protein and viral E1A protein in cell cycle regulation and viral replication must be under-
stood (see Fig. 3).

3.1.1. REGULATION OF THE CELL CYCLE: THE RB PROTEIN

The control of cell division is a complex process (for review see 33,34), but to a first
approximation, the critical regulator of entry from G1 to S-phase is the retinoblastoma
(Rb) protein (35), a 110-kDa phosphoprotein whose phosphorylation status regulates
the activity of E2F, a transcription factor that is important in activating genes involved
in DNA replication (S-phase) and other components of cell proliferation (35–39).
Hypophosphorylated Rb binds E2F, and the resulting E2F/Rb complex represses the
expression of E2F-target genes, thereby arresting cells in G1. Phosphorylation of Rb
diminishes the repression of E2F by Rb, resulting in transcriptional activation of E2F-
target genes and progression into S-phase (see Fig. 3). Phosphorylation of Rb is accom-
plished through cyclin-dependent kinases (in particular, cdks 4 and 6), a group of
serine/threonine kinases whose activity requires association with regulatory subunits or
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Fig. 2. Adenoviruses as oncolytic agents. Infection of a few cells by replication-competent adeno-
viruses, such as 24, results in amplification of the virus with subsequent release and infection of
surrounding cells. Each round of infection and lysis not only kills the infected cells but also increases
the number of viral particles. Selectivity for tumor cells is determined by genetically engineering the
virus. (Reproduced with permission from ref. 64.)



cyclins (cyclin D1 is most critical in the Rb pathway). Cdks and their inhibitors (CDKIs,
particularly p16/INK4a and p21) are important checkpoint proteins in regulating Rb
and thus cell-cycle progression (40).

3.1.2. INACTIVATION OF RB IN TUMOR CELLS

Evidence is accumulating that nearly all tumors, including gliomas, harbor some
defect in Rb or its regulatory pathway (40,41). Although mutational inactivation of Rb
is less common in gliomas than in other cancers, loss of p16INK4a (CDK-inhibitor
upstream of Rb) or overexpression of cdks 4 and 6 or cyclin D are common defects in
gliomas (42). This loss of Rb function in tumor cells results in high levels of E2F, caus-
ing unregulated entry into the cell cycle and unfettered cellular proliferation, a cardinal
feature of cancer (43) (see Fig. 3).

3.1.3. FORCED ENTRY BY ADENOVIRUSES INTO THE CELL CYCLE:
E1A INACTIVATION OF RB

Inactivation of Rb is also fundamental to the replication of most viruses, including
adenoviruses (44,45). After entry into cells, viruses replicate their DNA and produce the
proteins of the structural capsid before being released by cell lysis. Because adenoviruses
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Fig. 3. The basis of tumor selectivity for 24. Wild-type adenovirus commandeers the cellular repli-
cation machinery by inactivating Rb protein by binding the E1A protein (top). This interaction frees
up E2F, thereby driving the cell into S-phase and promoting viral replication. Because it harbors a
mutant E1A protein, 24 is unable to inactivate Rb (bottom left) and thus cannot replicate in normal
cells. Nevertheless, tumor cells typically contain an inactivated Rb pathway, rendering the mutant
E1A of Delta 24 unnecessary for promoting cell cycle progression, and viral replication proceeds
unhindered.
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contain a small genome that encodes only about 30 different mRNA transcripts, replica-
tion relies upon commandeering cellular replication machinery. It is the role of the so-
called early genes (E1–4) to prepare infected cells for viral DNA replication. Cellular
entry into S-phase is regulated by viral E1A proteins (see Fig. 3). E1A is the first viral
gene transcribed after infection, and its expression produces two related proteins, 243R
and 289R. The 289R protein binds to and inactivates cellular Rb. E1A-mediated seques-
tration of Rb de-represses the transcriptional properties of E2F and allows for entry into
S-phase and replication of the viral genome.

3.1.4. ENGINEERING 24: EXPLOITING THE LINK BETWEEN E1A AND RB

Because viruses promote cellular proliferation by inactivating Rb through E1A, and
because a sine quo non of tumor cells is dysregulation of the Rb pathway (p16/Rb/E2F),
it is expected that mutating E1A so that it is unable to bind Rb would result in a virus
that cannot replicate in normal cells (expressing functional Rb), but retains replicative
competence in tumor cells that harbor inactive Rb and high levels of E2F (see Fig. 3). 

Two segments of E1A are critical for binding Rb: one includes amino acids 30–60 in
conserved region 1, and the other is amino acids 120–127 in conserved region 2. Whyte
et al. showed that deletion of either region prevents the formation of detectable E1A/Rb
complexes (46). Consequently, 24 was generated by deleting 24 base pairs (from
nucleotides 919–943, coding for amino acids 122–129) from the conserved region 2
(CR2) of the E1A gene (17) (see Fig. 4). This mutation did not disrupt viral replication,
as shown by the fact that 24 can express the E1A protein. However, immunoprecipi-
tation assays demonstrated that the mutant E1A protein of 24 was unable to form
complexes with the host cell Rb protein (17).

3.2. Therapeutic Effects of 24
3.2.1. EFFECTS OF 24 ON GLIOMA CELLS

The anticancer effects of Delta 24 have been demonstrated in a large number of
glioma cell lines. The lines tested have included cells that harbored a mutation in Rb
itself, although the majority had disruption of the p16/Rb/E2F pathway (see Fig. 5). In
vitro viability assays have shown a dose-dependent killing of glioma cell lines, with
cytopathic effects occurring at titers as little as 0.5 to 1 viral particle/cell (17). Lysis of
glioma cells was observed within 10 to 14 d after infection with 24 in vitro (17).
Moreover, these anticancer effects were shown to be caused by the replication of 24,
and studies analyzing the supernatant of 24-infected tumor cells for progeny virus
have shown an increase in the viral titers of 60 to 400× the initial infection titer as early
as 6 d after initial infection, with the amount increase depending on the cell line tested.
These studies, as well as cell-cycle analyses, confirm that lysis is the primary mode of
cell death, although a small amount of apoptosis also occurs.

In vivo studies have demonstrated that treatment with 24 significantly reduces the
growth of subcutaneously grown glioma xenografts compared with controls treated
with ultraviolet (UV)-inactivated- 24, (17). Similarly, the survival time of animals
harboring intracranially established glioma xenografts was significantly extended after
treatment with 24 relative to controls treated with UV-inactivated 24 or saline (18).
Most importantly, detailed histological analysis of 24-treated tumors identified three
zones of viral expression that are best explained by a wave-like movement of the vec-
tor from the injection site toward the edge of the tumor (see Fig. 6). Thus, there is sub-
stantial evidence that 24 is effective as an anticancer agent against gliomas. Evidence



is also accumulating that 24 is effective against other tumor types, including sarco-
mas, lung cancer, ovarian cancer, and prostate cancer (21–24). 24 is expected to be a
universal anticancer agent as inactivation of the Rb pathway is generally accepted to be
an obligate alteration underlying the cancer cell phenotype.

3.2.2. EFFECTS OF 24 ON NORMAL CELLS

Consistent with the hypothesis that mutation of E1A abrogates the capacity of nor-
mal cells to support adenoviral replication, Fueyo et al. initially showed that lung
fibroblast cell lines are resistant to the cytotoxic effects of 24 (17). Important for
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Fig. 4. The 24 Construct. 24 contains a deletion of 24 bp in the E1A region.

Fig. 5. Efficacy of 24 against human gliomas. (Left) Dose-dependent assay. Cells of each cell line
were plated and treated with increasing doses of 24 (0-10 multiplicity of infection [MOI]). Cells
were stained with crystal violet to assess viability. 24 produced significant killing of tumor cells in
a dose-dependent fashion with each cell line tested. (Right) Viability assay. Cells were plated and
then infected with 24 or UV-inactivated 24 at 10 MOI. Cells were counted in triplicate 7 to 24 d
after infection. The growth of cells treated with 24 (hatched bars) compared with UV-inactivated 

24 (solid bars) is shown (Reproduced with permission from ref. 19.)



brain tumor therapy, similar studies performed on human astrocytes have confirmed the
inability of 24 to replicate in normal brain cells (18). In contrast with tumor cells,
treatment of these fibroblasts or astrocytes with 24 resulted in no increase in progeny
viral titer. These results did not result from the inability of the virus to infect the cells,
but were specifically the result of the reduced capacity of the virus to replicate in these
cells. The most convincing evidence for the capacity of 24 to replicate only in Rb-
inactivated cells comes from Rb-transfer studies. Specifically, using an Ad-Rb con-
struct (replication incompetent adenoviral vector carrying the Rb gene) Fueyo et al.
restored Rb function in Saos-2 cells (harbor an inactive Rb gene) (17). They then
showed that 24 was only able to replicate in and kill the parental Saos-2 cell line (Rb
inactive), but not the isogenetic Ad-Rb-infected Saos-2 cells (see Fig. 7). Thus, restora-
tion of Rb was able to rescue the Saos-2 cells from the cytopathic effects of 24, con-
firming the dependence of 24 replication on the presence of an inactivated Rb
pathway. 

A caveat regarding 24 is that dividing normal cells are potentially vulnerable to the
cytopathic effects of the virus (17–19). Because normal initiation of S-phase requires
attenuating the activity of Rb (via cdk phosphorylation of Rb, see above) dividing cells
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Fig. 6. Fueyo Dissemination of 24 with glioma. (Top) Diagram showing predicted spreading of
virus from point of injection. Three zones are evident: a central zone of necrotic cells that have been
lysed by 24, an intermediate zone of infected cells (inset shows viral inclusions in cells), and an
outer zone of cells not yet infected. (Bottom) Photomicrograph of human xenograft taken from the
brain of a mouse treated with 24. The three zones are evident: T, uninfected tumor; V, cells infected
with virus; N, necrotic lysed cells.



typically have low levels of active Rb (and high levels of E2F). Infection with 24 dur-
ing S-phase would thus result in viral replication and cellular lysis. For organs such as
the brain in which the majority of functional normal cells do not divide (typically remain-
ing in G0), the toxicity of 24 would be anticipated to be low. Nevertheless, this short-
coming can also be addressed by further engineering 24 to be more selective (see
below).

4. SECOND GENERATION 24 ADENOVIRUSES

24 can be viewed as a platform for the development of a selective oncolytic virus
with increased infectivity (18), reduced toxicity (19), and augmented killing ability
(20). Although a variety of approaches to achieve these goals are conceivable, this sec-
tion focus on alterations that to date have been reported and tested using 24 as a
backbone (Table 1).

4.1. Enhancing Infectivity by Exploiting Adenoviral Receptors: 24-RGD
Elucidation of the mechanisms of viral entry into cells has led to the development of

second-generation 24 adenoviruses with improved infectivity in tumors. This devel-
opment arose from knowledge of the mechanism underlying viral entry into cells.

4.1.1. ADENOVIRAL ENTRY INTO CELLS

Structurally, the adenovirus genome is contained in a capsid that consists of three
major proteins: hexon (II), penton base (III), and a knobbed fiber (IV) (44). An impor-
tant function of these capsid proteins is to mediate viral entry into cells, which occurs by
clathrin-dependent endocytosis and which is initiated by the interaction of the viral fiber
knob protein with coxsackie-adenovirus receptors (CAR) located on cellular surfaces
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Fig. 7. Selectivity of 24 for cells with inactive Rb. (Left) Saos-2 cells were infected with Ad-null
(top) or Ad-Rb (bottom) and, 3 d later, with 24 at the indicated dose (0–10 MOI). Cell viability was
detected by staining with crystal violet. Cells containing Rb (bottom) are not killed by 24, whereas
Rb(-) cells (top) are killed. (Right) Saos-2 cells were infected with 100 MOI of Ad-null or Ad-Rb
and, 3 d later, with 10 MOI of 24 (solid bar) or UV-inactivated 24 (hatched bar). Cell viability
was assayed 5 d later. Cells containing normal Rb are not killed by 24 (Reproduced with permis-
sion from ref. 19.)
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(see Fig. 8) (44,47,48). This interaction results in a conformational change in the fiber
that allows the penton base protein, through its tripeptide amino acid sequence (arginine-
glycine-aspartic acid [RGD] motif), to bind to v integrins, specifically v 3 and v 5
on the cell surface. This second interaction (penton base with integrins) results in a pH
change (towards acidification) facilitating viral evasion of the endosome (49,50). Once
inside the cell, the viral core (containing the viral genome) moves into the nucleus
through nuclear pores, and a viral DNA-cell histone complex is formed, initiating selec-
tive expression of early gene transcription.

4.1.2. CAR AND INTEGRIN EXPRESSION IN TUMORS

Examinations of CAR levels in neoplastic cells, revealed that CAR expression is
typically low in tumors, including gliomas (18). Indeed, in a study from our group,
nearly 50% of glioma cell lines expressed very low levels of CAR (18). Likewise, stud-
ies of paraffin-fixed brain tumor surgical specimens have documented the low CAR
expression in gliomas in situ. This finding is important because a low-CAR level on
tumor cells reduces viral infection and attenuates lateral spread of replication-competent
viruses resulting from dependence on CAR for efficient viral infectivity. In addition,
low-CAR expression on tumor cells can theoretically result in sequestration of virus
by high-CAR expressing noncancerous normal cells, thereby limiting the infection of
low-CAR expressing cancer cells. However, in contrast with their frequent low levels
of CAR expression, tumor cells typically show high levels of v 3 or v 5. Indeed, in
our study, glioma cell lines almost universally demonstrated high levels of v 3 or

v 5, and many gliomas showed high expression of both integrins (18).
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Fig. 8. Infection of cells by adenoviruses. Adenoviruses enter cells by initial binding of the fiber knob
to CAR and subsequent interaction of the penton base with cell surface integrins. Clathrin-mediated
endocytosis results in internalization of the virus and its subsequent movement into the nucleus.



4.1.3. 24-RGD
Elucidation of the fiber knob/CAR and RGD/integrin interactions and the frequent

low expression of CAR and high expression of integrins in tumors led to the develop-
ment of second generation 24 adenoviruses with improved infectivity in tumors. This
development was fueled by the recognition that incorporation of an ACDCRGDCFCG
peptide (RGD-4C) motif into the H1 loop of the fiber knob (H1 loop) is capable of
facilitating adenoviral entry of tumor cells by bypassing the CAR interaction (51) (see
Fig. 9). Curiel and coworkers were the first to demonstrate that this RGD motif could
favorably augment the delivery of adenoviral vectors (51). Subsequently, in order to
improve the infectivity of 24, Fueyo et al. reported a modified 24 that included the
RGD motif within the H1 loop, called 24-RGD (18). In vitro analyses have demon-
strated that the presence of this RGD motif increases infection of glioma cells by as
much as 6× more than infection with adenoviruses lacking RGD in the H1 loop.
Blocking adenoviral infectivity mediated by CAR by incubating tumor cells with fiber
knob protein did not significantly inhibit infection of RGD-containing adenovirus. In
contrast, incubating them with RGD peptide to block integrin binding significantly
reduced adenoviral infectivity. Thus, insertion of the RGD motif into the fiber knob
allows for CAR-independent infection of gliomas.

The increased infectivity of 24-RGD has been shown to translate into increased
tumor cell killing (18). Interestingly, in cells with low-CAR expression, 24-RGD had
higher cytopathic effects than 24 or wild-type adenovirus. However, in cells with high-
CAR expression, wild-type virus was more potent than 24-RGD. Thus, the enhanced
killing of 24-RGD was most evident in tumor cells with low-CAR expression. This
enhanced killing by 24 RGD has been shown most convincingly in an intracranial
glioma xenograft model of a low-CAR expressing glioma cell line (U87) (see Fig. 10).
Intratumoral injection of 24-RGD into established intracranial U87 xenografts was
associated with a longer survival time (mean 131 d) than intratumoral injection of 24
(mean 50 d). Furthermore, although long-term survivors were identified with both treat-
ments, 60% of 24-RGD treated mice, but only 15% of 24-treated mice, survived for
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Fig. 9. Comparison between 24 and 24-RGD. The RGD motif in the penton base binds to inte-
grins. Insertion of an RGD-motif into the fiber knob, permits 24-RGD to infect cells irrespective of
the presence of CAR. Note that 24-RGD is still able to bind CAR.



more than 4 mo. Thus, there is substantial evidence that the addition of the RDG motif
increased the capacity of 24 to kill low CAR-expressing tumor cells.

Importantly, and in contrast to the case with tumor cells, the addition of the RGD
motif to 24 does not translate into increased killing of normal human astrocytes.
Thus, the selectivity imposed by the mutant E1A is maintained in RGD modified 24.
Specifically, 24-RGD was shown to be unable to replicate in serum-starved (non-
dividing) normal human astrocytes, whereas wild-type adenovirus (not containing
mutant E1A) was able to replicate. Indeed, 24-RGD replication was 1000 to 10,000×
greater in glioma cells than it was in normal human astrocytes. Thus, it is expected that

24-RGD should have a high therapeutic index when used in the treatment of brain
tumors. Moreover, recent reports have suggested that most normal cells in the brain
have low levels of v 3 or v 5 integrins on their surface in situ, which would further
extend the therapeutic index in glioma treatment.

4.2. Enhancing Tumor Selectivity and Decreasing Cellular Toxicity: CB1
As previously mentioned, a downside of the E1A-based oncolytic viruses, 24 and
24-RGD is their ability to replicate in dividing normal cells. Because normal cell

division includes a period when Rb is inactivated, normal dividing cells are vulnerable
to 24 infection and replication. One approach that has been used to decrease toxicity
in normal cells while maintaining efficacious replication and lysis of tumor cells has
been to alter another early expressed protein, namely, the E1B protein. This double
mutant adenovirus has been referred to as CB1 (19).

4.2.1. CELLULAR P53 AS GUARDIAN OF THE GENOME

Viral E1A expression inactivates Rb, resulting in the release and activation of E2F,
inducing cell-cycle progression. Expression of E1A, increases in E2F, and unscheduled
DNA synthesis are all capable of activating expression of one of the most critical 
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Fig. 10. Efficacy of 24 and 24-RGD in an intracranial glioma xenograft model. U87 glioma
cells (low CAR expression) were implanted in the frontal lobes of nude mice, and after 3 d they
were treated with the agents shown in the legend. 24 treatment resulted in a significant increase
in survival time relative to controls. Use of 24-RGD further increased survival time in this
model (60% of animals were cured). Treatment with Onyx-015 had no effect. 24-RGD was as
effective as wild-type adenovirus, indicating that its virulence was not significantly attenuated by
the modifications.



cell-cycle check point genes, the p53 tumor suppressor (52,53). p53 is a 393-amino-
acid protein often referred to as the “guardian of the genome,” as it is activated in
response to genome-altering stresses including DNA damage, hypoxia, and oncogene
expression. Both E2F and E1a are strong inducers of p53. Activation of p53 leads to
increased expression of p21, a cdk inhibitor, and subsequent arrest of the cell in G1.
This arrest allows cells to repair the DNA damage prior to proceeding to S-phase.
However, if the damage is irreparable, activation of p53 leads to apoptosis, typically
through p53-mediated transcriptional activation of apoptosis-related proteins (e.g.,
Bax, Fas, Puma, and Noxa). Importantly, p53 is negatively regulated by the mouse dou-
ble minute-2 (mdm-2) protein, which binds to p53, thereby inhibiting its transactivating
capacity (54) and targeting p53 for proteosome degradation (55). Binding of mdm-2 to
p53 is itself regulated by p14ARF, which inhibits mdm-2 by sequestering it from p53
(56). Thus, the expression of p14ARF activates p53 by releasing it from mdm-2.
Increases in E1A and E2F activate p53 through this p14ARF pathway. Thus, the cell
uses p53 to protect itself from the potential deleterious effects of viral infection.

4.2.2. THE ROLE OF VIRAL E1B IN REPLICATION

Because high levels of E2F are capable of activating p14ARF and leading to p53-
mediated apoptosis, it is critical for adenoviruses to suppress the p53 apoptotic path-
way in order to sustain replication. This is accomplished at last in part by the viral
E1B-55kDa protein, which binds to and inactivates cellular p53. E1B-mediated inacti-
vation of p53 prevents apoptosis and/or cell cycle arrest and permits viral replication
and viral proliferation (16).

4.2.3. CB1 (E1A-E1B DOUBLE MUTANT)
In order to improve the safety, Gomez-Manzano et al. used this information to

develop a double mutant adenovirus constructed on the backbone of the mutant-E1A
24. Specifically, they deleted base pairs 2426 to 3328 in the E1B region, which pre-

vents the expression of wild-type E1B-55kDa protein. This deletion was the same alter-
ation incorporated into ONYX-015, first reported by Bischoff et al. (31). Because p53
is inactivated in nearly all tumor cells (either by mutation of p53, increases in mdm-2
or loss of p14ARF) (25,57–60), abolishing the expression of viral E1B-55kDa does not
attenuate viral replication in tumor cells. However, when E1B-mutant adenovirus
infects normal cells, wild-type p53 is activated and viral replication is halted, either
through cell-cycle arrest or apoptosis. The double mutant adenovirus (with E1A and
E1B mutations), CB1, is unable to inactivate Rb and p53. Gomez-Manzano et al.
showed that this virus replicates and lyses glioma cells as effectively as 24 (19).
Furthermore, using a mouse intracranial glioma model, direct injection of CB1 signifi-
cantly extended the survival time of mice compared with controls receiving ultraviolet-
inactivated CB1, but their survival duration was not significantly different from mice
receiving unmodified 24. Important for reducing toxicity, the replication phenotype
of CB1 was highly attenuated in both nondividing and dividing normal astrocytes.
Although the effect of CB1 was no different from 24 in nondividing astrocytes, in
actively proliferating astrocyte cultures, CB1 produced significantly less toxicity than

24. Thus, the inability of CB1 to inhibit cellular p53 acts as a secondary check on
viral replication in dividing normal cells. In all, CB1 has improved selectivity, produc-
ing less toxicity on normal dividing cells than 24 alone, while at the same time main-
taining its replication efficiency and cytopathic effect on glioma cells.
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4.3. Enhancing Cell Killing: Arming 24
Given the potential of replication-competent viruses to spread throughout a tumor, a

natural evolution of this therapeutic approach has been to “arm” replication-competent
adenoviruses to deliver therapeutic transgenes. These genes are typically inserted into
the E3 region, which modifies the host’s immunological environment and can be deleted
without interfering with viral replication. To date, 24 has been used to deliver the
cytosine deaminase gene (CD) (20) and the p53 gene (61).

4.3.1. 24-HYCD
In an effort to enhance tumor cell killing, Conrad et al. inserted a humanized version

of the yeast cytosine deaminase gene driven by a CMV promoter into the E3 region of
24 (20). Activation of this gene results in expression of cytosine deaminase, an

enzyme that converts the prodrug 5-fluorocytosine (5-FC) to the cytotoxic drug 5-fluo-
rouracil (5-FU). This approach, called gene-dependent enzyme/prodrug therapy
(GDEPT), is intended to enhance cell killing by increasing the local intratumoral con-
centration of 5-FU and thereby inducing a “bystander” effect on the surrounding tumor
cells. Because 5-FU has a narrow therapeutic index and systemic dosing results in sig-
nificant hematological and gastrointestinal toxicities, the GDEPT approach allows for
systemic delivery of an inert nontoxic prodrug (5-FC) and subsequent local (intra-
tumoral) conversion to the active drug (5-FC), thereby limiting systemic toxicity and
enhancing cell kill by maximizing local intratumoral drug concentrations. However, in
the context of replication-competent viruses, concern arose from the theoretical
consideration that enhancing the killing of cells by 5-FU might attenuate viral replication
by prematurely inducing apoptosis in both the infected cells and the surrounding cells.

Nevertheless, in vitro experimental studies have demonstrated that 24-hyCD pro-
duces a catalytically active hyCD enzyme that efficiently converted 5FC to 5FU both in
vitro and in vivo (20). For glioma cell lines, the in vitro IC50 dose of FC required for
complete cytopathic effect by the 24-hyCD was 5-fold less than the dose required
with 24. Moreover, intratumoral treatment of mice bearing intracranial human
gliomas with 24-hyCD (delivered intratumorally) plus 5FC (delivered intraperi-
toneally) significantly improved survival time compared with the use of 24 alone or

24 plus 5FC. These studies indicate that the added bystander effect achieved by this
prodrug approach enhances rather than limits tumor cell kill and thus represents an
important improvement in the ultimate application of 24.

4.3.2. 24-P53
Cellular lysis at the end of the infection and replication cycle of the adenovirus is the

critical step that determines the rate of viral progeny release. Whereas cellular lysis was
initially thought to be a nonapoptotic process, it now appears that apoptosis is one
mechanism used by adenoviruses to accomplish cell lysis (62,63). Apoptosis is sup-
pressed in the early stages of viral replication via the interaction of adenoviral proteins
(encoded by E1 and E4 genes) with p53 such that p53 function is suppressed and its
degradation is induced (63). Inactivation of p53 prevents premature host cell death that
would otherwise limit production of new viral progeny. However, at the end of the
adenoviral cycle, cooperation with p53 to induce cell lysis is necessary for efficient
viral replication (63). Consequently, adenoviruses have the ability to lyse cells with
functional p53 more efficiently than those that are p53-deficient (62,63). Thus, many
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tumors that are p53-deficient, including malignant gliomas, may be resistant to the
release of adenoviral progeny, thereby limiting intratumoral dissemination.

With the knowledge of the central role of p53 in coordinating the apoptotic response,
van Beusechem et al. (21) recently engineered 24 to carry a p53 transgene in the E3
region of the viral genome. In vitro studies demonstrated that 24-p53 was more effec-
tive than 24 at killing human cancer cells with various histologies (including gliomas)
and p53 statuses. Thus, arming 24 with apoptosis-enhancing genes such as p53
represents another therapeutic avenue that needs further testing.

5. CONCLUSIONS

The preclinical studies presented herein suggest that 24 has significant promise as a
therapeutic agent against human gliomas. Yet the true potential of this approach rests on
the successful testing of these agents in clinical trials. Given the wealth of knowledge
about the molecular function of 24 and the second generation adenoviruses, it is para-
mount to properly design clinical trials so that the biological capacity of 24 to lyse
glioma cells, to spread to distant tumor cells, and to spare normal cells (in other words,
to do what it was designed to do) is tested. Immediate success will require careful imple-
mentation of such trials. Ultimate success, however, will require continued understand-
ing of the intersection between viral and tumor biology and the application of these
findings to the refinement of ever more effective and safe 24-based viral therapies.
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Summary
Genetic therapeutic agents have been tested in cancer patients for over 10 yr. Five major

approaches have been tested in clinical trials: tumor suppressor gene replacement, prodrug-activat-
ing enzyme delivery, oncolytic virotherapy, antisense oligonucleotide delivery, and cytokine
immuno-gene therapy. Proof-of-principle demonstrations of transgene expression, as well as certain
biological activities, have been shown; serious toxicity has been rare. However, the field faces sev-
eral challenges, including limited efficacy, side effects, and lack of proper response indicators.
Inefficient tumor delivery and/or transfection, and rapid clearance mediated by host immune
responses result in inadequate transgene expression and limited efficacy. Major side effects include
vector-/transgene-specific toxicities and disease-/host-specific idiosyncrasy. Discrepancies between
certain biomarkers and imaging studies also increase the difficulties in interpretation. Future cancer
gene therapy agents need to incorporate mechanisms that allow us to further understand the bio-
distribution, expression, and function of the vector/transgene. Immune responses toward vectors and
transgenes should be reduced, whereas antitumoral immune responses should be enhanced. Vectors
and transgenes that offer more than one mechanisms-of-action need to be explored and combined.
Finally, our understanding of tumor biology, vectorology and immunology needs to be strengthened
in order to improve efficacy and minimizing toxicity.

Key Words: Gene therapy; cancer; clinical trial; vector; genetics.

1. INTRODUCTION

The past decade has seen rapid development in cancer therapy. With the advantage of
knowledge and technology advances in cancer biology, genetics, microbiology, and
immunology, genetic therapy (a.k.a. “gene therapy”) has entered clinical trials and pro-
vided useful information. The first human clinical cancer gene therapy trial was approved
in 1989 for melanoma and renal cell carcinoma (1). Hundreds of trials were subse-
quently carried out worldwide. The target tissues for these gene therapy studies can be
divided into three categories. The first approach is to target cancer cells directly; this
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includes, but is not limited to to, restoration of functional tumor suppressor genes (e.g.,
p53) (2), “suicide” gene therapy followed by prodrug administration (e.g., herpes sim-
plex virus tyrosine kinase [HSV-tk] followed by ganciclovir) (3), transcriptional control
of the vectors with the use of tumor-specific promoters to control the expression of vec-
tor genes or therapeutic transgenes (e.g., erbB-2 promoter-driven virus carrying suicide
gene; prostate-specific antigen (PSA)-driven oncolytic adenovirus) (4,5), and chemo-
and radio-sensitization of tumor cells by the transgenes (e.g., adenovirus E1A) (6).

Apart from cancer cells themselves, other host tissues are also targeted by cancer
genetic therapy. Immunotherapy aims at restoring and/or enhancing the host antitumoral
immune response. This includes the use of cytokines (e.g., interleukin [IL]-2, granulo-
cyte macrophage colony-stimulating factor [GM-CSF]) (7,8), costimulatory factors (e.g.,
B7) (9) and others (e.g., dendritic cells [DCs]) (10). In some cases the therapeutic trans-
gene products have direct antitumoral effect (e.g., IL-2), whereas in others the transgene
products act through an indirect fashion (e.g., GM-CSF). Antiangiogenesis, initially pro-
posed by J. Folkman, argues that the destruction of tumor angiogenesis can lead to tumor
reduction (11). This approach is exemplified by Avastin (bevacizumab; monoclonal vas-
cular endothelial growth factor [VEGF] IgG), which has been approved by Food and
Drug Administration (FDA) for the treatment of various cancers in conjunction with
standard chemotherapy (12,13). In terms of gene therapy, antiangiogenic factors can be
delivered by vectors (14). Finally, the third area of interest is to confer (chemothera-
peutic) drug resistance on bone marrow stem cells, in order to avoid the bone marrow
suppression which occurs frequently after high-dose chemotherapy (15).

The gene delivery systems (vectors) can be divided into two broad categories: viral
and nonviral vectors. Viral vectors, with the advantage of high transduction efficiency
and sophisticated techniques for large scale clinical grade production, are frequently
used vectors (16–19). Examples include the use of adenovirus, retrovirus, herpes sim-
plex virus (HSV), vaccinia virus, Newcastle Disease Virus, adeno-associated virus
(AAV), measle virus, and others. Nonviral vectors have also been used in clinical trials.
Examples include plasmids, liposomes, bacteriae, and cells (20–24).

Although genetic therapy has been tested in cancer patients for more than 10 yr, no
agent from this category has been approved to date. Tables 1–5 list results of a few
major categories of cancer gene therapy approaches. Toxicity in most trials has been
only transient and not severe. The expression levels of therapeutic genes or the replica-
tion of the vectors varied; higher doses tend to be associated with increased gene expres-
sion. Antitumoral immunity can be induced by immunostimulatory transgene products
(e.g., GM-CSF, HLA-B7, IL-2) based on hematologic analysis. Immunity against viral
vectors can also be demonstrated by neutralizing antibody levels. Although there are
some promising results in these early trials, problems and limitations still exist which
need to be tackled. The hurdles to be addressed include: (1) limited efficacy, (2) side
effects, (3) lack of proper response indicators, and (4) lack of thorough understanding
of mechanisms leading to therapeutic effects (Table 6).

2. HURDLES WITH CLINICAL CANCER GENE THERAPY

2.1. Limited Efficacy
Most clinical gene therapy trials reported to date consist of phase I and phase II tri-

als. The overall response rate for cancer patients undergoing gene therapy as a single
agent treatment has been less than 20% (25–29). This has been largely attributed to
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host immune response to both vectors and transgenes (30), which might lead to shorter
vector persistence and/or inadequate transgene expression. Although the host immune
system does not seem to block transgene expression after local injection (31,32), long
term (>6 mo) expression is still rare. In addition, tumor tissues are heterogeneous;
stroma consists of fibrous and connective tissue that distribute throughout the tumor.
Because of a lack of receptor to commonly utilized viral vectors, these areas are gener-
ally not easily infectable and do not efficiently support transgene expression/vector
replication when infected. The central necrotic area in a tumor is another “dead space”
which does not support transgene expression. 

In addition, numerous studies have demonstrated that the more invasive the cancer
is, the more likely it is to utilize multiple oncogenic pathways. Therefore, in any thera-
peutic targeting, including gene therapy, one or a limited number of these pathways
might fail. For example, a phase III trial of Ad-p53 gene therapy in ovarian cancers
did not show an adequate therapeutic benefit and was closed after the first interim
analysis. It was proposed that the multiple genetic changes in cancer and epigenetic
dysregulations led to aberrant silencing of genes (33). Moreover, the recently identi-
fied dominant p53 mutants as well as p63 and p73 splice variants could also seriously
hampered the effect of p53 gene therapy. This phenomenon can also be exemplified by
the angiogenic profile of breast cancers in cancer development. Early breast cancers
utilize solely vascular endothelial growth factor (VEGF) as angiogenic factor, but as
the disease progressed it adapted to recruit/secrete up to six different angiogenic
factors (11). Thus, if a particular antiangiogenic factor is to be delivered to cancer
patients by gene therapy, it is likely to receive a higher response rate in early stage
patients, but might fail in late stage patients. 

Table 6
Issues to Address in the Genetic Therapy of Cancer

Issues to address Mechanisms

Limited efficacy Host immune response–transient expression
Inefficient systemic delivery in vivo
Low in vivo infection rate
Inadequate patient selection for those likely to respond

Potential side effects Insertional mutagenesis
Vector- /transgene- specific toxicity
Disease- /host- specific idiosyncratic toxicity
Species-specificity: inadequate biodistribution and

toxicity data with preclinical models
Generation of replication-competent virus: recombination

Lack of proper response Discrepancy between tumor markers, imaging studies 
indicator and true biological effects

Lack of proper indicators for in vivo biological activities

Lack of thorough Cancer cell signal transduction pathway redundancies
understanding of tumor (e.g., apoptotic blocks)
biology, genetics Dominant-negative proteins in cancer cell block function of 
and vectorology transgene product (e.g., p53)

Inadequate biodistribution and toxicity data with preclinical models
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2.2. Potential Side Effects
Apart from the limited efficacy, cancer gene therapy also faces the concern of toxi-

city. Although no cases of treatment-related death have been reported in cancer patients
under gene therapy trials, a few cases of treatment-related severe adverse effect (SAE)
were documented. Moreover, death and SAE have been reported from gene therapy
studies for other diseases. The first fatal case directly linked to gene therapy was of a
patient with ornithine carbamyltransferase (OTC) deficiency, who received replication-
deficient adenovirus-mediated OTC gene delivery via the hepatic artery. Investigation
into this case pointed out an extremely high level of interleukin-6 (IL-6) postinjection
in this patient and associated disseminated intravascular coagulation (DIC), which was
not suppressed by a simultaneous rise in IL-10 (34); whether IL-6 elevation was the
cause or effect is unclear. Although it is uncertain whether this resulted from patient- or
disease-specific idiosyncrasy to adenovirus, the tragedy has prompted investigators and
patients to be more cautious in designing and participating in gene therapy trials (35).

Another important report came from a X-linked severe combined immunodeficiency
(SCID) trial in which patients without a matched bone marrow donor available under-
went ex vivo retrovirus-mediated C (common chain) gene delivery into autologous
CD34+ bone marrow cells (36). Among more than 30 patients who entered the trial, 2
were found to develop acute leukemia after 2.5 to 3 yr (37,38). Although gene integra-
tion is a hallmark of retrovirus based gene delivery, it has never been shown to promote
insertional oncogenesis in rodent, dog, and nonhuman primate models, as well as in
many other patients who previously received retrovirus-based gene therapy (39,40).
Moreover, the two patients who developed leukemia were both on the highest dose level,
both among the youngest in the trial, but notably, they had the same locus of gene inser-
tion (37,38). A series of extensive investigations have been carried out, and several
potential mechanisms were proposed to explain the SAE (41–43). Some proposed that
the activation of a yet poorly defined group of high risk proto-oncogenes (represented
here by the gene LMO2 activated in both patients) was sufficient to induce premalignant
transformation and further events (e.g., transgene expression and other signal alter-
ations) would promote malignant progression. The other hypothesis suggested that non-
physiologic transgene expression evoked a signal alteration that specifically cooperated
with the activated oncogenes in the initiation of disease. Subsequent “hits” were also
required in this model. However, it is unclear at this moment whether the transgene level
at the local environment plays an equally critical role as proto-oncogene activation. 

It is clear that current preclinical models are not ideal for predicting the type, fre-
quency, and severity of toxicity, including insertional mutagenesis. Species difference
between human and mouse or human and nonhuman primates is the major reason. For
cancer gene therapy, animal models face another specific problem: most published pre-
clinical models are human tumor-mouse xenograft systems and involved the use of
athymic or even SCID mice. Thus, the results obtained from these studies may be mis-
leading because one of the most crucial players in the cancer-vector-host interplay, the
host immune system, is missing. In terms of the risk to humans, it is also unknown
whether other patients who received retrovirus-based gene therapy developed leukemic
disorders in the long term and whether the administration dosage, route, and duration
have any impact on the development of these potential SAEs.

For studies involving the use of replication-deficient viruses, one potential concern
is the recombination of replication-competent viruses. Similarly, for oncolytic viruses the
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risk of wild-type virus recombination (reversion) is another concern. Whereas herpes-
virus can be eliminated by acyclovir, effective antibiotics are not readily available for
other virus species, and the sequelae of circulating wild-type virus in patients are largely
unknown, especially with HIV-based lentivirus. Although recombination has not been
shown in preclinical and clinical studies, patients undergoing viral vector-mediated
gene therapy should be closely monitored for replication-competent and wild-type
virus recombination. 

An equally important factor is the route of administration. Although systemic delivery
is the ultimate goal for metastasing cancer cells, it is also likely to induce the highest
immune reaction, and potential toxicity. To this end, “staged” clinical research and
development approaches can ensure safety of the agent tested (44). The goal of this
approach is to increase systemic exposure to the test article sequentially only after
safety with more localized delivery is demonstrated (see Fig. 1). Following demonstra-
tion of safety and biological activity by the intratumoral route, trials can sequentially
be initiated to study intracavitary (e.g., intraperitoneal), intra-arterial (e.g., hepatic
artery), and eventually intravenous administration. Finally, clinical trials of combina-
tions with chemotherapy or radiotherapy will be initiated only after the safety of the
test article as a single agent is demonstrated by the relevant route of administration.

In order to predict any potential toxicity to patients, proper preclinical toxicology
testing is critical. However, the currently available preclinical models do not fully
reflect clinical settings. In addition, because the latent period of the insertional muta-
genesis in patients was more than 2 yr, long-term safety evaluation, which is not always
practical for preclinical testing, needs to be improved. Furthermore, a large proportion
of cancer patients have other comorbid diseases that might affect the biodistribution
and toxicity of these gene therapy agents. Patients with liver function impairment (e.g.,
liver cirrhosis and/or chronic hepatitis) might have an impaired hepatic clearance of
viral vectors; in contrast, pulmonary uptake might be increased in these patients, as
shown in animal models (45). It is also unknown whether patients with chronic viral
infection (hepatitis B virus [HBV], Epstein-Barr virus [EBV], etc) will have acute
exacerbation resulting from activation by viral genes and/or therapeutic transgenes.
Indeed, age, comorbid index, and surgery were found to be risk factors for local deliv-
ery of low- and intermediate-dose adenovirus gene transfer vectors (46). These need to
be addressed in preclinical toxicity studies.

2.3. Lack of Proper Response Indicators

An equally important question that remains largely unresolved is the lack of a proper
disease response monitoring index. Discrepancy between tumor-specific antigen (tumor
marker) levels, imaging studies and efficacy has been shown in some trials (47).
Because tumor markers and imaging studies are the two main indices to monitor the
disease status, the discrepancy leads to difficulty in interpretation. For prostate cancer,
an ideal cancer model for gene therapy because of the ease of local access for vector
administration, any local stimulation (including massaging and injection itself) will
increase the serum PSA level, for example. This makes interpretation of the tumor
markers difficult in these patients. 

Furthermore, for biological activity determination, patients are required to have multi-
ple invasive tissue samplings (biopsies). This adds to the inconvenience and potential
risk to patients. In addition, significant sampling bias may be reflected from the data
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obtained from biopsies, especially when the tumors are treated with local injections.
Thus, a monitoring system for biological activity and disease status that can follow
patients with minimal risks, convenience and cost while obtaining high-quality, real-
time data is badly needed. 

In cases where tumor suppressor gene(s) are delivered to restore the normal function
of those genes, it is also worth reconsidering the current concept of gene delivery in the
context of transgene expression level. Although transgene expression can be docu-
mented by various methods, one must bear in mind that successful gene delivery (as
tested by polymerase chain reaction [PCR] ) and/or transcription (mRNA expression)
does not necessarily lead to functional protein expression. Hence, to monitor biological
activities of this type of approach, more data must be obtained to realize the effect of
gene restoration. In addition, the therapeutic level of transgene products that is high
enough to induce significant antitumoral effect in patients must be determined.

2.4. Lack of Thorough Understanding of Biological Mechanisms
To date, the molecular and genetic targets selected for gene therapy has been largely

based on our knowledge of tumor biology, genetics, and virology. However, little is known
about the in vivo activities of these agents in humans. Whether the viruses and/or thera-
peutic transgenes behave in humans as predicted is unclear. For example, a functional
gene product does not guarantee the restoration of any particular apoptosis induction
pathway. A p53 pathway abnormality, for instance, can result from loss of p53 and/or its
up- or downstream targets (i.e., p14, p21, MDM-2,). It remains to be determined in vivo
whether p53 restoration can activate the downstream targets as shown in vitro. In addi-
tion, in patients who have evolved multiple blocks in the p53 pathway, simply restoring
functional p53 might not be enough. As mentioned earlier, dominant- negative crosstalk
between ectopic wild-type p53 and the dominant-negative p53 mutants could also limit
the efficacy of the p53 gene therapy. In addition to the failed ovarian cancer Ad-p53 phase
III trial, the early termination of retrovirus-BRCA1 trial in ovarian cancer patients also
implies that a more thorough understanding of the mechanisms of the gene products and
the interaction of these genes and vectors with the host is eagerly awaited (28).

Fig. 1. Staged approach to cancer gene therapy trials.



It is clear from the discussion above that there remains huge potential for improve-
ment for clinical cancer gene therapy. Future directions in this field should include
more efforts on improved understanding of the biological activities of the gene therapy
agents in vivo in patients, enhancing efficacy, and reducing side effects (Table 7).

3. FUTURE DIRECTIONS

3.1. Improving the Understanding of Mechanisms and Monitoring 
of In Vivo Activities

As mentioned above, the lack of a thorough understanding of the biological activi-
ties of gene therapy agents in vivo has been a hurdle for cancer gene therapy. Several
approaches can be taken to overcome this problem. First, the vectors can be designed to
incorporate more sophisticated reporter genes to allow in vivo monitoring. For exam-
ple, the use of radionucleotide imaging (e.g., positron emission tomography [PET] and
single photon emission tomography [SPECT]) has been shown to improve the detec-
tion of regional/spatial distribution of vector/transgene expression in vivo (48,49). With
the use of Na/I symporter system, PET imaging can reveal biodistribution as well as
quantification of gene expression (50,51). SPECT can be used to image receptors,
transporters, and other proteins expressed on cell surface. Similarly, vectors carrying
bioluminescent activating enzymes (e.g., luciferases) can be monitored for their biodis-
tribution and gene expression in vivo in real time (52,53), although to date this approach
is limited to animal models. Other examples of potential use in humans include mag-
netic resonance imaging (MRI) for gene expression through reporters/enzymes, fluo-
rescence imaging with green fluorescent protein (GFP) introduced by the vector (for
superficial tumors), as well as somatostatin receptor gene used in combination with
radiolabeled octreotide (54,55). These approaches offer detailed information on both
distribution and quantitation of gene expression and they are expected to be incorpo-
rated into trials in the future. A detailed summary on molecular imaging of cancer gene
therapy can be found in a recent review (56).

In addition to imaging, the pharmacokinetics of the vectors as well as transgenes can
also be monitored by incorporation of specific “marker” genes, such as the tumor-asso-
ciated antigen carcinoembryonic antigen (CEA). An oncolytic measles virus encoding
CEA has been tested in preclinical models (57,58). As CEA is only expressed when the
virus is replicating, the amount of virus replication/persistence of this virus can be eas-
ily followed by measuring the blood level of CEA. This strategy enables more frequent
and rapid measurement of the replicating virus. In terms of replication-competent
oncolytic viruses, pharmacokinetic monitoring can also be performed by obtaining the
quantity of viral genomes in bloodstream following treatment. Mathematical models
can be used to calculate the number of virus particles produced and shed into blood
with each replication cycle (59).

Treatment of highly accessible tumors for biopsy will definitely increase our know-
ledge of the in vivo activity of these genes. There is little technical difficulty in obtain-
ing biopsies from superficial tumors, such as head and neck cancers, as well as
melanoma. For tumors which post-treatment biopsy is prevented by technical and ethi-
cal reasons (e.g., brain tumors), applying gene therapy as a neoadjuvant therapy (i.e.,
given before operation) will allow us to analyze the biological endpoints from the
resected tumors.
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3.2. Enhancing Efficacy
To enhance the antitumoral efficacy of the agents, a promising approach is to utilize

replication-selective microorganisms as vectors for gene delivery. Indeed, replication-

Table 7
Future Directions for Genetic Therapy Improvement

Directions Solutions Examples

Revealing the in vivo Improving the design of new Bioluminescence
activities/mechanisms vectors to allow in vivo FIAU or Na/I
of gene therapy agents monitoring symporter-based PET imaging

Somatostatin receptor based
imaging

Viruses encoding CEA
Proper patient selection/trial accessible tumors for biopsies

design Preoperative treatment to allow
sampling

Enhancing efficacy Transgene-armed, replication- Oncolytic adenovirus armed
selective oncolytic viruses with HSV-TK

Oncolytic vaccinia virus armed
with GM-CSF

Reducing antivector and/or Steroid administration
antitransgene immune response; prior treatment
enhancing antitumoral Pseudotyping viruses
immune response Combining vectors with more

than one serotypes
Complexing with polycationic

polymers
Less immunogenic vectors
Enhancing MHC I presentation
Priming dendritic cell

Targeting tumor stroma/ Use of matrix
connective tissue to improve metalloproteinases?
transfection efficiency

Expanding/manipulating viral Pseudotyping viruses with
tropism ligands to other cellular 

receptors
Proper patient selection Include early stage cancers

Select cancers to include highly
transfectable tumors

Combination treatment with 
existing modalities

Reducing side effects More thorough understanding 
of vectorology

Decrease vector binding by Complexing with polycationic
antibodies and/ or uptake into polymers
reticuloendothelial (RE) cells

More sophisticated toxicology Transgenic mice expressing 
studies human receptor homologue(s)

Gene profile for patients Tumor-necrosis factor promoter
receiving gene theraphy polymorphisms
(tailored theraphy)



selective oncolytic viruses have emerged in recent years as powerful tools for cancer
treatment (44). These viruses are engineered to target cancer cells rather than normal
cells. The self-perpetuating nature of these viruses leads to amplification of input dose
in cancer cells, while reduced toxicity can be achieved by limiting the infection or
replication of the viruses in normal cells. The past 5 yr have seen tremendous progress
in this approach in both preclinical and clinical research (60). New technology has been
developed to improve the selectivity, viral spread, and transgene expression from
oncolytic viruses, and it is expected to translate into improvement in clinical results in
the next few years. Moreover, when “armed” with therapeutic transgenes, the effect is
predicted to be greater than with replication-deficient viral vectors not only because of
amplification of input dose, but also because of the different mechanisms employed by
the armed oncolytic viruses to destroy tumors (61). Apart from oncolytic viruses, cer-
tain bacteria have been tested for oncolytic activities. Attenuated Salmonella, Shigella,
and other bacteria species have each been shown to be replication-selective (22). Given
the large capacity for transgene insertion, these engineered bacteria hold promise. 

Because the limited efficacy seen in clinical trials can be at least partly attributed to
efficient vector clearance by the host immune system, reducing the impact of host immu-
nity may enhance the therapeutic efficacy. This has been achieved by several mecha-
nisms. Examples include polyethylene glycol-coated (PEGylated) vectors that can avoid
neutralizing antibodies and that have prolonged half-lives of the viruses (62–64) and
plasmids (65–67). Polycationic polymer-coated adenovirus has been shown to have
extended systemic circulation, reduced toxicity and neutralizing antibody production
(68,69). The utilization of potentially less immunogenic vectors (e.g., recombinant
adeno-associated viruses) may also reduce the immune-mediated clearance (70). On the
other hand, coinjection of viruses with immunosuppressive agents has been explored;
although no significant antibody reduction or enhanced transgene expression was seen,
the inflammation was largely reduced (71). However, this approach was only tested in a
limited number of patients and more studies are warranted. 

Viral vectors can be engineered to boost the host antitumoral immune response or
avoid antiviral immunity. Adenovirus, for example, has evolved several immunomodu-
latory genes (mostly in E3 region) to antagonize immune system-induced apoptosis
signals (72–74). The deletion of certain E3 gene regions, as in most adenoviral vectors,
might thus contribute to the short in vivo vector persistence. On the other hand, with
proper viral gene manipulation, the host antiviral immune response can be redirected to
kill tumor cells. A good example is the adenoviral E3-gp 19kD gene, whose function is
to downregulate the antigen-presenting cells (APCs) presentation of major histocom-
patability complex (MHC) I antigen. Adenoviral mutant with deletion in this gene has
enhanced MHC I presentation, which correlates with enhanced cytotoxic T-lymphocyte
(CTL) infiltration and enhanced antitumoral efficacy (75). Similarly, the HSV viral ICP
47 gene product possesses a similar function, and HSV mutant with deletion in this
gene also has enhanced CTL infiltration and antitumoral efficacy (76). Therefore, this
approach can be explored with other virus species.

For viral vectors that utilize specific cellular surface virus receptors, it is possible to
alter the virus tropism so as to enhance tumor infectability (77). Native viral proteins
(e.g., adenovirus fiber) can be engineered to recognize tumor-specific surface protein to
achieve tumor-selectivity. This approach redirects the viruses to desired target cells
(78). However, before translating this technique to clinical use, the tumor-specific
receptor(s) must be thoroughly studied and confirmed, and safety and biodistribution
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must be obtained from tropism-modified viruses to exclude the possibility of infecting
normal tissues (44). Moreover, one must take into account the fact that tumor cells are
heterogenous, and that these “tumor-specific” receptors might not be expressed in all
tumor cells, and even in the cells that express the receptors, the intensity, and hence the
infectibility, might be different from cell to cell. In addition, these vectors should be
tested with primary tumor and normal tissues (e.g., from surgical specimens) whenever
possible to closely mimic the clinical setting. 

For oncolytic viruses, one possible way to enhance the potency is to engineer the
virus for enhanced replication and/or viral spread in order to infect the maximum num-
ber of cells before being cleared by the immune system. For instance, overexpression
of adenovirus death protein (ADP) can enhance the spread of oncolytic adenoviruses
(79). Similarly, the deletion of adenoviral E1B-19kD, which functions to balance the
effect of ADP in a natural infection course, can also enhance viral replication and viral
spread (80). In addition, exploring other viral species that have a shorter viral replica-
tion cycle can potentially improve viral spread.

Targeting more than one critical regulator in oncogenic pathways may also enhance
efficacy. Vectors can be engineered to carry multiple transgenes targeting different
pathways. Similarly, combining gene therapy with existing treatment modalities not
only may significantly increase efficacy, it may also reduce the likelihood of resistance
(81). It is likely that there will be multiple choices of gene therapy agents in the future,
as is currently the case with chemotherapy. Finally, because oncogenesis takes multiple
steps and requires a certain latent period, it is desirable to explore the role of gene therapy
as a prevention medicine in premalignant lesions, in hope to block oncogenesis at an
earlier stage (82,83).

In terms of clinical trials, because end-stage cancers often develop multiple defects in
apoptosis pathways, introducing single exogenous therapeutic genes is unlikely to affect
the course of the disease. Therefore, patient inclusion criteria and protocol design should
be modified to enroll more cancer patients in earlier stages of their disease once safety
has been described. The design and enrollment of early stage cancer patients will enable
us to potentially achieve optimal antitumoral effect of these agents in the clinic. In addi-
tion, for trials using viral vectors, it might be beneficial to include patients whose tumors
express high levels of receptors for the particular virus to increase the infectibility.

3.3. Reducing Side Effects
To limit side effects, efforts should be made to enhance our understanding of both

vectorology and immunology, particularly emphasizing the host immune reaction to
the gene therapy vector and transgene products. As discussed above, vectors and trans-
genes that are less immunogenic will be of particular interest. Of note, the current pre-
clinical toxicity models should be improved. Extra caution must be taken when
interpreting data obtained from human tumor-mouse xenograft systems, whereas the
development of immunocompetent syngeneic mouse tumor models or transgenic mouse
models that allow for spontaneous tumor growth are useful for accessing the biological
activities and efficacies of gene therapy.  Of note, the FDA-recommended follow-up
period for clinical trials has been extended to monitor any potential long-term side
effects. Finally, studies should be initiated to analyze the gene profiles of patients
undergoing gene therapy. Comparing the gene profiles before and after treatment with
clinical outcome can help identify patients that are most likely to develop side effects
(or conversely, clinical responses) after treatment. 
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A large amount of experience and knowledge has been gained from clinical gene
therapy studies over the past 15 yr. Although hurdles have been identified, it is highly
likely that genetic therapy will one day become part of the standard armamentarium
against cancer.
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Summary
At The University of Texas M.D. Anderson Cancer Center, we have been investigating use of the

adenovirus type 5 E1A gene as a cancer therapy for breast or ovarian cancer since 1995. E1A gene
therapy is a nonimmunologic approach involving ectopic expression of a potentially therapeutic
gene in cancer cells. During the late 1980s, E1A was shown to downregulate the overexpression of
HER-2/neu, thus reversing the tumorigenic and metastatic phenotype of HER-2/neu-overexpressing
breast and ovarian cancer cells. Since that time, E1A has also been shown to function as a tumor
suppressor gene in several other types of tumor cells by inducing apoptosis and differentiation and
by inhibiting metastasis regardless of HER2 expression level. This chapter highlights some of the
issues and difficulties we encountered in designing clinical trials of E1A gene therapy for breast or
ovarian cancer.

Key Words: Cationic liposome; breast cancer; ovarian cancer; adenovirus type 5 E1A; clinical
trial.
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1. ADENOVIRUS TYPE 5 E1A: AN ONCOGENE AND A TUMOR
SUPPRESSOR GENE

Within the adenovirus genome, the E1A gene encodes proline-rich nuclear phospho-
proteins that regulate the efficient replication of the adenovirus (1). Because E1A
proteins can transcriptionally transactivate proteins that can “immortalize” transformed
cells, E1A was originally considered an “immortalization oncogene” (2–4). Certain
serotypes of E1A proteins, such as those of adenovirus type 12, are strongly oncogenic
and induce tumors at high frequency (1). Others, such as adenovirus type 5 and its
closely related serotype adenovirus type 2, are nononcogenic (5). We found that por-
tions of E1A gene products inhibited HER2 overexpression in both rodent fibroblasts
and human cancer cells, and they did so through transcriptional repression at the HER2
promoter (6,7). This effect was thought to result from stimulation of transcription or
repression of the activity of viral and cellular transcriptional enhancers. 

These findings prompted us to investigate the possibility that E1A might function as
a tumor suppressor gene in HER2-overexpressing cancer cells through repressing HER2
overexpression. First, to determine whether E1A could reverse the tumorigenicity of
HER2-overexpressing human ovarian cancer cells, we transfected several such cell
lines with the E1A gene and found that the transfected cells expressed less HER2 protein,
produced fewer malignancies in immunosuppressed animal models, and were less able
to induce tumors in immunocompetent mice (8).

In addition to this tumor-suppressive activity in HER2-overexpressing cells, E1A has
other suppressive activities independent of HER2 (9,10). E1A has been shown to repress
the transcription of various proteases involved in tumor cell invasion and metastasis,
including type IV collagenase (11,12), plasminogen activator (13), stromelysin (14),
interstitial collagenase (11), and urokinase (11); E1A can also inhibit metastasis by
elevating expression of the metastasis suppressor gene Nm23 (15,16). E1A can also
reduce the anchorage-independent growth and tumorigenesis of a variety of tumor cell
lines, including human melanoma, fibrosarcoma (17), rhabdomyosarcoma, Saos-2
osteosarcoma, non-small cell lung carcinoma, breast carcinoma (18), and murine
melanoma (19), either by controlling cell proliferation through repression of growth
factor-inducible genes (14) or by inducing differentiation (20). E1A can also induce
apoptosis in various cell types (19,21–24). E1A was recently shown to suppress at least
one other tyrosine kinase besides HER2—namely Axl, the prototype of a family of
transmembrane receptors that also includes Sky and Eyk (23,25), which may be
involved in apoptosis or suppression of cell proliferation. E1A can also induce immune
responses by sensitizing cells to apoptosis induced by tumor necrosis factor (TNF)-
(26,27) and cytolysis by activated natural killer (NK) cells and macrophages (26,28,29).

In summary, E1A functions as a tumor suppressor gene through several mechanisms
(9,10): transcriptional repression of HER2, inhibition of metastasis-related genes, acti-
vation of metastasis suppressor genes, induction of differentiation or suppression of
cell proliferation, induction of apoptosis, and induction of host immune responses.

2. SELECTING A GENE DELIVERY SYSTEM

Armed with these results, we then set out to choose a gene delivery system for our
preclinical and clinical trials. Human gene delivery systems are of two types—viral or
nonviral. Viral delivery of DNA plasmids is efficient, but the disadvantages include the
inability of retroviral vectors to transfect nondividing cells and the strong immunogenicity
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of some adenoviral vectors (30). Our initial choice for our preclinical animal studies
was to use a replication-deficient adenoviral vector (31) to avoid potential problems
with low-transfection efficiency. On the other hand, we reasoned that nonviral delivery
systems might be more appropriate for clinical studies because they could be used
repeatedly with minimal toxicity and immunogenicity; however, the transfection
efficiency of such systems tends to be more limited than that of viral vectors (32). One
of the best-known nonviral delivery systems at that time was the cationic liposome, the
first of which was developed for in vitro gene transfer in the late 1980s by Felgner and
others (33). The system was designed so that the overall charge remains positive after
formation of the DNA/cationic liposome complex; this positive charge would promote
the interaction of the complex with the negatively charged cell membranes and enhance
transfection of the target cells. For our studies, we chose the 3-[N-(N ,N -dimethyl-
aminoethane)carbamoyl] cholesterol (DC-Chol) cationic liposome developed by Leaf
and colleagues at the University of Pittsburgh. This system was shown to facilitate gene
delivery into mammalian cells both in vitro and in vivo and was relatively nontoxic as
well as being biodegradable, nonmutagenic, and nonimmunogenic (34–38).

3. PRECLINICAL STUDIES

3.1. Safety and Efficacy of E1A in Xenograft Mouse Models
The first steps in the development of E1A as a therapeutic agent for human cancer

involved establishing the antitumorigenic efficacy of E1A by using adenoviruses to trans-
fect HER2-overexpressing ovarian or breast cancer cells and examining the behavior of
those cells in vitro and upon their injection in mice (31). The next steps involved using
E1A, delivered by various means, to treat breast cancer or ovarian cancer in xenograft
mouse models. In one such study, nude mice were injected in the mammary fat pads with
the human HER2-overexpressing breast cancer cell line MDA-MB-361 and tumors were
allowed to form. Then E1A genes complexed with DC-Chol cationic liposomes (E1A/DC-
Chol complex) were injected into the tumors (39),where they were shown to inhibit the
growth of these breast cancer cells. Similar results were observed in an intraperitoneal (ip)
model of ovarian cancer involving the HER2-overexpressing cell line SKOV-3; in that
study, ip delivery of the E1A/DC-Chol complex inhibited the growth and dissemination of
these ovarian cancer cells. About 70% of these mice survived for at least 365 d, whereas all
untreated controls developed severe tumor-related symptoms and died within 160 d (38).

3.2. Toxicity Studies
The final step before the phase I trial was to evaluate the toxicity (safety profile) of

the E1A/DC-Chol complex after ip injection in normal mice. In the short term, cumula-
tive doses of up to 40× those proposed for the phase I trial showed no adverse effects
on renal, hepatic, or hematologic function in nude mice, nor were any major pathologic
changes observed in any organs at necropsy. At 9 mo after discontinuation of treatment,
no macroscopic or microscopic effects were noted in the genitals (uterus, fallopian
tube, and ovary), liver, lung, heart, kidney, spleen, or brain. At 18 mo after treatment
cessation, E1A DNA could still be detected in lung and kidney but not in liver, heart,
spleen, brain, uterus, or ovary. Our conclusions from these tests were that the DC-Chol
cationic liposome gene delivery system could allow repeated dosing of the E1A/DC-
Chol complex without inducing any major toxicity but that long-term follow-up was
needed to determine the ultimate effects of E1A (36,37).
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4. THE PHASE I TRIAL

On the basis of these results, an Investigational New Drug application was filed with
the United States Food and Drug Administration and approved, and a phase I clinical
trial of E1A gene therapy for metastatic breast or ovarian cancer was opened at MD
Anderson Cancer Center in 1996 (40) (see Fig. 1). The goal of this study was to demon-
strate the feasibility of the therapy and its effectiveness as assessed by downregulation
of HER2 overexpression in tumor tissue. At first, only patients with tumors that over-
expressed HER2 were eligible; the eligibility criteria were later expanded to include
patients with tumors expressing low levels of HER2. Each patient was to receive a
weekly injection of the E1A/DC-Chol cationic liposome complex through an indwelling
Tenckhoff catheter placed in either the pleural cavity (for patients with breast cancer)
or the peritoneal cavity (for patients with ovarian cancer). Each cycle consisted of three
consecutive weekly injections followed by 1 wk off. The starting dose for the E1A/DC-
Chol complex, 1.8 mg/m2/injection, was derived from the effective dose established 
in the preclinical animal studies (38,39). Three dose levels were tested: 1.8, 3.6, or 
7.2 mg/m2/injection.

4.1. Outcome
The median number of E1A/DC-Chol complex injections was 6 (range 1–8); the

most common adverse event was development of fever 2 to 3 d after each injection
regardless of dose. The appearance of grade 3–4 nausea/vomiting or pain in the 
7.2 mg/m2 dose group led us to reduce the MTD to 3.6 mg/m2. Three patients experi-
enced catheter-related infections requiring discontinuation of the treatment. No drug-
related mortality was experienced. Several patients experienced stable disease with
transient decreases in levels of the tumor markers CA-125 or carcinoembryonic anti-
gen. Immunohistochemical staining of tumor tissue for HER2 expression showed
downregulation of HER2 in all 6 patients so tested. Reverse transcriptase-polymerase
chain reaction (RT-PCR) analysis of tissues from one patient at autopsy revealed E1A
expression in lung, tumor, liver, and kidney but not in brain or ovary. E1A expression in
tumor tissues was also confirmed by immunohistochemical staining, as was induction
of apoptosis, after treatment with the E1A/DC-Chol complex. We concluded from these
results that E1A delivery is feasible and that E1A expression could be detected in can-
cer cells after such treatment.

5. TRIBULATIONS IN DESIGNING CLINICAL TRIALS

5.1. Monitoring Gene Expression: Choice of End Point
One of the most difficult challenges in clinical gene therapy is planning how to moni-

tor the presence and effects of the delivered therapeutic gene in vivo. The end points
selected for our phase I trial were the maximum tolerated dose (MTD) and the maxi-
mum biologically active dose (MBAD) of the E1A plasmid. Because no toxicity had
been detected during the preclinical toxicity study, we initially thought that we might
not reach the MTD, and thus the dose of E1A plasmid was escalated in 100% incre-
ments rather than by the Fibonacci method. MBAD, the primary end point of the study,
was defined as the dose of E1A plasmid (in mg/m2) that would produce at least a 25%
downregulation in HER2 expression in the tumor—the best-established end point at the
time the trial was designed.
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5.2. Choice of Measurement Techniques
Theoretically, the expression of a therapeutic gene in both targeted and nontargeted

cells can be monitored at three levels: at delivery of the plasmid DNA into the cells
(transfection), at mRNA synthesis from DNA (transcription), and at protein synthesis
from mRNA (translation). Assays are available for monitoring gene expression at each
of these levels (Table 1). 

When designing a clinical trial, assay selection is critical for several reasons. First,
the assays can be expensive and time-consuming. Second, the choice of assay is often
affected by the type, source, and volume of tumor (or nontarget) tissue that can be col-
lected for analysis. In our phase I trial, we chose immunohistochemical staining, which
would reveal both the presence and the distribution of the E1A and HER2 protein pro-
ducts in tissue, and RT-PCR assays to detect E1A RNA. Western blotting was not consi-
dered feasible because it requires large amounts of E1A-transfected tissues.

5.3. Other Considerations: Efficiency, Distribution, and Duration 
of Gene Expression

Other issues to be considered before initiating our phase I trial were how to assess
the efficiency, distribution, and duration of expression of the therapeutic gene. The
optimal method for accurately determining the transfection efficiency of therapeutic
genes in both tumor and nontumor cells in human subjects has yet to be established. In
preclinical models, the efficiency of DNA transfection or protein expression is com-
monly described as a percentage of cells that stain positively for gene or protein expres-
sion among the entire cell population exposed to the transfecting agent. In
intraperitoneal or intrapleural therapy, transfection of the E1A/DC-Chol complex into
human cells is probably limited to those cells that were in direct proximity to or in con-
tact with the complex, making measurement of gene expression difficult. Similar findings
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have been reported from intratumoral gene therapy trials: expression of the gene tends
to be strongest at the point at which the needle was inserted into the tumor.

Monitoring the distribution of therapeutic genes, even in local gene delivery sys-
tems, requires examining gene distribution in a variety of organ sites. We attempted to
address this issue in our E1A/DC-Chol trial by collecting tissue samples from as many
organs as possible at autopsy. This requirement was particularly acute because cationic
liposomes can be distributed systemically even after local delivery. As for the duration
of effect, many questions remain unanswered as to the transience or stability of gene
expression in cancer gene therapy. Expression of genes delivered by cationic liposomes
is transient in cells, and the DNA plasmid is degraded relatively quickly. However, we
do not know how long the gene may be expressed in the cells, nor whether (or when)
the transfected gene might become integrated into the host chromosomes. The potential
for integration is a critical safety concern in gene therapy, as the integrated DNA could
confer chronic adverse effects to normal host cells or even be passed on to the next
generation if the transfected cells reside in the organs of fertility (e.g., the ovaries).
Issues such as these are even more important for systemic (as opposed to local) gene
delivery systems.

5.4. Accessibility of Tumor Tissue Samples
Another topic addressed in the design of this clinical study was the need to collect

serial tumor specimens over time. Because intracavitary fluids are likely to contain
tumor cells, we initially included only patients who had either ascites or pleural effu-
sions, reasoning that insertion of a Tenckhoff (indwelling) catheter would allow repeated
(weekly) fluid samples to be collected readily, with less risk and discomfort to the patient
than other more invasive means of sampling tumors. We also considered that this approach
might allow us to determine the ideal sampling intervals in terms of maximal transfec-
tion and protein synthesis after injection of the E1A/DC-Chol complex. Thus, our plan
was to collect specimens before the first injection of E1A/DC-Chol complex and again 
3 and 7 d thereafter. However, the wisdom of this approach remains controversial with
regard to how aggressively one should attempt to collect tumor samples in light of the
expense and the difficulty in obtaining samples in many clinical trials.

5.5. Monitoring Biological Effects
When we began designing the phase I study in 1995, we attempted to select an

MBAD that would serve as the basis for establishing dosages for future phase II trials.
Our reasoning was based on the assumption that the molecular effect (HER2 down-
regulation) triggered by the therapeutic gene (E1A) would be the dominant mechanism
of antitumor activity. Our thought was that E1A may downregulate HER2 at dose A,
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Table 1
Assays for Monitoring Gene Expression

DNA RNA Protein

Southern blotting Northern blotting Immunohistochemical staining
Polymerase chain reaction Reverse-transcriptase Western blotting

polymerase chain reaction
Fluorescence in situ

hybridization



but to induce rapid apoptosis, it may have to be given at a higher or lower dose.
Alternatively, low E1A gene expression may induce strong antitumor activity by trig-
gering a bystander effect, which could depend on the dose of the therapeutic gene or on
a particular genetic abnormality in the cancer cells. 

However, in the end, we abandoned the attempt to use MBAD to define the dosages
for the phase II trial. Despite the confirmation that E1A had a biological effect at a dose
lower than the MTD, the traditional MTD was used instead, for the following reasons.
First, the possible therapeutic mechanisms suggested by the preclinical experiments do
not always match the antitumor mechanism in clinical settings. Research by us and others
suggested that E1A could reverse the malignant phenotype through more than one
mechanism,(e.g., by triggering the host immune system), inducing apoptosis, inducing
tumor lysis, and suppressing metastatic capability (41). Even if antitumor activity could
be detected in the treated patients, other activities associated with the E1A/DC-Chol
complexes could have contributed to the antitumor effect in addition to the down-
regulation of HER2. In attempts to clarify these issues, we studied several indices in
several types of samples (i.e., tumor, intracavitary fluid, and serum) in the phase I trial. For
example, we studied apoptosis and Ki-67 expression (an index of cellular proliferation)
because E1A is known to induce apoptosis and suppress proliferation of certain cell
types; we also measured cytokines (TNF- and interferon [IFN]- ) in the cavitary fluid
because E1A is suspected of sensitizing cells to TNF- .

Another problem was that assays to measure apoptosis, Ki-67, and cytokines had not
been validated with clinical samples, and so any retrospective analyses of samples col-
lected prospectively from phase I participants were limited by the possibility that the
samples may not have been collected under the appropriate conditions or at appropriate
times. Hence, the appearance of apparent associations among variables generated did
not confirm the molecular mechanism of E1A; rather, they generated new hypotheses
that needed to be tested in future trials.

By this reasoning, an accurate and useful MBAD for use in phase II trials would be
difficult—if not impossible—to choose. In gene therapy trials for cancer, the threshold
for triggering the molecular effect of a therapeutic gene is generally not known. This
does not mean that one should not make an effort to determine these factors. Rather, a
tremendous effort is needed to identify biological markers and at the same time come
up with assays that can allow those markers to be monitored in a scientifically valid
and reproducible manner.

6. PHASE II STUDY OF E1A MONOTHERAPY

As discussed above, the findings from our phase I trial actually led to additional
hypotheses to test in both preclinical and clinical experiments. Our initial phase II
study, which was to open in 2000, was designed to address some of these hypotheses,
especially transfection efficiency. With this in mind, we restricted the study criteria
to include only patients with ovarian cancer with relatively small tumors (i.e., 2 cm
or less in largest diameter) and hence a generally better prognosis that those with
metastatic disease. However, this restriction led to major difficulties in patient
accrual, because several other potentially more attractive treatment options were
open to such patients. In addition to the difficulties in competing for a relatively
small pool of patients to participate in several clinical trials, encouraging patients to
participate in gene therapy trials was particularly difficult after an 18-yr-old patient

Chapter 21 / E1A for Breast or Ovarian Cancer 393



with an inherited enzyme deficiency died while participating in a clinical trial of
human gene therapy in 1999. These difficulties led to premature closure of our phase
II monotherapy study in 2002.

7. RATIONALE FOR A NEW AND IMPROVED TRIAL

After our experiences with the preclinical, phase I, and phase II studies recounted
above, our next step was to open a phase II trial of E1A gene therapy used in combina-
tion with paclitaxel for ovarian cancer, with the hope that the addition of E1A would
enhance the antitumor activity of paclitaxel and improve long-term outcome. Our ini-
tial hypothesis was that the ability of E1A to downregulate HER2 in HER2-over-
expressing breast cancer cells could sensitize those cells to paclitaxel. Moreover, we
showed that a paclitaxel-resistant phenotype in breast cancer cells was associated with
enhanced p185 expression and that downregulation of p185 by E1A converted this
resistant phenotype into a sensitive one (42). These in vitro data led us to conduct a
study in which E1A chemosensitization was tested in xenograft models of human
HER2-overexpressing breast and ovarian cancer in which E1A gene therapy was com-
bined with paclitaxel. 

As noted earlier in this chapter, a major problem with gene therapy that remains to
be resolved is how to deliver the therapeutic gene to distant target tissues. In our phase
I trial of E1A gene therapy, delivery of the E1A gene into either the thoracic or the peri-
toneal cavity by means of DC-Chol cationic liposomes led to successful transfection of
cancer cells. Use of the DC-Chol system is limited to intratumoral or intracavitary
regional delivery, however, because of the vulnerability of the DNA/DC-Chol complex
to serum. To overcome this limitation, another liposomal delivery system, the lipid-
protamine-DNA or LPD system, was developed. In this formulation, the DNA is con-
densed, as it would be in natural vectors such as viruses, in a manner that makes it
more resistant to degradation by serum. Injection of LPD complexes via the tail vein in
nude mice has been shown to facilitate the delivery of the DNA to distant organ sites
such as lung or liver (43–45).

We used a version of this LPD system, LPDI, to deliver E1A gene therapy in combi-
nation with paclitaxel to mice implanted with human breast or ovarian cancer cells that
overexpress HER2. Mice in the control groups (i.e., those given only E1A plasmid,
only liposome, or a complex with a nonspecific gene) showed no suppression of tumor
growth (46,47). Mice treated with either the E1A/LPDI or paclitaxel showed some evi-
dence of tumor suppression, but mice treated with the E1A/LPDI-plus-paclitaxel com-
bination showed remarkable suppression of tumor growth. These findings led us to
conclude that the E1A gene can enhance the sensitivity of HER2-overexpressing human
breast cancer cells to paclitaxel and that intravenous (iv) delivery of E1A for gene therapy
is in fact a feasible approach.

Another line of evidence indicates that the sensitization conferred by E1A is not lim-
ited to paclitaxel or to cancer cell lines that overexpress HER2. One group reported that
p53-dependent apoptosis induced by E1A sensitized cells to the alkylating agent cis-
platin (21). Other groups have reported sensitization to cisplatin via a p53-independent
mechanism (48–50). Still another group has reported sensitization to cisplatin, etopo-
side, and gemcitabine by E1A in low-HER2-expressing cancer cell lines (18,51,52).
This chemosensitization by E1A was further confirmed in a xenograft model with the
low-HER2-expressing breast cancer cell line MDA-MB-231 (53).

394 Ueno et al.



Chapter 21 / E1A for Breast or Ovarian Cancer 395

8. NEW PHASE I/II RANDOMIZED TRIAL OF E1A GENE THERAPY
WITH PACLITAXEL

On the basis of the findings described above, we are now planning a phase I/II trial
targeting platinum-refractory ovarian cancer (see Fig. 2). The purpose of this random-
ized trial is to compare weekly paclitaxel vs weekly paclitaxel plus E1A gene therapy.
The primary objectives are to evaluate the toxicity and establish the MTD of ip E1A/DC-
Chol complex in combination with iv paclitaxel and to compare tumor response between
treatment groups. Secondary objectives are to compare time with progression and over-
all survival and to examine the biological effects of the E1A/DC-Chol complex + pacli-
taxel combination on ovarian cancer cells through laboratory testing.

The study was designed to address whether the addition of E1A gene therapy is supe-
rior to weekly doses of paclitaxel, which is known to have antitumor activity in plat-
inum-refractory disease. Our hope is that having attractive treatment options for both
groups, and no limitations on tumor size, will improve accrual to the study. 

Our plans for testing biological activity, derived in part from our phase I results,
include measurements of apoptosis, HER2 downregulation, Ki-67, and cytokines (e.g.,
TNF- ) in ascites. This attempt to monitor potential biomarkers in a prospective man-
ner is important for maintaining ongoing, bidirectional links between clinic and labora-
tory. Approaches that involve prospective study of molecular events that can trigger
antitumor activity or side effects are crucial for improving the efficacy and safety of
cancer gene therapy. 

9. FINAL THOUGHTS

As is true for any other type of study, simply performing a clinical trial of cancer
gene therapy is no guarantee of future success. Many attractive new therapeutic modal-
ities that compete with gene therapy are available to patients. Mechanism-oriented
monitoring strategies are needed that may allow the identification of new response pre-
diction markers or improvements in the efficacy of therapeutic genes during the course

Fig. 2. Study design of the phase I/II trial of E1A gene therapy and paclitaxel.
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of the trial. Results from phase I trials revealing some of the tumor suppression activi-
ties associated with E1A have already gone some way toward establishing this flexibil-
ity by laying the scientific groundwork for phase II clinical trials of E1A as an
anticancer agent. In the end, however, any study, in addition to being ethical, must offer
an attractive range of potential treatment options if it is to appeal to patients who might
be persuaded to participate.
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Summary
PV701 is a highly purified, replication-competent naturally attenuated strain of Newcastle dis-

ease virus, an avian paramyxovirus. PV701 directly lyses diverse human cancer cells in vitro
(oncolytic) while being significantly less toxic toward normal human cells. In addition to its
direct oncolytic properties, PV701 is capable of stimulating T-cell-mediated specific antitumor
immunity and nonspecific activation of immune function, including interferon release and activa-
tion of tumoricidal macrophages. A high rate of complete tumor regression is observed in athymic
mice implanted with human tumor cells following PV701 administered intravenously, or by
intraperitonel or intratumoral routes. Objective responses have been observed in human phase I
clinical trials of diverse tumor types. PV701 thus warrants further study as a novel therapeutic
agent for cancer patients.

Key Words: Oncolytic; PV701; Newcastle disease virus; tumoricidal; paramyxovirus.

1. INTRODUCTION

Oncolytic viruses are an exciting new therapeutic modality being developed for can-
cer. The power of these novel agents reside in their ability to replicate within tumor
cells, in effect creating more drug at the tumor site. A variety of oncolytic viruses are in
various stages of preclinical testing or clinical development including Newcastle dis-
ease virus (1–3), adenovirus (4–6), herpes simplex virus (HSV) (7), reovirus (8), vac-
cinia virus (9), myxoma virus (10), vesicular stomatitis virus (11–14), measles virus
(15), poliovirus (16), coxsackievirus (17), parvovirus (18), and influenza virus (19).
Prior to the initiation of clinical testing, the ideal oncolytic virus for the broadest utility
for cancer treatment would have the following properties:
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• High selectivity for cytotoxicity toward human cancer cells compared with normal cells.
• High potency for killing of human cancer cells at low multiplicities of infection (MOI).
• Broad spectrum of antineoplastic activity.
• Systemic in vivo activity with a wide therapeutic index.
• Environmentally safe.
• High-titer growth sufficient for clinical and commercial manufacturing.
• Potential for genetic engineering.

Using such criteria, PV701, an attenuated, nonrecombinant, oncolytic strain of
Newcastle disease virus (an avian paramyxovirus), was selected for clinical develop-
ment by Wellstat Biologics Corporation. Additional attractive features of Newcastle
disease virus include the lack of human pathogenicity, well-documented genetic stabil-
ity of attenuated strains, the absence of genomic recombination or integration into the
host genome, the lack of human-to-human transmission, and the very low incidence of
pre-existing antibodies in the general human population (3).

PV701 selectively kills human cancer cells versus normal cells in vitro by exploiting
tumor-specific defects in the interferon (IFN)-mediated antiviral response of cancer
cells (20). These phenotypic defects in IFN response appear to be common among
diverse malignancies, and are believed to confer a growth and/or survival advantage to
cancer cells (11,13). However, these same tumor defects disable important antiviral cel-
lular defenses (11,13) resulting in significant vulnerability of cancer cells to infection
and replication by oncolytic viruses such as PV701.

PV701 was the first oncolytic virus to enter phase I dose ranging studies by the
intravenous (IV) route (1). In the three phase I trials of PV701, key clinical variables of
dose, dose frequency and the rate of intravenous (iv) administration were all systemat-
ically tested in a total of 113 patients (Table 1). These PV701 trials comprise the most
extensive experience for any oncolytic virus using iv dosing and have resulted in a
well-tolerated regimen for phase II studies with significant signs of anticancer activity
and no signs of cumulative toxicity. This review provides an important up-to-date
summary of these findings.

2. PRECLINICAL STUDIES WITH PV701

PV701 is a triple-plaque purified isolate of the attenuated Newcastle disease virus
strain MK107 which demonstrates highly selective killing of human cancer cells com-
pared with normal cells. PV701 was tested in cytotoxicity assays with 57 human cancer
cells lines and eight normal cell strains (20). In these 5-d assays, the median sensitivity
(as measured by the concentration required to reduce the viability of the target cell pop-
ulation by 50%) of the 57 tumor cell lines was 1000 × higher than that of the eight nor-
mal cell strains.  A high degree of potency for PV701 was also observed: For the
majority of tumor cell lines tested, the multiplicity of infection (MOI) required to kill at
least 50% of the cell monolayer was less than 10–5 (i.e, less than 10 plaque forming
units [PFUs]/106 cells). PV701 displayed a broad spectrum of activity against tumor
cells of multiple cellular origins, including carcinomas (such as breast, lung, prostate,
and colon), melanomas, glioblastomas, and sarcomas (20). In contrast, all normal cells
tested were orders of magnitude more resistant to PV701 cytolysis than the tumor cells.

In human tumor xenograft models in mice, PV701 was highly active against a wide
range of human tumor types by a variety of routes including intravenous, intratumoral,
and intraperitoneal (21–22).  PV701 caused complete tumor regressions in animal
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models following iv administration of doses 100-fold below the maximum tolerated
dose (MTD). In these tumor models, the response rate increased with higher doses or
with more frequent dosing. For example, the incidence of tumor response in HT1080
fibrosarcoma xenografts in athymic mice increased from 55 to 100% by either raising
the iv dose threefold or by increasing the number of doses from 1to 3 (21).

Unlike many cancer chemotherapeutic compounds, the mechanisms effecting
efficacy and acute toxicity for PV701 are distinct (2). In these preclinical studies, PV701
antitumor effects resulted from virus replication within the tumor and required live virus,
whereas acute toxicity was mediated by the induction of proinflammatory cytokines and
was also seen with ultraviolet (UV)-killed virus. Also, in contrast to the traditional
chemotherapeutic compounds, PV701 toxicity was principally associated with the first
dose and was not cumulative. The term “desensitization” has been applied to describe
the phenomenon whereby the first dose of PV701 reduces the toxicity of subsequent
doses. Use of an initial “desensitizing dose” of PV701 allowed a 5- to 10-fold increase
in the MTD for subsequent doses.  Desensitization occurred as early as 24 h after the
first PV701 dose and was also observed in severe combined immunodeficient (SCID)
mice, indicating that this desensitization is not antibody mediated (23).

The first dose of PV701 induces increased serum levels of proinflammatory
cytokines such as interferon (IFN)- , IFN- , and tumor necrosis factor- (TNF- ). In
rodents, the transient release of these cytokines accounts for the acute toxicity and the
reduction in their release into the serum after repeat dosing likely accounts for the
desensitization seen on repeat PV701 doses. A similar desensitization phenomenon has
also been observed following administration of individual cytokines. For example, a
tolerance to acute toxicity has been reported for repeat doses of IFN (24).

In addition to desensitization, PV701 toxicity was reduced in mice by slowing the
rate of iv infusion. The same dose administered over 10 min vs 30 s was better tolerated
in mice, whereas there was no loss in efficacy at the slower infusion rates. These pre-
clinical findings indicated that a higher therapeutic index may be achievable by slowing
the infusion rate.

3. CLINICAL EXPERIENCE WITH PV701

3.1. General
The clinical development of PV701 has focused on iv dosing, because systemic

administration has the greatest utility for the treatment of metastatic disease.  The pre-
clinical conditions outlined above affecting efficacy and toxicity were incorporated into
the phase I clinical studies and all have proven to be important translational observa-
tions. The primary objectives of these phase I studies were to characterize the safety
and tolerability of intravenously administered PV701, to establish the MTD for single
and repeat dose iv regimens, and to establish a regimen for phase II efficacy testing.
Secondary objectives were to obtain antibody and viral shedding data as well as to
document preliminary signs of efficacy in cancer patients. 

In the first phase I trial involving 79 late-stage cancer patients (1), bolus iv doses of
PV701 were progressively escalated by cohort using several dosing regimens: single
dose, repeat dose at the same dose level, and “desensitization” regimens with a lower
first dose and subsequent higher doses escalated between cohorts (Table 1). Patients in
the first cohort received a single dose of 5.9 BPUF/m2, whereas those in the final cohort
received a total of 612 BPFU/m2/cycle (Table 1). In the most intensive regimen, patients



were given six doses over 2 wk followed by 1 wk of rest with cycles repeated on a 
3-wk basis. Two additional phase I trials (25,26) maintained that intensive schedule and
evaluated either an additional desensitizing step or a slower infusion rate (Table 1).
Advanced cancer patients with a variety of cancer types were enrolled in all of these
studies after having failed all conventional therapies.

3.2. Single Dose Regimen
We started our clinical program by giving a single bolus injection of PV701 with

dose escalation between cohorts from 5.9 to 12 to 24 billion PFU (BPFU)/m2 (1). Flu-
like adverse events (AEs) were seen in all patients and most commonly consisted of
fever, chills, nausea, vomiting, fatigue, and diarrhea. Patients were successfully man-
aged with standard prophylactic measures (e.g., acetaminophen and ibuprofen for fever;
antiemetics for nausea; loperamide to prevent diarrhea).  Although not a dose-limiting
toxicity (DLT), hypotension (grade 1 or 2) was the only dose-dependent toxicity noted
and found to occur in four of five patients receiving 24 BPFU/m2 (1). With the goal of
developing a safe outpatient regimen, we therefore selected 12 BPFU/m2 as the first
dose for continued testing of bolus administration.

The observed flu-like AEs, predicted from preclinical testing, were attributed to the
induction of proinflammatory cytokines and their well documented symptoms (1). At 
6 h post dosing, increases in serum levels of proinflammatory cytokines were detectable
and coincided with the occurrence of fever. All of these cytokines (IFN- , interleukin
[IL]-6, and TNF- ) consistently reached peak levels at 20 h post dosing and were
approximately at baseline levels at the next time point tested (at three days after dosing).

3.3. Repeat Dosing and Desensitization Regimens
On repeat dosing with PV701, as predicted preclinically, there was a marked reduc-

tion in the incidence and severity of the flu-like AE that occurred following repeated
dosing, even when subsequent doses were 8- to 10-fold higher than dose 1 (see Fig. 1).
This phenomenon, termed “desensitization,” also manifested as transient thrombocy-
topenia and leukopenia that recovered in spite of continued dosing. Desensitization
allowed the MTD for the second and subsequent doses to be elevated to 120 BPFU/m2

compared with the initial dose of 12 BPFU/m2 (1).
The reduction in side effects that occurred as a result of desensitization was coinci-

dent with a reduction in serum levels of two cytokines examined (IFN- and TNF- ).
The rapid onset of desensitization, within 2 d after the first dose, occurred before anti-
bodies were undetectable (1) and is consistent with the preclinical observation that
desensitization is an antibody-independent phenomenon. These findings are consistent
with the tolerance to other inducers of proinflammatory cytokines that have been
described in the literature (27).

3.4. Successful Translation of Preclinical Regimens 
to Improve Patient Tolerability

Because the results of the 79 patient phase I trial using bolus dosing with PV701
were encouraging (1,28), further dosing modifications to improve patient tolerability
were warranted, especially for the first dose for which reversible grade 3 fatigue
occurred in about one-third of patients. Because preclinical safety testing in rodents
accurately predicted the toxicities observed clinically, we explored two alternative
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dosing regimens in preclinical models first. One regimen tested an additional desensi-
tizing step. In mice, a low first dose protected against the side effects of a moderate
second dose, in turn protecting against higher subsequent doses. This approach, that we
termed “two-step desensitization,” was tested clinically in the second phase I trial of
PV701. A first dose of 1 BPFU/m2 was followed by a second dose of 12 BPFU/m2 and
then repeated higher doses escalated between patient cohorts from 24 to 120 BPFU/m2

(25). Adverse events observed in this 16 patient study still consisted of flu-like symp-
toms, but all were grade 2 or less (except for one patient noncompliant with prophylac-
tic medications). No dose-limiting toxicities (DLTs) were observed in this study. 

The second alternative dosing strategy examined the effects of infusion rate. In mice,
we found that lengthening the infusion time to 10 min, as opposed to the original 30 s,
dramatically reduced toxicity in mice while preserving the same degree of efficacy.
Clinically, this concept was then tested in the third phase I trial with 18 patients (Table 1).
As in the preclinical model, the rate of infusion of PV701 in patients was reduced
approx 20-fold for the first dose (by means of a 3-h infusion instead of a 10-min bolus
administration). All subsequent doses were administered over 1 h. Unlike the previous
experience with bolus dosing, there were no grade 3 adverse events following a first
dose of 12 BPFU/m2 using the 3-hinfusion (26). Escalation of the first-dose using slow-
infusion established a first-dose MTD of 24 BPFU/m2 for this regimen with moderate
fever despite antipyretics and asymptomatic hypotension observed.  Escalation of doses
2 to 6 continued up to the previously determined repeat dose MTD of 120 BPFU/m2

with no DLTs reported.

3.5. Tumor Site Specific Adverse Events
An intriguing class of PV701-related AEs observed in the phase I studies were tumor

site specific. Whereas flu-like symptoms appears to be common following administra-
tion of oncolytic viruses, tumor site specific AEs have not been reported with other

404 Pecora and Lorence

Fig. 1. An example of clinical desensitization using PV701: Decreased incidence and severity of the
most common adverse events with repeat dosing. Data is from the 2-wk desensitization regimen
using bolus dosing in which the first dose was 12 BPFU/m2 and subsequent doses 8- to 10-fold
higher. Severity is shown by grade (Gr).



viral agents. Tumor site specific AEs are associated with the specific location and size
of tumor, were most commonly seen in the liver and the lung, and did not depend upon
tumor type (1). For example, reversible elevations in liver transaminases over 200 U/L
occurred only in patients with liver metastases and not in patients without liver meta-
stases (1). In patients with pulmonary tumor masses, tumor site specific AEs were man-
ifested as respiratory signs and symptoms (1).  Here, oxygen desaturation occurred
only in patients with pulmonary or pleural tumors. Similarly, severe dyspnea was seen
only in patients with lung/pleural involvement, particularly those with lung tumors
larger than 5 cm. One such patient with pre-existing compromised lung function died
of respiratory failure after his family refused additional therapy including intubation
and mechanical ventilation. Findings in his autopsy included severe edema and inflam-
mation confined solely to the tumor-bearing lobe along with thrombosis restricted to
the tumor vessels and associated tumor necrosis. Based on these observations, two key
changes in entry criteria were made. Patients with large lung tumors ( 5 cm in size)
and baseline dyspnea were excluded and any other patients with lung tumors were
required to have adequate pulmonary function as measured by FEV1 and pulse oxime-
try. In subsequent patients who were enrolled after having met these revised entry cri-
teria, there were no cases of treatment-related grade 3 dyspnea in the 11 patients with
lung tumors nor in the other 23 patients.

Other tumor-site specific AEs included an enterocutaneous fistula at the tumor site
in a patient with tumor extending from the bowel to the skin surface (1) and signs of
bile duct obstruction in a patient that had a tumor encroaching the common bile duct
(which was partially reversed upon administration of corticosteroid). Intestinal
obstruction was also observed in a small percentage of patients with abdominal
tumors, particularly those with large masses that had previously caused obstruction. In
general, the time of onset of these tumor site specific AEs, usually within the first few
days following dosing, is consistent with inflammation and swelling of the tumor in
response to PV701.

3.6. Tumor Inflammation

Inflammation and swelling restricted to tumor sites following PV701 administration
has been documented. This was a common occurrence in the latest phase I trial (26)
and included intriguing effects observed in a patient with numerous cutaneous
melanoma metastases. In this case, inflammation extensively developed in the skin
metastases (and not seen anywhere else) after PV701 dosing, leading to an apparent
increase the tumor dimensions. This inflammatory reaction was noted to occur before
marked tumor regression (75% overall tumor reduction). For internal masses, tumor
inflammation, however, may be inappropriately characterized as tumor progression on
computed tomography (CT) scan and therefore new criteria (e.g., as outline by Sze et
al. [29] for adenovirus) or alternative forms of imaging may be needed for tumor eval-
uation and response assessment. Nonetheless, with traditional scanning methods, 4
major and 2 minor responses were documented in 18 patients treated in the last trial
(see Section 3.11.).

Tumor inflammation may underlie the occurrence of the tumor site specific AEs dis-
cussed above. The ability of a short course of an antiinflammatory corticosteroid to ame-
liorate a tumor site specific AE is consistent with a role for inflammation in the
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occurrence of this class of AEs. Infection with a virus expressing antigens foreign to the
host would be predicted to generate an immune inflammatory response and the natural
selectivity of PV701, based on preclinical experiments, for growth in tumor cells over
normal cells would serve to restrict the inflammation to tumor sites. Clinically, signs of
tumor inflammation and edema in palpable tumors have now been observed in six
patients. Histological examination of tumors from five other patients revealed numerous
mononuclear inflammatory cells in the tumors but not in adjacent normal tissues. A
sample of inflamed tumor tissue obtained from one of these patients after his eighth
cycle displayed evidence of PV701 budding from tumor cell membranes (see Fig. 2).
Additional studies including tumor biopsies will be required to more fully understand
the nature of these inflammatory and/or immune reactions and to address any associa-
tion of tumor inflammation with virus levels in the tumor and with tumor response.

3.7. Adverse Events During Infusion
The third class of AEs observed initially in the first PV701 trial occurred during

infusion, and consisted mainly of back pain, noncardiac chest pressure, and, less com-
monly, abdominal pain and hypertension. These were particularly noted on repeat dos-
ing at the higher dose levels (particularly 96 BPFU/m2) and were managed effectively
by slowing the infusion rate. Indeed, in second PV701 trial (25), this class of AEs
became rare when the infusion time beginning for cycle 3 was doubled: AEs during
infusion occurred with 1 of 62 doses when 120 BPFU/m2 was administered over 1 h vs
12 of 44 doses when 120 BPFU/m2 was administered over 30 min.  Likewise, in the
third trial with PV701, all of the doses were administered slowly (over at least 1 h)
throughout the trial and again AEs during infusion were rare (with only one mild case
observed among the 18 patients treated).

3.8. Lack of Cumulative Toxicity
Sixty-nine patients received multiple cycles of PV701 with no evidence of cumula-

tive toxicity (1,25,26). This includes a patient with peritoneal mesothelioma who
received 41 courses over 4 yr without adverse effects on any organ system noted (1).
Nevertheless, continued monitoring for any signs of cumulative toxicity will be impor-
tant for future patients receiving PV701 treatment.

3.9. Virology
Transient and low-level viral shedding was noted during these phase I studies (1).

Recovery of virus from sputum was rare (0.7% of those samples tested), occurring in
only 2 patients, and was of very low concentration (median of 26 PFU/gram of spu-
tum). Recovery of virus from urine (median level of 820 PFU/mL) was more common
(15% of samples tested), but again the shedding did not persist, being cleared within 
3 wk. This level of shed virus was very low, at least two orders of magnitude below the
standard vaccine dose required for an antibody response in chickens, the most sensitive
species (30,31). From an environmental safety perspective, this low and transient virus
shedding may be part of the explanation for the lack of any observed human-to-human
transmission seen with Newcastle disease virus (3).

3.10. Antibody Response
To date, 66 patients have been tested for antibodies to PV701 using assays for anti-

PV701 IgG antibody and/or neutralizing antibody.  Almost all patients were negative for
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any detectable antibodies toward Newcastle disease virus at baseline (1), consistent with
previous reports that the general human population is seronegative to this virus (32,33).
In most of the patients tested post-dosing, neutralizing antibody titers was first detectable
at 1 to 2 wk after their first dose. At 5 to 10 wk post-dosing, the median neutralizing
antibody titer was 1:640, which is significantly less than the reported titers for patients
treated with adenovirus vectors (34–36). For those patients receiving several courses of
PV701, a plateau in neutralizing antibody titer was seen at approx 1:2560 in all 7 cases
analyzed thus far, including 1 patient who was followed for the first 18 mo of therapy (1).

Understanding the effects that neutralizing antibodies have on PV701 therapy will
require further studies. However, in spite of the presence of neutralizing antibodies, 19
patients receiving more than 1 cycle of PV701 had a second peak in viral shedding in
the urine. Among the few patients enrolled with cutaneous metastases, visible signs of
inflammation or tumor necrosis were seen in three patients after PV701 dosing during
repeat cycles. Importantly, from a clinical perspective, the occurrence of tumor regres-
sions was not restricted to the first two cycles, and included five patients noted to have
regressions which developed in later cycles, long after the establishment of neutralizing
antibody titers. Additional investigations that will shed further light on these issues will
include studies on the immune response to PV701 and studies on viremia, viral clear-
ance and virus levels in tumor biopsies during the initial cycle and during repeat cycles.
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Fig. 2. Microscopic sections of tumor after eight PV701 cycles in a 46-yr-old man with advanced
peritoneal mesothelioma (4 baseline tumor of 8 to 10 cm each) who went on to receive a total of 41
cycles of PV701 and who remained progression-free for 40 mo. (A) Tumor parenchyma demonstrat-
ing significant inflammation (H&E staining). (B) Electron micrograph displaying particles consistent
with PV701 budding from the tumor cell membrane.
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3.11. Tumor Responses
In the most recent trial using a slower infusion rate along with desensitization, there

were 6 objective responses (33% rate of response) (1 complete response [CR] in cervical,
2 partial responses [PRs] in colorectal, 1 PR in melanoma, and 2 minor responses in
carcinoid) among the 18 patients who had all failed all standard treatments (26). Eleven
patients (61%) had a progression-free survival (PFS) of at least 4 mo including 4 of 9
patients with colorectal carcinoma. Currently, one woman with advanced cervical car-
cinoma refractory to radiation and chemotherapy has clinically maintained a CR at 20
mon post-enrollment to the PV701 trial. 

In the first 2 trials (1,25), there were 8 other responses (1 CR in head and neck can-
cer [see Fig. 3]; 1 PR in colorectal cancer [see Fig. 4]; 1 PR in anal carcinoma, 2 minor
responses [mesothelioma, pancreatic] and 3 mixed response [melanoma, colorectal and
breast]). It is important to realize that all of these responses occurred in a heavily pre-
treated population that had failed a median of 2 prior chemotherapeutic regimens.

Fig. 3. Complete response in a 51-yr-old man with tonsillar carcinoma. (A) Baseline MRI scan show-
ing a 1.5-cm tumor in the posterior pharynx. (B) MRI scan at 3 mo demonstrates complete regression
of the tumor mass.

Fig. 4. Partial response in a 79-yr-old man with colorectal carcinoma. (A) Baseline CT scan showing
a 10-cm liver metastasis. (B) CT scan at 1 m demonstrates a major response.
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4. CONCLUSIONS

The three phase I trials of PV701 in 113 patients compromise the most extensive
clinical testing by iv infusion of an oncolytic virus to date. These studies include sys-
tematic evaluation of dose levels, infusion rates, and various treatment schedules with a
greater than 100-fold increase in dose intensity. In these studies, the safety and tolera-
bility of intravenous administered PV701 has been characterized for phase II testing.
The PV701 induced adverse events are manageable and can be categorized into 3
classes: (1) flu-like, (2) tumor site specific, and (3) those occurring during infusion. All
patients experienced flu-like symptoms. Desensitization and slower infusion rates less-
ened the incidence and severity of flu like symptoms and allowed for a significant
increase in dose intensity. Interestingly, all 11 major and minor responses were only
noted at higher dose levels achievable with desensitization.

Collectively, the observations in the three phase I studies support the concept that
systemic therapy with the replication competent virus, PV701, can provide a novel and
potentially important therapy for patients with solid tumors including those unrespon-
sive to standard therapy. The safety profile of PV701 is predicable, manageable with
standard prophylactic measures such as antipyretics and antidiarrheals, and favorable
compared with most chemotherapeutic agents. Repeated long-term iv PV701 adminis-
tration seems feasible in humans and does not show any signs of cumulative toxicity to
any organ system including the bone marrow, in contrast to many chemotherapies.
Therapy with PV701 either alone or in combination with other agents may play an
important role in the treatment of solid tumors. Additional clinical trials of PV701 will
soon be underway.
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Summary
The protein encoded by the melanoma differentiation-association gene 7 (MDA-7/IL-24) is a novel

interleukin (IL)-10 family cytokine with unique tumor-specific apoptotic and antiangiogenic properties
that make it especially attractive for use in cancer gene therapy applications. Mda-7 gene transfer with a
replication incompetent adenoviral vector (Ad-mda7) induces apoptosis in a tumor specific manner, an
effect that is independent of the status of other tumor suppressor genes, such as p53, Rb, or p16INK4. In
addition to its direct cytotoxic effects, Ad-mda7 transduction causes secretion of a processed, glycosylated
form of MDA-7 protein. MDA-7 is a novel interleukin (IL-24) with unique apoptotic functions. Studies on
the secreted MDA-7/IL-24 protein have shown that it can act as a pro-Th1 cytokine, and induces secretion
of interferon-gamma, tumor necrosis factor- , IL-6, IL-12, and granulocyte macrophage colony-stimulat-
ing factor in human peripheral blood mononuclear cells . Additional studies in syngeneic mice indicate
that MDA-7 can function as an immune adjuvant and enhance immune reactivity against tumors. More
recently, our group demonstrated that MDA-7 protein functions as a potent antiangiogenic factor in vitro
and in vivo that is 50-fold more active than angiostatin or endostatin. In phase I clinical trials intratumoral
delivery of Ad-mda7 showed tumor regression in patients with advanced carcinomas who failed conven-
tional therapies. This chapter provides a comprehensive perspective on MDA-7/IL-24 research, highlight-
ing its proapoptotic, antimetastatic, and antiangiogenic properties. The combination of these potent effector
mechanisms makes mda-7/IL-24 a promising and novel approach for the treatment of cancer.
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From: Cancer Drug Discovery and Development: Gene Therapy for Cancer
Edited by: K. K. Hunt, S. A. Vorburger, and S. G. Swisher © Humana Press Inc., Totowa, NJ

413

23 MDA-7/IL-24 as a Multi-Modality
Therapy for Cancer

Sunil Chada, PhD, Dora Bocangel, PhD,
Abujiang Pataer, MD, PhD,
Abner M. Mhashilkar, PhD, Satoshi Inoue, MD,
Ryo Miyahara, MD, Jack A. Roth, MD,
Elizabeth A. Grimm, PhD, Stephen G. Swisher, MD,
Kelly K. Hunt, MD, and Rajagopal Ramesh, PhD

CONTENTS

INTRODUCTION

OVERVIEW OF MDA-7/IL-24 BIOLOGY

SIGNALING PATHWAYS INVOLVED IN MDA-7 MEDIATED TUMOR CELL DEATH

ANTIANGIOGENIC ACTIVITY OF MDA-7/IL-24
ANTIMETASTATIC ACTIVITY OF MDA-7/IL-24
CONCLUSIONS

ACKNOWLEDGMENTS



1. INTRODUCTION

Tumor cells are characterized by mutations in critical tumor suppressor and proto-
oncogenes. These genomic alterations result in apparently distinct, but mechanistically
overlapping phenotypes: resistance to apoptosis and the ability to detach from normal
tissue architecture and migrate to new environments. Multiple overlapping and redun-
dant signaling pathways are involved in control of cell fate. In order to develop new
targeted therapies to treat and ultimately prevent cancer, we must be able to integrate
the burgeoning dataset of intracellular molecular interactions with an understanding of
the pharmacologic modulation of these pathways. By developing a comprehensive
understanding of these complex signals, we can recognize and validate tumor-specific
molecular targets, and exploit the pleiotropic activities of overlapping signaling path-
ways to identify molecules that may interfere with multiple cancer specific phenotypes.
One such interesting candidate that we have explored is a multifunctional gene called
mda-7. This chapter summarizes preclinical findings showing the potent proapoptotic,
antiangiogenic, and antimetastatic activities of mda-7/IL-24 and its implications in
cancer therapy.

2. OVERVIEW OF MDA-7/IL-24 BIOLOGY

2.1. Initial Identification and Characterization
The melanoma differentiation associated gene-7 (mda-7) was identified in HO-1

melanoma cells induced to terminally differentiate by treatment with fibroblast inter-
feron (IFN- ), and the protein kinase C activator mezerein (MEZ) (1). The differenti-
ated and growth arrested HO-1 melanoma cells mRNAs were used to generate a cDNA
library; another library was generated from proliferating HO-1 cells. Differentiation
induction subtraction hybridization (DISH) of these two yielded a temporally spaced
subtracted cDNA library enriched for genes activated during HO-1 terminal differenti-
ation (2,3). The underlying hypothesis of the above approach was that cancer cells
would stop or significantly reduce expression of genes regulating growth control or dif-
ferentiation, and that treatment with IFN- and MEZ would reactivate them. mda-7
was identified as a gene with minimal or absent expression in proliferating melanoma
cells, high expression in normal melanocytes, and inducible expression in terminally
differentiated melanoma cells (4–6). Studies on patient-derived specimens reported that
MDA-7 protein expression inversely correlated with melanoma progression and that
transfection of metastatic human melanoma cells with a vector encoding for mda-7/IL-24
reduced their colony formation capabilities (6,7). The lack of MDA-7 protein expres-
sion in cancer cells did not result from mutations in the gene but rather from permanent
defects in the signaling pathways or mRNA/protein stability (8,9).

Subsequent studies on mda-7 have shown that it encodes an evolutionarily conserved
protein of 206 amino acids, with a predicted size of 23.8 kDa (see Fig. 1A) (1,9,10).
Two orthologs have been identified: the rat c49a and the mouse mob5 genes. The rat
c49a gene, with 78% nucleotide homology to human mda-7, was initially identified by
differential display polymerase chain reaction (PCR) as a gene overexpressed in wound
healing and was associated with proliferation of fibroblasts (8); mob5 was identified as
a ras-induced gene involved in intestinal epithelia neoplasia (11). The mouse mda-7
ortholog was later identified as a Th2-specific cytokine, and named IL-4 induced
secreted protein (FISP) (12).
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Fig. 1. Characterization MDA-7 protein after Ad-mda7 gene transfer. (A) Schematic of MDA-7 pro-
tein. The leader sequence is indicated by stippling and mature secreted protein is shown by hatched
area. (B) Potential glycosylation sites are indicated. (B) Ad-mda7 transduction of H1299 NSCLC
cells results in expression of protein intracellularly and glycosylated protein in supernatant. (C)
Ciphergen proteomic analysis of intracellular MDA-7 protein. A549 NSCLC cells were untreated or
treated with Ad-mda7 and lysates immunoprecipitated with anti-MDA-7 monoclonal antibody and
evaluated using SELDI. Upper panels: SELDI traces of control A549 cells and Ad-mda7 treated
cells. Molecular weights are indicated. Lower panels: western blot analyses of control A549 cells and
Ad-mda7 treated samples. Note Ig heavy and light chains in control samples. Correlation of Western
blot proteins with SELDI traces is indicated by arrows.



2.2. MDA-7 is an IL-10 Family Cytokine
The mda-7 gene localizes to chromosome 1q32, a region within an IL-10 family

cluster that also contains the genes for IL-10, IL-19, and IL-20 (13). Although mda-7
has little sequence homology with IL-10, the encoded protein has approx 19% amino
acid identity with other IL-10 family members (14,15). Based on its chromosomal loca-
tion, the presence of an IL-10 signature motif, limited amino acid identity with other
IL-10 cytokines, its translational regulation and predicted structural features, mda7 has
been renamed IL-24, and categorized as an IL-10 family cytokine (16).

Chada S. et al. reported that exposure of melanoma cells to MDA-7/IL-24, induced
secretion of interferon (IFN)- and IL-6, but not of IL-4 or IL-5; in contrast, Ad-luc
treatment did not induce IFN- or IL-6, suggesting an MDA-7-specific effect (15).
Transduction of these cells with Ad-mda7 induced increases in mRNA that mirrored
the cytokine induction observed with exposure to the MDA-7/IL-24 protein. The report
suggested that the effect was also specific to some types of tumor cells, because similar
treatment of lung and breast cancer cells did not induce release of cytokines. Microarray
analysis of non-small-cell lung carcinoma (NSCLC) cells transduced with Ad-mda7
corroborated the cytokine-like activity of this gene, and confirmed that MDA-7 can
activate IFN- and NF- B signaling pathways. Given that IL-10 functions as an
immunosupressive cytokine, and that it significantly inhibited MDA-7/IL-24 activity in
human peripherral blood mononuclear cells (PBMCs), it is possible that mda7/IL-24
acts as an antagonist of IL-10 (16).

Exposure of melanoma and PBMC cells to MDA-7/IL-24 protein also activated Stat3
pathways, which have previously been associated with cellular transformation. The
specificity of STAT3 activation in these cells was demonstrated by addition of anti-MDA-7
antibodies, but was not affected by addition of anti-IL-6 antibodies. In this study, expo-
sure of melanoma cells to bacterially expressed protein failed to induce similar results,
and the authors hypothesized that post-translational modifications to the MDA-7 protein,
in particular glycosylation, were important for its functional activity (14).

Although the organization of the mda-7 gene is better understood now in comparison
with the other members of the IL-10 family cytokines, the crystal structure of the MDA-7
protein has not yet been solved. The IL-10 family of cytokines functions through the
JAK/STAT signaling pathway and comprises six members: IL-10, IL-19, IL-20, IL-22,
MDA-7/IL-24, and IL-26. In spite of the substantial degree of sharing of the receptor sub-
units, specificity of signaling is based on selective expression of either the receptors or of
the cytokines themselves. Although the IL-10 family members share limited homology in
some of their conserved domains, they are distinguished by their similar helical structure
and IL-10 signature motif. There are three human IL-10 family proteins whose structures
have been solved (IL-10, IL-19, and IL-22): all possess six helices (A, B, C, D, E, and F)
and at least one disulfide bond. The V-shaped complex is comprised of four helices (A
through D) from one monomer and two helices (E and F) from the other. The classical
four-helix bundle that is representative of all helical cytokines is formed by helices A, C,
D, and F. Of the IL-10 family, mda-7 seems to be the only member to posses an extensive
(49 amino acids) leader sequence; but is otherwise organized into a similar consistent pat-
tern of six predicted alpha helices (A through F) based on the structure of IL-10. Helix F is
conserved in all the family members, whereas the NH2-terminus is variable (15). The
regions in IL-10 corresponding to helix A, the A–B loop, and helix F are important in
binding to its receptors. There are three potential glycosylation sites in MDA-7/IL-24; two
are located on the top part of the V-shaped complex and seem to be readily accessible to
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modifications, the first is shared with IL-22 (Asn85-Ile-Thr), the second site maps to a
unique loop between helices C and D. The third site maps to the base of helix B (aa99), but
it is not likely to be used because glycosylation of this site would interfere with the struc-
tural integrity of the molecule. An in-depth review of the predicted structural features of
IL-24 and how these relate to other IL-10 cytokines was recently presented (15).

A combination of structural data, homology to known cytokines, chromosomal local-
ization, a predicted N-terminus secretion signal peptide, and evidence of its regulation of
cytokine secretion, all support classification of MDA-7/IL-24 as a IL-10 family cytokine
(4,9,16). A 49 amino acid leader sequence predicts it is a secreted protein; recent studies
confirm this prediction and report that Ad-mda7 transduced cells release high levels of a
40-kDa form of the MDA-7 protein (see Fig. 1), which can bind to heterodimeric recep-
tors IL-20R1/IL-20R2 and IL-22R2/IL-20R1 (9,17,18). The intracellular form of the
protein (23–30 kDa) is cleaved, and extensively modified (primarily by glycosylation)
before its release into the extracellular compartment (see Fig. 1B,C) (9,16,19). Expression
of MDA-7 is rare in tumors, and correlates inversely with progressive stages of melanoma,
as has also been shown of the expression of a novel mda-7 splice variant (mda-7s)
(6,7,20). Because its initial characterization as a differentiation factor in IFN- and mez-
erein-treated human melanoma cells, MDA-7 has attracted interest because of its unique
tumor-selective antiangiogenic and proapoptotic activities, which are reviewed below.

2.3. MDA-7 is a Tumor-Selective Apoptosis-Inducing Factor
The initial observation of mda-7 loss of expression in melanomas and its correlation

with progression of this type of tumors suggested growth suppressive properties in
melanoma cells (4–7). Ensuing studies investigated the effects of ectopic expression of
mda-7 in a wide variety of tumor cells (melanoma, carcinomas of the breast, colon,
prostate, nasopharynx, high grade gliomas, and osteosarcoma) and proved that mda-7
inhibits tumor cell growth regardless of the status of other genes (p53, Rb, Bax or p16)
(1,9,10) (see Fig. 2 for a representative study of lung cancer cells). However, expres-
sion of the gene in normal human skin fibroblasts and mammary breast epithelial cells
did not significantly affect their growth or trigger apoptosis (9,10). Together, these
reports indicate that MDA-7 is an IL-10 family cytokine with tumor cell apoptotic
activity and that the cytotoxic effects it induces are specific to tumor cells (5,10,22–24).
Several studies have investigated the signal transduction pathways that mediate the
apoptotic activity of mda-7. These appear to be multiple, cell-type specific, and include
effects induced by the intracellular form of the protein, and by the secreted form
(bystander effect) (14).

Although activation of several apoptotic mediators (BAX, BAK, TRAIL, p53, Fas,
and DR4), and signaling molecules (PKR, p38MAPK, PI3K, JNK, GSK-3) have been
reported, all these signaling molecules appear to converge on the common death effec-
tor mechanism mediated by caspase activation and mitochondrial destruction. In lung
tumor cells, Ad-mda7-induced apoptosis is mediated by the release of cytochrome c
(cyt c) and activation of a caspase 9/Apaf1/cyt c complex (apoptosome), which may
involve cell death receptors (14,19,28). Inhibition of caspase activation using ZVAD
partially blocked apoptosis (see Fig. 3). Cytosolic cyt c is an essential part of the apop-
tosome, which activates caspase 9, which in turn activates other caspases (including
caspase 3), triggering apoptosis. In lung cancer cells transduced with Ad-mda7, sharp
increases in cytosolic cyt c levels were followed by induction of apoptosis, and occurred
without changes in the mitochondrial membrane potential (28). Staurosporine treatment
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was used as a positive control to induce cyt c release via mitochondrial permeability tran-
sition-dependent pores (MPTPs), and cyclosporine used to specifically inhibit MPTP.
The authors report that Ad-mda7-induced cyt c release from the mitochondria was not
blocked by cyclosporine, unlike that caused by treatment with staurosporine or Ad-p53.
Western analysis of lysates from MDA-7 expressing cells showed no alterations in the
levels of BAX, BAK, or Bcl-2, TNF- , TNF-R1, or TNF-receptor associated death
domain protein (TRADD), which are known to act via MPTPs; but pointed to a signif-
icant increase in FasL, which can activate caspase 8 and induce cleavage of Bid. This
suggested that an MPTP-independent pathway is involved in the apoptotic effects
induced by Ad-mda7. The effect, the authors hypothesized, could be mediated by an
extrinsic death receptor pathway, involving activation of the IFN-inducible double-
stranded RNA protein kinase (PKR), and other protein intermediaries. This hypothesis
was in agreement with the results of a separate report by Pataer et al. which puts for-
ward evidence for the key role of PKR in the apoptotic effects induced by MDA-7
expression (29). In this study, infection with Ad-mda7 did not activate apoptosis when
PKR function was inhibited by treatment with 2-AP (a specific serine and threonine
kinase inhibitor). The need of a functional PKR pathway was further corroborated by
Ad-mda7 transduction of PKR-null and PKR wild-type MEFs: apoptosis was absent in
the PKR-null cells, but observed at high levels in their wild type PKR counterparts (29).

In breast cancer cells, infection with Ad-mda7 results in a clear and dramatic increase
of the proapoptotic protein BAX, as compared with normal human mammary epithelial
cells (HMEC), and the ratio of BAX to antiapoptotic protein Bcl-2 becomes signifi-
cantly higher (9,24). The up-regulation of a proapoptotic member of the Bcl-2 family is
of particular interest in breast cancer cells because estrogens regulate Bcl-2 gene
expression in mammary epithelial cells and estrogen receptor (ER)-positive breast
cancer lines (24,30,31).  Bcl-2 family members share four conserved motifs, Bcl-2

Fig. 2. Ad-mda7 kills lung tumor cells. Four NSCLC cell lines (H1299, H460, H322, and H358)
were treated with Ad-luc (black bars) or Ad-mda7 (gray bars) at 2000 vp/cell and cell proliferation
assayed at days 3 and 5 using tritiated thymidine assay. Data are shown as mean+SD.



homology domains (BH-1 to BH-4); whereas antiapoptotic family members contain all
four, proapoptotic members have only BH-3. The BH-3 domain is essential to one of
their death-regulatory functions given that Bcl-2 proteins are known to homo- and
hetero-dimerize with each other, and this domain acts as a peptide ligand that allows
for the interaction (32,33). Other death-related functions of this family of proteins are
dimerization-independent: binding of the CED-4-like domain of Apaf-1, which pre-
vents its association with pro-caspase 9, and its activation; and pore-forming capabili-
ties that could induce alterations in mitochondrial permeability and thus the release of
caspase-activating proteins like cyt c (34–37). Bcl-2 family proteins act at the cross-
roads of several upstream pro- and antiapoptotic pathways. Thus, reports of mda-7-
induced alterations in the level or activity of these proteins are in agreement with
preliminary studies, and also with published studies by our group, showing that 
Ad-mda7 transduction significantly enhances the response of breast cancer cells to radia-
tion therapy, and to a variety of chemotherapeutic agents (tamoxifen, docetaxel, adri-
amycin, and herceptin), in spite of their diverse mechanisms of action. Furthermore, the
cancer growth inhibitory effects of Ad-mda7 expression were corroborated in vivo (38,39).

3. SIGNALING PATHWAYS INVOLVED IN MDA-7 MEDIATED 
TUMOR CELL DEATH

There are numerous reports of MDA-7 growth-suppressor effects in tumors, and of
its activation of various signaling pathways; including the -catenin/PI3 kinase pathway
in breast and lung cancer cells, general upregulation of BAX, p53, PKR, Fas, TNF-
related apoptosis inducing ligand (TRAIL), DR4, and caspases, reduced levels of
BCL-2 proteins, and down regulation of vascular endothelial growth factor (VEGF)
and tumor growth factor (TGF)- mRNA, among others. The inhibition of different
kinases can have differential effects depending on the cell line used, and support the
notion that MDA-7 can activate diverse signaling pathways and may activate signaling
kinases in a tissue or cell line specific manner (19,21). Indeed, Saeki et al. reported that
mda-7-induced apoptosis and G2/M arrest correlates with an increase in p53 wild-type
NSCLC cells, BAX and BAK proteins, established inducers of programmed cell death,
and an increase in the ratio of BAX to BCL-2. In p53-null cells mda-7 expression still
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Fig. 3. Ad-mda7 induces apoptosis. H1299 NSCLC and T47D breast cancer cells were treated with
Ad-luc or Ad-mda7 (2000 vp/cell) either alone or in presence of ZVAD (0.1 ug/mL). Apoptosis
induction was assessed at day 3 using Annexin V assay. ZVAD significantly reduces apoptosis, but
does not completely block it. Data are shown as mean+SD.



induced apoptosis, although BAX and BAK were not upregulated. In all tumor cell
lines tested, regardless of p53 status, the authors observed activation of caspases 3 and
9 and cleavage of PARP in tumor cells but not normal lung fibroblasts after Ad-mda7
treatment. Independent studies have also demonstrated up-regulation of p53, TRAIL,
and DR4 after Ad-mda7 treatment. The antitumor effects were independent of the
genomic status of p53, RB, p16, ras, bax, and caspase 3 in these cells (9,10,40). Normal
cell lines did not show inhibition of proliferation or apoptotic response to Ad-mda7.
Although mda-7 gene transfer induced cell-growth arrest and apoptosis in a broad-
spectrum of cancer cells, the underlying signals mediating cell death varied and were
reported to be cell-type dependent. MDA-7 markedly activated pc-Jun and pATF-2
transcription factors in ovarian cancer cells after Ad-mda7 treatment. The downstream
targets NF = B and AP-1 were both activated by Ad-mda7 at 24h. Activation of these
molecules was not observed in normal cells. A key target of these proteins is the Fas-FasL
protein family. Increased expression of both mRNA and proteins for Fas, FasL, FAF1,
caspase 8 and FADD, but not TNF and TRADD, were observed at 24 h after Ad-mda7
treatment compared with PBS and Ad-luc treated cancer cells (41). In ovarian cancer
cells, Ad-mda7 increased Fas expression and Fas promoter activity in a p53-independent
manner. Overexpression of FADD DN inhibited Ad-mda7 induced FADD activation
and abrogated activation of caspases-9 and -8. Downregulation of Fas using Fas-
specific siRNA resulted in the abrogation of Ad-mda7-mediated apoptosis compared
with cells transfected with a scrambled siRNA. These results demonstrate the involve-
ment of Fas-FasL signaling pathway in Ad-mda7-mediated apoptosis in ovarian cancer
cells. Of the cell signaling pathways mentioned above, only p38MAPK in melanoma
(26) and PKR in NSCLC (29) were reported to be essential for the apoptotic effects
induced by expression of mda-7 in tumor cells. Further confirmation for the role of
PKR in NSCLC comes from the activation of downstream targets (eIF-2 , Tyk2, and
Stats 1 and 3) of this IFN-induced kinase (29).

A key gene involved in the genesis and pathological progression of many cancers is
the adenomatous polyposis coli (APC) tumor suppressor gene, and the identification of
direct interactions of APC with -catenin has linked this type of neoplasia with the
Wnt-signaling pathway, a highly conserved signal transduction pathway with func-
tions in development, tissue homeostasis, and cancer.  A major role of APC is the reg-
ulation of free -catenin, a function that is carried out in part via a protein complex
formed by APC, glycogen synthase kinase 3 (GSK-3 ), and axin proteins. GSK-3
binds to -catenin, and sequentially phosphorylates Thr 41, Ser 35, and Ser 33 of

-catenin, after -catenin has been primed (phosphorylated at Ser 45) by (casein kinase
1 CK1).  The -catenin protein was first identified by its direct interaction with E-cadherin,
which mediates its linkage to -catenin, which in turn binds this complex to the cortical
cytoskeleton. Activation of GSK-3 , results in degradation of -catenin and inhibition of
Wnt signaling. In gastrointestinal cancers lacking APC defects, mutations in GSK-3
phosphorylation sites near the -catenin NH2 terminus can render -catenin resistant to
regulation. The best studied part of the Wnt-pathway, called “The canonical Wnt path-
way,” involves the transcriptional activation of specific genes downstream active, mem-
brane-bound, frizzled receptors. Frizzled receptors in turn activate, via phosphorylation,
dishevelled, which binds to Axin and prevents phosphorylation of -catenin by disrup-
tion of the APC/GSK-3 /Axin complex. Dishevelled functions to transduce wnt signals
and activates the jun-N terminal kinase (JNK) pathway. Tight regulation of the free cyto-
plasmic pool of -catenin seems to be a key switch of the Wnt-pathway, and three separate
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mechanisms can lead to accumulation of this protein: inactivation of the APC gene, axin
mutations, and mutations of the -catenin NH2-terminus affecting its phosphorylation
(residues S45–S33). Phosphorylated -catenin binds to the F-box protein -TRCP and
undergoes ubiquitination and subsequent proteasomal degradation, whereas nonphos-
phorylated -catenin translocates to the nucleus and binds to T-cell factor/lymphoid
enhancer factor (Tcf/Lef) family, and activates transcription of the specific target genes
(including c-Myc, cyclin D1, MMP7, gastrin, and ITF-2) (42).  Disruption of the PI3K
and Wnt/ -catenin pathways are common in human tumors and appear to provide
enhanced survival, antiapoptotic and metastatic phenotypes on tumor cells.

Ad-mda7 downregulates PI3K and Wnt/ -catenin pathways in breast, pancreatic,
and lung cancer cells via the coordinate increase of tumor suppressor proteins: APC,
GSK-3 , PTEN, and E-cadherin; thus, Ad-mda7 could indirectly regulate both, apop-
tosis and metastasis, in these tumor cells (21). These changes, thought to be primarily
post-transcriptional, induce reduced transcriptional activity (via TCF-LEF) and increase
cell–cell adhesion in tumor cells, while sparing similar effects on their normal counter-
parts. Recent studies have shown that, although the more common ductal adenocarci-
nomas of the pancreas rarely harbor -catenin or APC gene mutations, these alterations
are common in other nonductal neoplasms and significantly correlate with the presence
of lymph node and liver metastases (43–46).

4. ANTIANGIOGENIC ACTIVITY OF MDA-7/IL-24

Angiogenesis, the formation of new blood vessels is important for the normal physio-
logic function of the body and is most commonly observed during the early stages of
development (47). Angiogenesis can also occur in the later stages of life, however, most
frequently as a pathology-associated angiogenesis, such as tumor-related angiogenesis.
Tumor-related angiogenesis is a multistep process that involves many cell types and is a
finely orchestrated series of events that include endothelial cell proliferation, new capil-
lary formation, attraction of pericytes and macrophages, disruption of existing extracellu-
lar matrix and deposition of new matrix (48,49). A role for tumor-related angiogenesis is
now well established, and recent studies support the concept that for tumors to grow and
metastasize there is a need for blood supply that is provided by newly formed blood ves-
sels adjacent to the tumor cells (50). Importantly, extensive data exists demonstrating that
solid tumors express genes coding for angiogenic mediators (e.g., VEGF, basic fibroblast
growth factor [bFGF], platelet derived growth factor [PDGF], IL-8) in the local tumor
milieu resulting in the production of new blood vessels (51,52). Thus, metastasis from
solid tumors is facilitated by angiogenesis of the primary tumor. Therefore inhibition of
tumor angiogenesis is an effective means of inhibiting cancer growth and spread.

A number of angiogenesis inhibitors have evolved and can be used to block tumor
growth (53). These inhibitors can be broadly classified into four categories: (1) endo-
thelial cell inhibitors such as thalidomide, TNP-70, angiostatin and endostatin (54–56);
(2) inhibitors of angiogenic factors, such as VEGF and VEGF receptor inhibitor
(51,57,58); (3) inhibitors of endothelial and smooth muscle migration, such as MMP
inhibitor and integrin inhibition (59,60); and (4) retinoids and cytokines such as IFN
and IL-12 (61–63). Although these antiangiogenic molecules have been shown to inhibit
angiogenesis in preclinical studies, very few of them have demonstrated a therapeutic
effect in clinical trials (54). The failure to demonstrate activity and potency in clinical tri-
als may result from the lack of understanding of the mechanism of angiogenic regulation



by some of these inhibitors. Additionally, the optimal strategies for the use, monitoring,
and validation of antiangiogenic agents in the clinic remain unclear. Angiogenesis is
likely regulated on multiple levels; some inhibitors may function to block the formation
of new blood vessels (antiangiogenic) whereas others may disrupt or modify the exist-
ing vessels (antivascular). A better understanding of the mechanism of action of vascu-
lar-targeted drugs will help in improving the treatment strategies that include combining
with chemotherapy or radiotherapy.

Although antiangiogenic agents show great promise in preclinical models of cancer,
their use may be limited in part by their delayed onset of inhibitory activity on tumor
growth (e.g., tumors progressed as much as 400% in the first several days after initia-
tion of antiangiogenic therapy) (64,65). Given that the doubling time of murine tumors
is several-fold higher than is observed in the presentation of human cancer, this delay
in onset of activity could translate to several months in patients. For patients with
metastatic and/or locally advanced cancer, this delay in onset of activity may make the
use of these agents impractical. Another potential limitation with these agents is the
high dose and prolonged treatment course that are required. Although recent work sug-
gests that the delivery of antiangiogenic agents via continuous infusion or sustained
release may allow for a reduction of the bolus dose, the amount of protein needed for
widespread use will still be challenging (56,65). Perhaps the most significant limit of
current antiangiogenic therapy is the inability of these agents to completely eradicate
the disease. Thus, there is an urgent to develop and test new and novel antiangiogenic
agents that may overcome some of the limitations described above.

The concept to test the antiangiogenic properties of mda-7/IL-24 arises from several
key observations made by us and several other investigators and are as follows:
identification and demonstration of mda-7/IL-24 as a member of the IL-10 family with
limited homology to IL-10 (4), demonstration of IL-10-mediated antiangiogenic activity
in vivo (62,63), and reduced vascularization in tumors treated with an adenoviral vector
expressing mda-7 (Ad-mda7) compared with tumors treated with control vectors (61).

Initial in vitro studies demonstrated Ad-mda7 inhibited endothelial differentiation
(ECD) and cell migration, assays that are routinely used to test the antiangiogenic
activity of an agent (23). Surprisingly, Ad-mda7 did not inhibit endothelial cell prolif-
eration, an activity common to many antiangiogenic agents. The ability of Ad-mda7 to
inhibit ECD and cell migration was similar to that observed with other antiangiogenic
agents and suggested that mda-7/IL-24 may have antiangiogenic activity (61). However,
realizing the potential caveat that in vitro results do not always correlate with in vivo
studies, a dorsal air-sac chamber assay was utilized to test the antiangiogenic activity of
mda-7/IL-24 in vivo. In these experiments, human A549 lung tumor cells were used as
the angiogenesis inducers. Tumor cells were treated with Ad-mda7 or Ad-luc (vector
control) and loaded into chambers that were implanted into the dorsal side of nude mice.
Seven to ten days later, the chambers were removed and observed for angiogenesis or
neovascularization. A significant reduction in neovascularization was observed in
chambers that contained Ad-mda7 treated tumor cells compared with chambers that
contained Ad-luc treated tumor cells (see Fig. 4). That inhibition of tumor-vascularization
was the result of tumor cell death was excluded by performing a viability assay and
nuclear staining of cells inside the chamber (unpublished data). These results indicated
that MDA-7/IL-24 possesses antiangiogenic activity.

An additional line of evidence supporting the antiangiogenic activity of MDA-7/IL-24
comprises the findings from in vitro tumor-endothelial cell mixing experiments that
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mimic the in vivo conditions. Ad-mda7 infected A549 lung tumor cells when mixed
with human umbilical vein endothelial cells (HUVEC) showed marked inhibition of
ECD. In contrast, inhibition of ECD was not observed when Ad-luc (vector control)
infected tumor cells were mixed with endothelial cells. These results demonstrated
MDA-7/IL-24 expressing tumor cells when in close proximity to endothelial cells inhib-
ited ECD.

Although the above findings support MDA-7-mediated antiangiogenic activity, several
questions related to MDA-7-mediated antiangiogenic activity remain unanswered and
are as follows: (1) is the antiangiogenic activity mediated by the intracellular MDA-7
protein or by the secreted MDA-7 protein, (2) can MDA-7/IL-24 directly affect the
tumor vasculature or indirectly via inhibiting proangiogenic factors, and (3) what is the
underlying mechanism for mda-7-mediated antiangiogenic activity?

4.1. Direct Inhibitory Effects on Angiogenesis
To test the direct inhibitory effects of MDA-7/IL-24 on angiogenesis, experiments

were carried out using affinity purified human MDA-7/IL-24 protein (16). In vitro,
MDA-7/IL-24 protein selectively inhibited ECD in a dose-dependent manner with com-
plete inhibition occurring at concentrations above 10 ng/mL (see Fig. 5). MDA-7/IL-24
had no effect on endothelial cell proliferation. Note that at the concentrations of MDA-
7/IL-24 protein used, no significant cytotoxicity against lung tumor cells was observed,
indicating selective activity against endothelial cells (61). The specificity of the
inhibitory effect of MDA-7/IL-24 on ECD was demonstrated by immunodepletion
studies. Because MDA-7 belongs to the IL-10 family of cytokines and IL-10 has previ-
ously been reported to exhibit antiangiogenic activity studies, comparing the inhibitory
effects of MDA-7 protein with those of recombinant IL-10 on ECD were also con-
ducted. MDA-7, but not IL-10, inhibited ECD at the concentrations (5–50 ng/mL)

Fig. 4. Ad-mda7 inhibits angiogenesis in vivo. A549 tumor cells treated with Ad-luc or Ad-mda7
were plated on a semipermeable membrane (shown in circle) and implanted under the skin of a
mouse. Five days later, the disc was isolated and neoangiogenesis evaluated by microscopy. Ad-luc
treated cells demonstrate robust angiogenesis whereas Ad-mda7 treated cells shown significantly
reduced vasculature.



tested (see Fig. 5). Similarly, comparison between the inhibitory effects of MDA-7/IL24
protein on ECD and equimolar concentrations of recombinant endostatin, IFN- , and
IP10 agents that had previously shown to exhibit antiangiogenic activity (65) demon-
strated MDA-7/IL-24 was 10 to 50× more potent than endostatin, IFN- , and IP10
in vitro (61). The ability of MDA-7/IL-24 to inhibit ECD is similar to that seen with
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Fig. 5. Ad-mda7 and MDA-7/IL-24 inhibit endothelial cell differentiation. (A) HUVEC cells were
treated with control media, Ad-luc or Ad-mda7 (5000 vp/cell), plated on matrigel and analyzed 24 h
later for tube formation (in vitro angiogenesis assay). Ad-mda7 inhibits endothelial differentiation
(tube formation) ut does not kill endothelial cells. (B) HUVEC cells were treated with control media,
MDA-7 or IL-10, plated on matrigel and analyzed 24 h later for tube formation (in vitro angiogenesis
assay). MDA-7 inhibits endothelial differentiation. (C) MDA-7 inhibits endothelial differentiation in
a dose and ligand-dependent manner. Primary HUVEC and HMVEC endothelial cells were evaluated
with PBS or increasing doses of MDA-7 (1; 5; 10; 50 ng/mL) or immunodepleted material. 



IFN- (66). Furthermore, IFN- production in MDA-7/IL-24 treated PBMCs has been
reported (16), raising the possibility that IFN- or IP-10 produced by mda-7/IL-24
treated endothelial cells could be responsible for the observed inhibitory effects.
However, the possibility of MDA-7–mediated inhibitory effect resulting from IFN- or
IP-10 was excluded by conducting antibody-blocking studies. Additionally, equimolar
concentrations of recombinant IFN- or IP-10, when added to endothelial cells, showed
less inhibition of ECD compared with MDA-7/IL-24 protein. These results showed
that the in vitro antiangiogenic activity of MDA-7/IL-24 was more potent than IFN- or
IP-10 and occurred via a novel mechanism.

Further evidence for MDA-7/IL-24-mediated antiangiogenic activity is its ability to
potently inhibit VEGF-induced endothelial cell migration in a dose-dependent manner
(60). Inhibition of cell migration by MDA-7/IL-24 was also obtained when bFGF was
used as an inducer (unpublished data). These results demonstrate the direct and specific
antiangiogenic activity of MDA-7/IL-24 in vitro.

Evidence for direct effect of MDA-7-mediated antiangiogenic activity in vivo was next
examined. Subcutaneous implantation of MDA-7 producing 293 cells (293-mda7) mixed
with A549 lung tumor cells (1:1 ratio) in nude mice resulted in significant suppression of
tumor growth compared with tumor growth in mice implanted with a mixture of parental
293 cells and tumor cells (see Fig. 6). That the tumor growth inhibitory effects resulted
from exogenous MDA-7 was demonstrated by detecting MDA-7 protein in the tumors.
Note that A549 tumor cells do not express detectable endogenous MDA-7 protein. Tumor
growth inhibition was demonstrated to occur via apoptotic death of tumor endothelial
cells. Associated with tumor growth inhibition was a marked reduction in tumor vascular-
ization as demonstrated by the reduced hemoglobin content, and less CD31+ endothelial
cells (61). These results demonstrated the direct antiangiogenic activity for MDA-7/IL-24
in vivo. Although these experiments established the “proof of concept” it is to be realized
that most cancers such as cancer of the lung, breast, colon, and melanoma are often not
localized but disseminated to distant sites in the body. Therefore for MDA-7/IL-24 to be
an effective antiangiogenic agent it has to inhibit tumor growth at a distant site systemi-
cally. To test whether MDA-7 protein could exert its antiangiogenic effects systemically,
two sets of experiments were performed. In the first set of experiment a mixture of 293 or
293-mda7 cells mixed with A549 tumor cells were implanted on the right lower flank of
nude mice. On the contra lateral lower left flank of each mouse, tumor cells equivalent to
that on the right flank were implanted. Animals were monitored daily for tumor growth
on both the flanks. A significant delay in tumor growth was observed on both flanks of
mice that were implanted with a mixture of tumor cells and 293-mda7 cells compared
with animals that were implanted with a mixture of tumor cells and 293 cells (see Fig. 6).
In the second set of experiments, lung tumor xenografts were established subcutaneously
in the lower right flank of nude mice. Subsequently, when the tumors had grown to a size
of 50 to 100 mm3, matrigel containing parental 293 cells or matrigel containing 293-mda7
cells were implanted subcutaneously into the upper right flank of tumor-bearing animals
and the effects of mda-7 on tumor growth were measured. A significant growth inhibition
with 40 to 50% reduction in tumor size was observed in mice that were implanted with
matrigel containing 293-mda7 cells compared with mice that were implanted with
matrigel containing 293 cells (see Fig. 6B). That the observed tumor growth inhibition
resulted from systemic inhibitory effects of MDA-7 protein on tumor angiogenesis was
demonstrated by detecting the protein in the blood and a reduction in CD31+ blood ves-
sels (61). Importantly, no gross pathological changes were observed in the animals
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implanted to 293-mda7 cells, suggesting that the protein had no toxic side effects. These
results demonstrated MDA-7 protein systemically inhibited tumor growth by inhibiting
tumor angiogenesis. Furthermore, our results establish a direct antiangiogenic activity for
MDA-7/IL-24.

4.2. Indirect Inhibitory Effects on Angiogenesis
The possibility that MDA-7/IL24, like many other antiangiogenic agents can inhibit

the expression of proangiogenic growth factors (IL-8, bFGF, VEGF) produced by the
tumor cells existed (67–70). Thus, inhibition of these tumor-derived growth factors by
MDA-7/IL-24 will result in failure to support tumor vascularization thereby inhibiting
angiogenesis. Preliminary cDNA array analysis demonstrated downregulation of VEGF,
TGF- , and IL-8 in human tumor cells treated with Ad-mda7 compared with tumor cells
treated with Ad-luc (unpublished data). Subsequent in vitro studies demonstrated down-
regulation of VEGF protein expression in Ad-mda7 treated human prostate cancer
(LNCaP) cells compared with Ad-luc treated control cells (see Fig. 7A). Correlating with
our in vitro findings is the recent report by Nishikawa et al. (68) who showed Ad-mda7
inhibited VEGF, bFGF, and IL-8 expression in human lung tumor xenografts. In the same
study, combining radiation therapy with Ad-mda7 demonstrated enhanced radiosensitiza-
tion of lung tumor xenografts that was associated with a significant inhibition of VEGF,
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Fig. 6. Antiangiogenic activity of MDA-7/IL-24 in vivo. MDA-7/IL-24 systemically inhibits
tumor growth and vascularization. Subcutaneous A549 lung tumor xenografts were established in
nude mice in the lower right flank. When the tumors were measurable, Matrigel encapsulated 293
or 293-mda7 cells were implanted in the upper right flank. Tumor growth was monitored regu-
larly for 3 wk. A significant inhibition of tumor growth was observed in animals implanted with
Matrigel encapsulated 293-mda7 cells compared with animals implanted with Matrigel encapsu-
lated 293 cells. Representative tumors are shown in upper panel and tumor growth kinetics are
shown in lower panel.



bFGF, and IL-8 and tumor neovascularization. In fact, combination therapy showed higher
inhibition of proangiogenic factors compared with radiation or Ad-mda7 treatment alone.
These studies demonstrated that intracellularly expressed MDA-7 (Ad-mda7), albeit at
supraphysiological levels, can inhibit tumor vascularization indirectly by down-regulating
proangiogenic growth factor expression.

Based on our results it is clear that both extracellular and intracellular MDA-7 pro-
tein can inhibit angiogenesis. Thus we speculate that the antiangiogenic activity
observed in vivo is the result of interplay of the direct and indirect antiangiogenic
effects mediated by the intracellular and secreted form of the MDA-7/IL-24 protein.
We are currently examining the expression of these proangiogenic (VEGF, IL-8, bFGF,
CD31) markers in Ad-mda7 treated tumor specimens obtained from the recently con-
cluded phase I clinical trial (31,32).

4.3. Mechanism of MDA-7/IL-24-Mediated Antiangiogenic Activity
Recent studies have reported the identification of two heterodimeric receptors (IL-20R

and IL-22R) for MDA-7/IL-24 (72,73). In these studies binding of MDA-7/IL-24 to its
cognate receptors and activation of STAT-3 as a measure of ligand-receptor interaction
was demonstrated. Therefore, to test whether MDA-7-mediated antiangiogenic activity
was receptor-mediated, activation of STAT-3 as a measure of receptor-ligand interaction
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Fig. 7. MDA-7/IL-24 inhibits angiogenesis and tumor cell migration. (A) LNCap prostate tumor cells
were treated with PBS, Ad-luc or Ad-mda7 (2000 vp/cell) and analyzed for MDA-7 and VEGF protein
by western blot analysis. Ad-mda7 blocks VEGF expression. (B) H1299 NSCLC tumor cells were
treated with 2000 vp/cell of Ad-luc or Ad-mda7 for 16 h and then replated. Cell migration was ana-
lyzed 24 h later. Control Ad-luc treated cells migrate whereas Ad-mda7 treated cells do not migrate.



and receptor blocking studies was performed. Prior to conducting these studies we deter-
mined the receptor expression for MDA-7/IL-24 in HUVEC. Reverse-transcription poly-
merase chain reaction (RT-PCR) and western blotting analysis showed expression of both
IL-20R and IL-22R in HUVEC. Subsequent studies showed transient activation of STAT-
3 in MDA-7 treated endothelial cells indicating receptor-ligand interaction (61). However,
in the presence of anti-IL-22R1 antibody, one of the two receptors for MDA-7/IL-24,
MDA-7/IL-24-mediated inhibitory activity of ECD was abrogated that correlated with
the loss of STAT-3 activation. These results demonstrated that MDA-7/IL24 exerts its
antiangiogenic activity via the IL-22 receptor. Furthermore, the IL22R1 blocking anti-
body inhibited the antiangiogenic activity of mda-7 but not that of endostatin or IP-10,
demonstrating its specificity (61). Although we have demonstrated IL-22R-mediated
antiangiogenic activity, the role of IL-20 receptor in MDA-7/IL-24-mediated antiangio-
genic activity is yet to be elucidated. Furthermore, the role of STAT-3 activation other
than receptor signaling in MDA-7/IL-24 mediated antiangiogenic activity remains
unclear. Additionally, the downstream signaling mechanisms mediated by MDA-7/IL-24
in endothelial cells have not been studied. One possibility is the activation of STAT-1, a
molecule that is associated with antiangiogenic phenotype (75). Another possibility is the
inhibition of the PI3K/AKT pathway that is associated with proangiogenic phenotype. In
support of this is the recent demonstration of PI3K/AKT inhibition in lung and breast
cancer cells ectopically expressing MDA-7/IL-24 (21,72).

Although MDA-7 protein has demonstrated antiangiogenic activity in preclinical mod-
els, the idea to develop MDA-7 protein for cancer therapy is challenging and has to over-
come some of the limitations that currently exist both in the fields of protein therapy and
antiangiogenic therapy. For example, in order to develop MDA-7 for protein therapy it is
important to know the biophysical and biochemical properties (i.e., stability, structure, gly-
cosylation, half-life) of the protein. Similarly, lessons learned from the failures of previous
antiangiogenic therapies suggest that an understanding of the mechanism of angiogenesis
regulation is important. Additionally, the optimal strategies for the use, monitoring, and
validation of antiangiogenic agents in the clinic remain unclear. Another potential limita-
tion with antiangiogenic proteins is the high dose and prolonged treatment course that are
required. Although recent works suggest that the delivery of antiangiogenic agents via con-
tinuous infusion or sustained release may allow for a reduction of the bolus dose, the
amount of protein needed for widespread use will still be challenging (75,76). Given these
limitations, treatment of cancer using gene therapy vectors (adenovirus and non-viral vec-
tors) is a promising approach and can overcome some of the obstacles described above.

The feasibility for systemic gene therapy using a nonviral (liposome) vector was
tested in an experimental lung metastasis model. Treatment of lung-tumor bearing mice
with mda-7/IL-24 plasmid DNA encapsulated in a cationic DOTAP: cholesterol
(DOTAP:Chol) liposome resulted in significant inhibition of experimental metastasis
(77). Associated with the inhibition was a marked reduction in tumor angiogenesis.
These results though preliminary indicate the feasibility of systemic gene therapeutic
approach for treatment of cancer. Additional studies dissecting the antitumor versus
antiangiogenic activities of mda-7 after systemic therapy are under investigation.

5. ANTIMETASTATIC ACTIVITY OF MDA-7/IL-24

Huang et al. showed that mda-7 mRNA was stably expressed in the thymus spleen
and peripheral blood leukocytes, and reported its de novo expression in human
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melanocytes, and mda-7 induction in human hematopoietic cells after treatment with
TPA. As mentioned above, mda-7 was initially inversely correlated with melanoma
progression (10,22); which is consistent with our results demonstrating that MDA-7
protein expression localizes to superficial areas of primary cutaneous melanoma and
decreases as one moves toward the deeper, more invasive, areas of the tumor (6,7).
Taken together, these results strongly suggest that MDA-7 expression is lost during
melanoma progression and invasion.  MDA-7 has reportedly high levels of expression
in melanocytes, and in early stage melanomas. Immunohistochemical (IHC) analysis
done by our group on a group of paired metastatic and primary melanomas from
patients confirms MDA-7 expression at variable levels, in approx 70% of primary
tumors. MDA-7 expression significantly decreased in both percent of positive cells and
intensity of expression at the deep invasive front of the tumor as compared with its cor-
responding superficial areas (6,7). The loss of MDA-7 expression in tumors indicates
that this differentiation factor may act as a tumor suppressor, which would be consis-
tent with its reported tumor-specific growth inhibitory, and antiangiogenic properties. 

Studies to investigate the antimetastatic properties of MDA-7/IL-24 were based on the
recent report by Ellerhorst et al. (7) who demonstrated a significant correlation between
loss of MDA-7 protein expression and melanoma tumor invasion. In this study, the authors
demonstrated the superficial layer of the tumor expressed MDA-7 and the MDA-7 pro-
tein expression was lost as the tumor invaded the surrounding tissue. The results from this
study suggested that restoration of MDA-7 expression in tumor cells should inhibit tumor
invasion and metastasis. Therefore we examined the effect of ectopic MDA-7 expression
on migration and invasion of lung tumor cells in vitro and in vivo.

In vitro, MDA-7 expression resulted in significant inhibition of migration (see Fig. 7B)
and invasion of tumor cells plated on Matrigel coated wells (21,71). This inhibitory effect
was independent of the previously established cytotoxic effects of MDA-7 on tumor cells
and occurred by down regulating p85 PI3K, pFAK, MMP-2, and MMP-9 expression
(71). A role for these signaling molecules and proteolytic enzymes in tumor metastasis
and angiogenesis has previously been reported (62). For example, involvement of MMPs
in invasion and angiogenesis in lung cancer has been demonstrated by the expression of
MMP-2, -9 in several lung cancer cell lines and surgical specimens, their localization to
the tumor neovasculature, and a correlation between MMP expression and prognosis.
Inhibition of tumor metastasis by MDA-7/IL-24 was also demonstrated in vivo (71,77).
Intravenous injection of lung tumor cells treated with Ad-mda7 ex vivo into nude mice
resulted in reduced number of lung tumor metastasis compared with mice injected with
tumor cells treated with Ad-luc. Additionally, treatment of lung tumor bearing mice with
DOTAP:Chol-mda-7 complex inhibited tumor metastasis as demonstrated by the reduced
number of tumors in the lung compared with lungs from mice that were treated with PBS
or DOTAP:Chol-luc (vector control) complex (77). These results validate the antimetasta-
tic activity of MDA-7/IL-24 and the underlying mechanism both in vitro and in vivo.

6. CONCLUSIONS

The preclinical data reviewed here clearly demonstrate the tumor-selective and
potent proapoptotic, antiangiogenic, and antimetastatic activities of mda-7/IL-24 both,
in vitro and in vivo. These effects of mda-7/IL-24, are induced by direct, indirect
(bystander), and immune activation mechanisms, and appear to be independent of the
status of other tumor suppressor pathways; offering a viable option for the treatment of
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cancers that resist current therapies. Taken together, the above findings demonstrate
unique properties of mda-7/IL-24 make it a promising anticancer agent for the treat-
ment of primary and disseminated cancers.
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Summary
This chapter describes preclinical development of therapeutic genes in breast cancer treatment.

Beginning from targeting HER-2/neu-overexpressing breast cancer cells by adenovirus E1A, we
found E1A expression had profound effects on tumor cells including growth suppression, apoptosis,
and sensitization to chemo-drugs and radiation. The mechanisms of the antitumor activities as well
as the preliminary results obtained from multiple E1A clinical trials are discussed. Also identified
are the antitumor activity of interferon inducible genes, p202 and IFIX, and a proapoptotic gene,
bik. The mechanism of action and the therapeutic potential of these genes in breast cancer models
are also discussed. 

Key Words: Gene therapy; E1A; p202; IFIX; Bik.

1. INTRODUCTION

It is estimated 216,000 new cases of breast cancer will be diagnosed and 40,000
deaths will be caused by the disease in the United States in 2004 (American Cancer
Society statistics). Although conventional treatments on primary tumors by surgery,
radiotherapy, and adjuvant/neoadjuvant chemotherapy have improved survival rates,
the overall relapse rate remains high (10–40%) (1). Therefore, novel treatment modali-
ties are urgently needed for breast cancer. Given that cancer can be considered a genetic
disease caused by the activation of cancer-promoting genes (oncogene) or the inactiva-
tion of cancer-suppressing genes (antioncogene), it is therefore possible to design strate-
gies to compensate for these mutations in tumors by inhibiting the dominant oncogene
function or by restoring the antioncogene function. This chapter discusses our experi-
ence in developing the adenovirus E1A (E1A) as a therapeutic gene that can inhibit a
dominant breast cancer oncogene, HER-2. We will also describe the preclinical studies
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on the development of HIN-200 (e.g., p202 and IFIX) and bik as potential therapeutic
genes in preclinical breast cancer treatment.

2. E1A

2.1. Tumor Suppressor Activity of E1A
E1A is the first transcriptional unit to be activated after the adenoviral genome

reaches the nucleus. E1A encodes two major alternatively spliced proteins of 243 and
289 amino acids. Both proteins can activate or repress transcription of several viral and
cellular genes (2) resulting in cell-cycle deregulation and virus replication. E1A accom-
plishes this by interacting with and modulating a host of cell-cycle regulatory proteins
(3). E1A was initially characterized as an oncogene by virtue of its ability to promote
growth and immortalization of quiescent rodent cells (4) and to cooperate with ras
oncogene to transform primary rodent cells (5).

However, E1A was found to suppress experimental metastasis of rodent cells trans-
formed by the ras oncogene (6–8). We demonstrated that E1A could repress the pro-
moter of rat neu oncogene (9) leading to both reversion of the neu-induced
transformation and tumorigenicity (10) and experimental metastasis (11,12). E1A was
also shown to suppress human HER-2 expression (13), experimental metastasis (14),
and tumorigenicity (15) of certain human tumor cell lines. Together, these data strongly
suggest that E1A can also function as a tumor suppressor.

2.2. Mechanisms of E1A-Mediated Tumor Suppressor Activity
The multifunctional E1A in tumor suppression is illustrated by its ability to sensitize

tumor cells to chemotherapy and -irradiation, induce a bystander effect, suppress
tumor growth, metastasis, and angiogenesis (16). It is therefore not surprising that E1A
targets multiple signal pathways to achieve these antitumor activities. Consistent with
the antimetastasis activity, E1A activates metastasis-suppressor genes such as E-cad-
herins, NM23, TIMPs, and/or represses metastasis-promoting genes such as HER-2,
MMPs, uPA, and CD44s (16). E1A-induced growth inhibition has been linked to the
upregulation of cell-cycle regulators such as the cyclin-dependent kinase inhibitor,
p21CIP1, and the p53 tumor suppressor gene (17,18). In addition, the Axl tyrosine
kinase receptor also plays a role in the E1A-mediated growth inhibition (19). In parti-
cular, E1A represses the transcription of Axl gene and reduces cell growth-mediated by
Axl and its ligand, Gas6 (19). More importantly, E1A can target different signal path-
ways to sensitize tumor cells to apoptosis. For instance, E1A inactivates IKK resulting
in NF- B inactivation. Since NF- B is an antiapoptotic molecule (20–23), the inactiva-
tion of NF- B by E1A renders the cells sensitive to apoptosis induced by tumor necro-
sis factor (TNF)- or -irradiation (24–26). More recently, we provided evidence to
suggest that E1A targets a novel signaling pathway, the protein phosphatase 2A
(PP2A)/AKT/p38 pathway, to sensitize tumor cells to chemotherapeutic drugs (27,28)
(see Section 2.4.).

2.3. Tumor Suppressor Activity of E1A in Breast Cancer 
Experimental Models

The initial link between E1A and tumor suppression in breast cancer was based on
the observations that E1A could suppress the transformation phenotype of the neu-
transformed NIH mouse 3T3 cells (10–12) by transcriptionally repressing the promoter
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of rat neu oncogene (9). HER-2 is amplified and overexpressed in approximately 30%
human breast cancer patients with poor prognosis (29–31). Because the neu gene is a
murine counterpart of the human HER-2 proto-oncogene, it was hypothesized that E1A
could also repress HER-2 expression in human breast cancer. Indeed, both HER-2 pro-
tein and mRNA levels were reduced in HER-2-overexpressing breast cancer cell lines
infected with an E1A-expressing adenovirus (Ad.E1A(+)) but not a mutant adenovirus
(Ad.E1A( )) in which E1A is deleted (13).

To test whether the E1A-mediated HER-2 repression affects the cell growth in cell
model systems, both the high-HER-2 (e.g., MDA-MB-361 and SKBR3) and the low-
HER-2-expressing (e.g., MDA-MB-435 and MDA-MB-231) breast cancer cell lines were
infected with either Ad.E1A(+) or Ad.E1A( ) followed by a growth assay. We showed
that Ad.E1A(+), but not Ad.E1A( ), could specifically inhibit the growth of the high-
HER-2 breast cancer cells as compared with those with the low-HER-2 expression (32).

To demonstrate the efficacy of E1A in preclinical gene therapy settings, both
Ad.E1A(+) and an E1A expression vector/liposome (3 -[N-(N , N dimethylaminoethyl)
carbamoryl cholesterol [DCC]) complex (E1A/DCC) were used to assess the potential
efficacy in an orthotopic, HER-2-overexpressing breast cancer model. MDA-MB-361
cells were transplanted into the mammary fat pads of female nu/nu mice. The mam-
mary tumors become palpable usually about 45 d after implantation. Ad.E1A(+) or
E1A/DCC was administered via intratumoral injection. Six months of E1A treatment
(Ad.E1A(+) or E1A/DCC) resulted in suppression of tumor growth and prolonged sur-
vival (the mean survival was greater than 2 yr as opposed to less than 15 mo in the con-
trol groups). The Ad.E1A(+) treatment appeared slightly better than E1A/DCC
treatment. Remarkably, no metastasis was found in intraperitoneal organs such as liver,
intestine, spleen, and kidney (32). These results suggested that E1A possesses
antimetastasis activity, which is reminiscent of a previous finding that showed no
detectable metastasis in the E1A-treated mice bearing HER-2-overexpressing ovarian
tumors (33). The suppression of mammary tumor by E1A correlated well with the
expression of E1A and the reduced expression of HER-2 in these tumors (32). Thus,
these data suggest the feasibility of an E1A-based gene therapy against HER-2-over-
expressing breast cancer in vivo. Importantly, the subsequent toxicity studies conducted
in immuno-competent mice showed only minimum side effect associated with the E1A
gene therapy (34–36).

2.4. Chemosensitization of E1A
Previous studies have shown that E1A can sensitize both mouse embryo fibroblasts

and human cancer cell lines to apoptosis induced by different anticancer agents (37–39).
Our rationale to study E1A-mediated chemosensitization was initially based on the
hypothesis that E1A can sensitize cancer cells to anticancer agents by repressing HER-2
overexpression, which is a chemoresistance phenotype of breast cancer cells (40–43).
Combined treatment of Ad.E1A(+) infection and paclitaxel resulted in a synergistic
suppression of growth and transformation phenotype of a high HER-2, paclitaxel-resistant
MDA-MB-453 cell line (44). Similarly, we showed an enhanced antitumor activity by a
combined E1A and paclitaxel treatment in orthotopic breast cancer models derived
from a high HER-2, MDA-MB-361 cell line (45). Interestingly, E1A can also sensitize
the low HER-2-expressing breast cancer cells (e.g., MDA-MB-231) to paclitaxel
(10 nM)-induced killing (46). This result indicates that a clinically relevant concentra-
tion (5~200 nM) of paclitaxel is able to synergize with E1A in cell killing. Although
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our earlier report indicated that E1A has minimum effect on paclitaxel sensitization in
MDA-MB-435 cells, in light of our recent findings (46), the synergistic effect by E1A
is likely obscured by the high paclitaxel concentration (1 M) used in the study (44).
Together, these studies suggest that multiple mechanisms may be involved in the E1A-
mediated sensitization by anticancer drugs. As such, E1A/anticancer drugs combined
treatments may have a broad application in cancer therapy.

In the above studies, either a cationic lipid-protamine-DNA (LPD) (LPD-E1A) (45)
or a SN cationic liposome (47,48) (SN-E1A) (46) was used as an E1A gene delivery
system. These liposome formulations offer advantages that include the stability in
serum and the high gene-transducing efficiency via intravenous (iv) administration
(47–50). These features are especially attractive because the treatment of metastatic
breast cancer can only be effective by systemic administration of antitumor agents.
Whereas injection of LPD-E1A (iv once/wk) and paclitaxel (intraperitoneal [ip] once
every 3 wk) yielded additive efficacy as compared with LPD-E1A or paclitaxel treat-
ment alone (45), SN-E1A/paclitaxel combined treatment had a synergistic effect on
tumor suppression and significantly prolonged survival (46). As expected, E1A expres-
sion, reduced HER-2, and an increase of apoptotic cells were seen in the E1A-treated
MDA-MB-361 tumor samples as determined by immunohistochemical assays (45).
These in vivo observations provided an important step forward to designing clinical tri-
als using combinations of E1A and chemotherapeutic drugs for treating metastatic
breast cancers.

2.5. Mechanisms of E1A-Mediated Chemosensitization
p53 was initially shown to be involved in E1A-mediated sensitization to anticancer

drugs in mouse embryonic fibroblasts (38,39). However, mounting evidence has indi-
cated that E1A can also achieve such sensitization in human cancer cells that do not
express wild type p53 (25,27,28,37,44,46,51,52). Until recently, the mechanism under-
lying the E1A-mediated chemosensitization in cancer cells had been elusive. However,
several findings uncovered a novel pathway by which E1A induces chemosensitization.
We showed that E1A expression is associated with an increase of PP2A (27), an enzyme
that dephosphorylates and inactivates a key survival molecule, AKT (53). The inactiva-
tion of AKT in E1A-expressing cells leads to activation of ASK1 and MEKK3 kinases,
which, in turn, phosphorylate and activate a proapoptotic protein, p38 (27,28).
Importantly, the activation of p38 correlates with the E1A-mediated sensitization to
apoptosis induced by commonly used anticancer drugs such as paclitaxel, adriamycin,
cisplain, gemcitabine, and methotrexate. Specifically, treatment of E1A-expressing cells
with p38 inhibitor or dominant negative p38 impaired the sensitization to paclitaxel-
induced apoptosis (28). These observations strongly suggest that E1A induces
chemosensitization through the PP2A/AKT/(ASK, MEKK3)/p38 pathway.

2.6. E1A Clinical Trials
In 1995, the MD Anderson Cancer Center  proposed to FDA and RAC of NIH a

phase I clinical trial of E1A treatment targeting patients with advanced breast or ovar-
ian cancer. At that time, our proposal represented the only gene therapy data that had a
clear mechanism for antitumor activity. Four clinical trials using E1A gene therapy
have been reported (54–57). Currently, a phase I/II combined paclitaxel and E1A gene
therapy for ovarian cancer is in progress at MD Anderson Cancer Center. Dr. Ueno will
describe the details about the multiple clinical trials in a separate chapter.
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3. HIN-200 GENES

The interferon (IFN)-inducible HIN-200 gene family encode a class of proteins that
share a 200-amino acid signature motif of type a and/or type b. Previously, three human
(IFI16, MNDA, and AIM2) and five mouse (p202a, p202b, p203, p204, and p205
(or D3)) HIN-200 family proteins were identified (58–60). HIN-200 genes are located
at chromosome 1q21-23 as a gene cluster in mouse and human genomes (60). The
observations that HIN-200 proteins interact with several cellular regulators involved in
cell cycle control, differentiation, and apoptosis strongly suggest the physiological
roles of this family of proteins extend beyond the IFN system (58–61). For example,
with the availability of antibodies competent for in situ analysis, it is now clear IFI16
expression is not restricted to the hematopoietic compartment. IFI16 is found widely
expressed in normal human tissues including endothelial and epithelial cells (62–64).

3.1. p202
The antitumor activity of HIN-200 gene was first demonstrated by our study on

p202a (p202). The p202 protein is encoded by one of the six or more murine IFN-
inducible genes of the gene 200 cluster on chromosome 1q21-23 (65). This family of
proteins shares, close to their carboxyl termini, partially homologous 200 amino acid
long segments. So far, p202 is the best-characterized murine member in this family
(65). The pathological relevance of p202 was recently realized by the finding that p202
is a candidate gene for systemic lupus erythematosus in a mouse model (66).

p202 is primarily a nuclear, chromatin-associated 52-kD phosphoprotein involved in
protein-protein interactions. Notably, several important transcriptional regulators such
as retinoblastoma gene (Rb) (67), E2F-1 (68), E2F-4, p107 and p130 (69), Fos/Jun
(AP-1), a p53 binding protein (53BP-1) (70), c-Myc (71), NF- B (72–74), MyoD and
myogenin (75), are p202-interacting proteins. These observations strongly suggest a
functional significance of p202 in cell cycle regulation, signal transduction, apoptosis,
and differentiation. The p202 associated protein-protein interactions generally result in
inhibition of transcription (68,69,71,73–76). In most cases, a direct blocking of the
transcriptional factor binding to its cognate DNA element by p202 is responsible for
the transcription repression.

Similar to the IFN-induced growth inhibition, persistent expression of p202 was
shown to be growth inhibitory in rodent cells (68–70,73,77,78) and in human cancer
cells including breast cancer (74,76,79,80). The p202-mediated growth inhibition was
associated with attenuation at G1/S cell-cycle transition. It likely results from the inter-
action between p202 and E2F1, that in turn abrogates E2F-1-mediated transcriptional
activation of certain S-phase genes such as DHFR, b-Myb, and PCNA resulting in atten-
uation of S-phase entry (68). p202 also suppresses transformation as indicated by the
reduced ability of p202-exprerssing breast cancer cells to grow in soft agar (74). In
addition, we recently showed that p202 expression also promotes apoptosis in breast
cancer cells (79). The p202-mediated apoptosis appears to be dependent on the activa-
tion of caspases. Based on the growth inhibitory and proapoptotic activities of p202,
we subsequently performed the preclinical studies to evaluate the feasibility of using
p202 as a therapeutic gene in treating experimental breast tumors.

3.2. Preclinical p202 Gene Therapy Studies
Our first attempt to test the therapeutic value of p202 as an antitumor agent in

breast cancer was conducted ex vivo. We showed that transfection of p202/PEI
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(polyethylenimine) complex into MCF-7 cells greatly inhibited tumor growth as com-
pared with PEI alone in estrogen-supplemented nude mice (74). Based on this encour-
aging result, we then developed a systemic delivery system that would allow delivery
of p202 gene through intravenous (iv) injection to the primary and metastasized tumor
sites. To this end, we undertook two approaches and compared the efficacy of systemic
p202 gene therapy treatment using either a p202-expressing recombinant adenovirus
(Ad-p202) or CMV-p202/SN2 liposome complex in an orthotopic MDA-MB-468 breast
cancer xenograft model. CMV-p202 is a p202 expression vector driven by a
cytomegalovirus (CMV) promoter. SN2 liposome formulation has been tested and
shown to be an efficient gene delivery system in systemic gene therapy models (47).
The tumor growth was significantly reduced in both Ad-p202 and CMV-p202/SN2
treatment groups (79), (Wen and Hung, unpublished data). These results strongly sug-
gest the feasibility of a systemic p202-based gene therapy treatment for breast cancer. 

In addition, upon examining the tumor treated with Ad-p202 or CMV-p202/SN2 by
immunohistochemical assays, we found that the p202 protein levels correlates well with
the extent of apoptosis in tumors in both models as determined by TUNEL (TdT [termi-
nal deoxynucleotidyl transferase]-mediated dUTP nick end labeling) assay that stains the
ends of DNA fragments. This observation is in agreement with our in vitro data that show
Ad-p202 infection induces apoptosis (79). Thus, the p202-induced apoptosis contributes
to the overall antitumor activities in vivo. Furthermore, we observed the levels of an
angiogenic factor, vascular endothelial growth factor (VEGF), were significantly reduced
in breast tumors treated with either CMV-p202/SN2 or Ad-p202 as compared with that of
the control treatments. This observation is also consistent to our previous finding that
angiogenesis was reduced in p202-treated pancreatic tumors (76). Together, our data
strongly suggest p202 is a potent therapeutic agent suitable for breast cancer therapy.

3.3. IFIX 1
Loss or reduced expression of human HIN-200 genes has been associated with sev-

eral human malignancies: IFI16 (breast cancer [81]), AIM2 (melanoma, Li-Fraumeni
syndrome, and colorectal cancer [82–84]), and MNDA (prostate cancer and adult
myelodysplastic syndromes [85–87]). These observations support the hypothesis that
HIN-200 genes function as putative tumor suppressors (88).

We recently identified IFIX as a novel member of the human HIN-200 gene family. The
IFIX transcriptional unit expresses at least six IFIX isoforms ( 1, 2, 1, 2, 1, and 2)
that show protein sequence homology to other human and mouse HIN-200 proteins.
Importantly, we found the expression of IFIX 1, the longest IFIX isoform, is reduced in
majority of breast tumors and breast cancer cell lines. These data suggest IFIX 1 may
function as a tumor suppressor in breast cancer. Consistent with that notion, the IFIX 1
stable cell lines derived from MCF-7 and MDA-MB-468 exhibited reduced growth rates
in both anchorage dependent and independent manner, suggesting a loss of transforma-
tion phenotype of these breast cancer cells. This observation was further substantiated by
the suppressed tumorigenicity of IFIX 1 stable cell lines in nude mice. We further showed
that the IFIX 1-mediated growth suppression is associated with an increase of the cyclin-
dependent kinase inhibitor p21CIP1 in a pRB- and p53 independent manner.

3.4. Preclinical IFIX 1 Gene Therapy Study
To test the feasibility of using IFIX 1 as an antitumor agent in breast cancer, we per-

formed a preclinical gene therapy experiment using an orthotopic breast cancer
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xenograft model. Female nude mice were inoculated with MDA-MB-468 cells into the
mammary fat pads (MFP). The mammary tumors were allowed to grow to 0.5 cm in
diameter. Tumors were then injected with the liposome SN2 complexed with either an
IFIX 1-expression vector (CMV-IFIX 1) or an empty vector (pCMV-Tag2B). We
showed that the CMV-IFIX 1/SN2 treatment yielded significant antitumor activity as
compared with the pCMV-Tag2B/SN2 treatment. This observation indicates that
IFIX 1 possesses antitumor activity and shows a feasibility of using IFIX 1 gene ther-
apy in breast cancer.

4. BIK

Another approach to target breast cancer is to induce programmed cell death by trans-
ducing proapoptotic genes into breast tumor cells (90). The bik gene is a proapoptotic
member of the Bcl-2 gene family (91–93). It encodes an 18-kd BH3-only protein (914).
It is now clear that these BH3-only proteins induce apoptosis by binding through a
groove formed by the BH1 and BH2 domains on the surface of prosurvival Bcl-2 family
members (94). Interestingly, loss of chromosome 22q where bik gene resides is associ-
ated with breast tumorigenesis, suggesting bik gene may be a tumor suppressor (95).

4.1. bik Induces Apoptosis in Breast Cancer Cells
In vitro, we showed that transfection of a bik expression vector and SN2 complex (SN-

bik) into breast cancer cell lines such as MDA-MB-231, MDA-MB-468, and MCF-7
resulted in a drastic increase of apoptosis as measured by sub-G1 cell population (47). As
expected, the SN-bik transfected breast cancer cells exhibited drastic reduction of the
number of colony in soft agar. These results suggest that bik is a potent proapoptotic
agent and may be suitable for further development as a potential therapeutic gene in vivo.

4.2. Preclinical bik Gene Therapy Study
The initial indication that bik gene therapy might be feasible came from the result of

an ex vivo experiment. Human breast cancer cell lines, MDA-MB-231 and MDA-MB-
468, were transfected with SN-bik (or the control luciferase gene, SN-luc) prior to
inoculation into MFP of female nude mice. The tumor size was monitored weekly post-
inoculation. The growth of tumor transfected with SN-bik was significantly slower than
those transfected with SN-luc (47).

We then tested whether systemic delivery of SN-bik could yield antitumor activity in
orthotopic breast cancer xenograft models. We treated the mice that bore tumors derived
from either MDA-MB-231 or MDA-MB-468 with SN-bik (or SN-luc) via tail vein injec-
tion. This treatment protocol, i.e., 6 injections with 3 d between injections, resulted in a
significant tumor suppression, an increase of apoptotic cells in tumors, and an increase of
survival rate in mice treated with SN-bik as compared with those treated with SN-luc.
More importantly, the SN-bik-treated mice had very few detectable metastatic nodules in
the diaphragm and mesentery of these animals as compared with the control groups in
which high incidence of metastasis was found (47). Together, these results strongly sup-
port the notion that bik can be used as a potent therapeutic gene in breast cancer treatment.

4.3. Mutant bik DD Enhances Apoptosis in Breast Cancer Cells
Although bik gene therapy preclinical model yielded encouraging results (47), com-

plete tumor resolution remains the ultimate goal of this approach. As a step toward this
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objective, we attempted to modify the bik gene to make it more potent than the wild
type bik. It has been implicated that phosphorylation of threonine 33 (T33) and serine 35
(S35) of bik protein are required for its maximum apoptotic activity (96). We hypothe-
sized that T33 and S35 substitutions with the negatively charged aspartic acids (D33 and
D35) (i.e., bik DD) would be constitutively active and, thus, more potent. Indeed, we
found that bik DD has higher binding affinity with the antiapoptotic molecules, Bcl-2
and Bcl-XL, than does the wild-type bik. Subsequently, transfection of bik DD led to
higher apoptosis in breast cancer cells such as MCF-7 than did wild type bik (97). These
results suggest that bik DD is a more potent apoptotic agent than the wild type bik.

4.4. Preclinical Mutant bik DD Gene Therapy Study
To assess the antitumor activity of bik DD, we again performed an ex vivo experi-

ment in which MCF-7 cells were transfected with bik DD and SN2 complex (SN-bik
DD) or SN-bik before inoculation into the estrogen-supplemented female nude mice.
Consistent with the in vitro data, SN-bik DD-transfected tumor cells grew significantly
slower than those transfected with SN-bik (97). Interestingly, the antitumor activity of
single substitution mutants is also enhanced, but not to the same degree of potency as
that of bik DD (97). These encouraging ex vivo data set the stage for conducting a pre-
clinical systemic gene therapy using MCF-7 orthotopic xenograft model. We showed
that SN-bik DD intravenous injection (3×/wk with total 12 treatments) yielded greater
tumor suppression activity and longer survival rates than SN-bik treatment (97).
Together, these observations suggest that bik DD is a better therapeutic agent than the
wild type bik. The bik DD represents an improved version of a therapeutic agent that
can be further developed to achieve the complete resolution of breast tumor.

5. FUTURE DIRECTIONS

In this chapter, we focused our discussion on the preclinical development of thera-
peutic genes in breast cancer treatment. Currently, E1A has been tested in multiple
clinical trials and the preliminary data obtained so far are encouraging (54–57). Both
E1A and p202 could sensitize cancer cells to apoptosis induced by TNF- or -irradi-
ation (24,25,74,79). These data provide a rationale to develop the combined therapy of
E1A (or p202) and TNF- (or -irradiation) that should yield better therapeutic effect
than using single agent. Given that E1A and p202 inhibit NF- B (24,25,74,79), an
antiapoptotic molecule, it is possible to achieve a better therapeutic effect with com-
bined E1A (or p202) with chemotherapeutic agents (98). Furthermore, because sys-
temic treatment is imperative for treating metastatic tumors, the targeting specificity
should be of concern to minimize the potential side effect. One way to overcome this
drawback is to express these therapeutic genes under the control of tumor-specific
promoter or to be delivered by a tumor-specific gene delivery system. To that end, we
have successfully demonstrated that, using a p202 expression vector driven by a tis-
sue-specific promoter, we were able to achieve a tissue-specific antitumor activity
(99). The similar approach should be applicable to IFIX 1 and bik genes to achieve
tumor-specific antitumor activity. With the availability of systemic gene delivery sys-
tem that promises high efficiency of gene transfer (e.g., SN2 cationic liposome) it is
possible that the tumor-specific expression of these therapeutic genes combined with
appropriate chemotherapeutic agents would lead to a much effective killing of metasta-
tic breast tumors.
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Summary
This chapter reviews the requisite steps in a translational cancer gene therapy trial. As with all

clinical trials, translational cancer gene therapy trials require clear concise objectives and endpoints.
Several unique factors exist with gene therapy trials that must be considered prior to trial develop-
ment, including the type of vector desired, the delivery mechanism and the different gene therapy
strategies required for gene product expression.  Progression of cancer gene therapy trials from the
preclinical phase to the post approval phase IV stage require a careful strategy to meet the strict regu-
latory requirements at both the federal and local institutional level. Safety monitoring is especially
important with gene therapy trials because of the high visibility of gene therapy trials and the impact
on the trial, patient, and the gene therapy field in general if adverse events occur. Financial consid-
erations should be addressed at the outset because of the increased costs associated with a trans-
lational gene therapy trial.

Key Words: Development of translational cancer gene therapy trial; gene therapy strategies;
regulatory considerations; safety issues; financial considerations.

1. INTRODUCTION

Clinical gene therapy trials require a series of prerequisite steps that must be overcome
prior to the initiation and completion of a successful translational trial. This chapter
reviews some of the requisite steps in a translational cancer gene therapy trial. As with
all clinical trials, translational cancer gene therapy trials require clear concise objec-
tives and endpoints that depend in large part on the clinical experience and safety record
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of the therapeutic agent and the principal investigator. Several unique factors exist with
gene therapy trials that must be considered prior to trial development including the type
of vector desired, the delivery mechanism, and the duration and amount of gene product
expression required. In order to be successful, financial funding must be obtained but in
the case of cancer gene therapy trials the amount of support is often much higher than
conventional therapeutic agents because of the increased costs associated with the addi-
tional safety monitoring and regulation associated with human gene therapy trials. The
strict regulatory requirements exist at both the federal and local institutional levels and
require a careful planned strategy to fulfill. Finally, safety monitoring must be carefully
considered because of the high visibility of gene therapy trials and the potential impact on
the trial, patient and the gene therapy field in general if adverse events occur.

In 1989, Rosenberg et al. performed the first human gene therapy trial with a retro-
virus construct that introduced the gene coding for resistance to neomycin into human
tumor-infiltrating lymphocytes (TIL). These super-charged TILs were infused into five
patients with advanced melanoma (1). Since then the number of gene therapy trials has
increased dramatically and as of January 31, 2004 there were 918 active clinical trials
in 24 countries. The majority of these clinical trials are aimed at the treatment of vari-
ous types of cancer (66%) and are designed to establish the feasibility and safety of the
therapeutic agent and to demonstrate the expression of therapeutic proteins in vivo by
transferred genes and in some cases to show therapeutic effect (2).

2. STEP 1: GENE EXPRESSION—VECTOR SELECTION

The concept of gene therapy is based on the simple premise of transferring a gene
into a cell or tissue with minimal toxicity and having the transduced cell express the
transferred gene. The transferred gene product can then inhibit or stimulate a selected
pathway to induce a desired biologic effect. Various techniques exist to transfer genes
into cells and these can be broadly classified as viral or nonviral delivery systems. At
the present time there is no perfect gene transfer technique. Each technique has its own
inherent advantages and limitations that must be carefully considered in light of the
patient population and the clinical objectives of the trial.

2.1. Viral Vectors
Viral vectors offer a higher efficiency of gene transfer compared with nonviral tech-

niques. The most commonly studied vectors are replication-defective retroviruses,
adenoviruses, and adeno-associated viruses (AAVs). Other viruses under study include
herpes simplex, vaccinia, lentivirus, and baculovirus. Viral vectors have better trans-
duction efficiencies than nonviral systems in vivo. Despite these advantages, problems
with viral vectors include toxicity, transient protein production, limitations on the size
of the transferred gene, lack of selective tissue targeting, expression of viral proteins,
development of neutralizing antibodies, and inability to transduce all cell types. Viral
vectors are used in about 70% of the clinical trials (3,4). The most commonly used viral
vectors are retroviruses and adenoviruses (28 and 26% of all trials respectively) (2).
Retroviruses have the ability to integrate into the genome leading to long lasting gene
expression. Unfortunately, the ability to integrate into the genome has been associated
with two cases of vector-induced leukemia. Retroviruses also have a relatively limited
size capacity to carry therapeutic genes and are not able to target nonreplicating cells.
Additionally, they are often difficult to produce to the large quantities necessary for



clinical trials. Adenoviruses have a larger size capacity for therapeutic genes and are
able to be produced in large quantities necessary for clinical trials. They have a higher
transfer efficiency than retroviruses and are even able to transfect nondividing cells, but
their gene expression is transient because they do not integrate into the genome. Another
drawback is their tendency to induce immune and inflammatory responses that lead to
mild clinical symptoms and the development of neutralizing antibody titers. 

2.2. Nonviral Vectors
Limitations of the viral vectors have lead to the development of nonviral systems (5).

The most commonly used non-viral vector systems in clinical trials are the injection of
naked DNA directly into certain tissues or the use of lipofection to improve transduc-
tion efficiencies of DNA. Nonviral vectors are normally nonimmunogenic. The trans-
duction efficiencies, however, are much lower than with viral vectors making the ability
to transduce adequate numbers of targets cells or tissues difficult especially in a clinical
trial. The lack of neutralizing antibodies allows the possibility of systemic gene deliv-
ery but the low transduction efficiencies may limit this strategy in vivo.

3. STEP 2: GENE EXPRESSION—DELIVERY METHODS

One of the most difficult challenges to a successful clinical gene therapy trial is the
selection of a gene delivery system. An effective delivery system that is able to trans-
duce and express the transgene efficiently and safely to the target tissue has not yet
been developed. The method of delivering genes in clinical trials may therefore need to
be individualized to the objectives of the trial, the tissues targeted and the type of viral
or nonviral vector selected (6).

3.1. Viral Delivery Methods
Viral vectors are most commonly delivered to the target tissue by direct intratumoral

injection through endoscopic or percutaneous means. This results in high levels of
expression in the immediate area of injection but is limited because of diffusion in its
ability to transduce large solid tumors. Selective tissue targeting also remains a limit-
ation because all cells in the injected area are susceptible to transduction. Strategies to
address these delivery limitations include the development of replication competent
viruses that may enhance the amount of tissue transduced and the effective period of
gene expression. Other targeting strategies under development include fusion proteins
that are able to improve viral transduction efficiencies by selectively targeting specific
extracellular receptors such as transferrin or endothelial growth factor receptor (EGFR)
(4). At the present time, systemic delivery of viral vectors has been limited by the rapid
development of neutralizing antibodies that limit subsequent systemic delivery of the
therapeutic vector. Although repeated systemic administration is limited by neutraliz-
ing antibodies, local intratumoral delivery can still lead to high levels of local gene
expression perhaps because of the increased intratumoral tissue pressure in the injected
site which limits systemic antibody accumulation (7). Viral delivery limitations remain
the largest obstacle to successful gene therapy trials in humans.

3.2. Nonviral Delivery Methods
The simplest technique of non-viral gene delivery involves injection of naked DNA.

Depending on the type of cell, a small amount of the injected DNA will be taken up by
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the cell and expressed as its protein product (5). Unfortunately, the rates of transduction
are low and the periods of gene expression are short. Use in humans is also limited to
areas where increased tissue pressures can be achieved to drive the plasmid DNA into
the circulation and targeted tissue. Microinjection, electroporation, and calcium preci-
pitation can all be used to increase efficiency, but these techniques are not usually
applicable in vivo. Transduction efficiency can be improved by using a gene “gun”
which blasts DNA into cells. At the present time, however, this technique is limited
clinically to accessible sites such as the skin or mucous membranes. Deep-seated
lesions in the lung or mediastinum cannot be targeted with the gene “gun.” Liposomes
are another alternative since they improve the efficiency of DNA transfer across the cell
membrane and have been used in vivo to transfer various genes of interest.
Unfortunately, liposomes are still not as efficient as viral delivery systems and are dif-
ficult to target or control in vivo. Liposomal transduction also results in transient expres-
sion because of lack of integration of the transferred DNA. In clinical trials systemic
delivery is limited in part by interaction of the liposome–DNA complex with blood
plasma proteins and the extracellular matrix. Novel liposomes are currently being devel-
oped with greater in vivo stability to improve clinical utility. Current research strategies
to improve viral delivery included development of ligands and peptide sequences which
aid receptor-mediated endocytosis and endosomal disruption (5).

3.3. Cellular Delivery Methods
Another delivery method for both viral and non-viral vectors is ex vivo transduction

of target cells that are then reintroduced into the patient (6). This delivery mechanism
was first used by Rosenberg et al. in the initial human gene therapy trial when human
tumor infiltrating cells were transduced with retroviral constructs and reinfused in
metastatic melanoma patients (1). The advantage of this delivery method is that there is
more control of the transduced cell and higher transduction efficiencies can be achieved
in the target tissue. Disadvantages included difficulties in targeting the reinfused cells to
specific anatomic locations as well as possible contamination with reintroduced biologic
agents. Current research efforts are evaluating ex vivo transduction of stem and pro-
genitor cells which may lead to more sustained gene expression and better tissue targeting.

4. STEP 3: SELECTION OF CANCER GENE THERAPY STRATEGY

The concept of gene therapy follows from the observation that certain diseases are
caused by the inheritance of a single functionally defective gene. Replacement of this gene
(i.e., in cystic fibrosis or in the severe combined immunodeficiency syndromes) can theore-
tically cure the disease (3). In cancers, however, the situation may be more difficult because
there are usually multiple genetic defects present, and the replacement of all these genes is
not possible. To overcome these difficulties various gene therapy strategies have been pro-
posed for the treatment of malignancies, including stimulation of the immune system,
transfer of suicide genes, replacement or inhibition of critical genes such as oncogenes and
tumor suppressor genes, induction of apoptosis or antiangiogenesis, and transfer of genes
that enhance conventional treatments as radiotherapy or chemotherapy (Table 1).

4.1. Stimulating the Immune System
Different gene therapy approaches have been put forward to stimulate the immune

system. The basic principle underlying immunotherapy in cancer is that tumors have



antigens that are capable of provoking weak humoral or cellular reactions. By activating
this immune response against tumor cells through gene transfer it is hoped that tumors
can be eradicated either by the transferred gene product or activation of the patient’s
own immune system. In animal models, the administration of cytokines such as inter-
leukin (IL)-2, IL-4, IL-6, IL-7, IL-12, tumor necrosis factor (TNF)- , interferons and
granulocyte macrophage colony-stimulating factor (GM-CSF) have resulted in tumor
regression (8). The systemic administration of cytokines in human trials though has
been limited by the severe toxicity of these cytokines. Gene therapy strategies offer an
opportunity to overcome these limitations because of the potential for local delivery to
injected tumor with reduction in systemic toxicity (9–11). Another approach to make
tumor cells more immunogenic involves the cotransfer of stimulatory molecules such
as B7.1 and B7.2. These molecules provide a key event in T-cell activation, and are
often lacking on the surface of tumor cells. Zajac et al. used a nonreplicative vaccinia
virus expressing HLA-A0201-restricted Melan-A/Mart-127–35, gp100280–288, and
tyrosinase1–9 epitopes together with Human B7.1 and B7.2 costimulatory molecules in
a phase I/II trial in metastatic melanoma patients (12). In a large majority of patients,
the reagent was able to induce specific CTL responses although major clinical responses
were not seen (12). The utilization of cytokine-based gene therapy strategies for the
development of tumor cell vaccines through ex vivo delivery methods is another
approach. Although these gene therapy strategies appear to stimulate the immune system
and may ultimately produce long-term antitumor protection, problems with targeting the
immune system include the heterogeneity of tumor antigen expression, which prevents
a predictable response by the immune system to gene transfer.

4.2. Transfer of Suicide Genes
Another gene therapy strategy involves the transduction of tumor cells with a gene

capable of converting a nontoxic compound into a toxic metabolite. The two most com-
monly used genes for this are the herpes simplex thymidine kinase gene (HSV-tk) and
the cytosine deaminase gene. HSV-tk that convert non-toxic ganciclovir to a cytotoxic
triphosphate metabolite, and cytosine deaminase converts 5-fluorocytosine to the cyto-
toxic antimetabolite 5-fluorouracil. This strategy could potentially lead not only to the
killing of the transduced cells, but also to the killing of adjacent cells in a “bystander
effect” so that only a fraction of the targeted cells are needed to be transduced for eradi-
cation of the tumor (3). Potential limitations with the transfer of suicide genes include
toxicity to normal cells that are transduced at the same time. These problems may be
addressed by gene transfer strategies, that selectively target tumor tissue. One strategy
to selectively target lung cancer cells involves the transfer of HSV-tk with a carcino-
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Table 1
Gene Therapy Strategies

Stimulating the immune system.
Transfer of suicide genes.
Replacement of tumor suppressor genes.
Inhibition of oncogenes.
Inhibition of angiogenesis.
Induction of apoptosis.
Enhancement of radiation therapy and/or chemotherapy.



embryonic antigen (CEA) promoter because many lung cancer cells overexpress CEA.
HSV-tk would then be selectively translated in CEA-overexpressing lung cancer cells.

4.3. Replacement or Inhibition of Critical Genes
Genes known to play a role in carcinogenesis include dominant oncogenes and

mutated or deleted tumor suppressor genes. Gene therapy strategies that inactivate onco-
genes or replace tumor suppressor genes may provide a target for tumor regression.

4.4. Oncogene Inhibition
Most oncogenes develop from proto-oncogenes that play an important role in fetal

development but are later silenced to prevent abnormal cell growth. Point mutations,
amplifications, translocations, or rearrangements in these protooncogenes can lead to a
dominant transforming oncogene. Cancer cells often develop through activation and
amplifications of these proto-oncogenes. Therefore, the disruption of tumor oncogenes
may be one strategy of cancer gene therapy. Tumor oncogene expression may be dis-
rupted through inhibition of the oncogene transcription into mRNA, or translation into
protein, or interference with oncoprotein transport and function (14). The transcription
of oncogenes can be blocked by using DNA oligonucleotides, short single-stranded
DNA sequences that bind to specific oncogene promotor regions. Another approach is
to use antisense oligonucleotides which have been used to block bcl-2 oncogene trans-
lation in prostate and breast cancer cells (15,16). Transduction of genes encoding for
ribozymes (which directly cleave oncogene mRNA) has also been demonstrated in the
laboratory to inhibit oncogene production and induce tumor regression.

4.5. Tumor Suppressor Gene Replacement
Tumor suppressor genes are a class of genes whose absence may contribute to tumor

growth. In most situations tumor suppressor genes require both alleles of a gene to be
deleted or inactivated to lead to tumor growth. The replacement of just one functional
tumor suppressor gene may therefore be enough to restore normal growth regulation
and induce tumor apoptosis. The tumor suppressor gene with the most clinical trial
experience is the gene encoding for wild type (wt)-p53. The wt-p53 gene may inhibit
tumor development by either suppressing genes that contribute to uncontrolled cell
growth and proliferation or activating genes that inhibit cell growth. Functional p53 is
normally responsible for detecting damaged DNA and either directing repair of dam-
aged cells or committing cells to apoptosis (programmed cell death) if the DNA is not
able to be repaired. Several wt-p53 gene replacement strategies are in clinical trials for
head and neck cancer, melanoma, breast, brain, and lung cancer (13,17,18). An addi-
tional advantage to tumor suppressor gene replacement is that normal cells are usually
not affected by the tranduction of tumor suppressor genes whereas cancer cells often
undergo irreversible apoptosis. This therapeutic index may allow the treatment of
cancer cells with minimal toxicity to normal cells.

4.6. Induction of Apoptosis
The inhibition of apoptosis has also been implicated in tumorigenesis. Human papil-

loma viruses (HPV) have been implicated in the induction of cervical cancer through
production of a protein (E6) that binds and inactivates the p53 gene promoter inhibiting
apoptosis. Additionally, somatic mutations of the proapoptotic Bax gene have been impli-
cated in the development of colon cancer. Because inhibition of apoptosis by cancer cells
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is a common trait, another cancer gene therapy strategy would be the tranduction of
proapoptotic genes such as p53, Bax, Bak, TNF, or TNF-related apoptosis inducing
ligand (TRAIL) (19,20). Alternatively, strategies designed to inhibit antiapoptotic genes
such Bcl-2 or Bcl-Xl with antisense nucleotides may be effective. It is important in this
approach that the therapeutic index be carefully evaluated with each gene because some
of these genes lack selectivity and induce apoptosis in normal cells as well (Bax and
Bak) (21). To improve selectivity, research efforts have developed viral constructs con-
trolled by CEA or telomerase regulated promote that allow selective apoptosis induc-
tion of tumor cells with gene therapy delivery.

4.7. Inhibition of Angiogenesis
Angiogenesis is another critical component in tumor development regulating both

the growth of the primary and metastatic deposits. The ability of a tumor to become
vascularized allows rapid expansion of the primary tumor with increased metastatic
potential. Multiple genes are involved in this process including vascular endothelial
growth factor (VEGF). Gene therapy strategies to inhibit angiogenesis include inhibi-
tion of VEGF or its receptor with ribozymes or antisense nucleotides (22). Alternatively,
the induction of other genes involved in inhibiting angiogenesis such as p53 or angio-
statin have been proposed. The transient nature of gene expression with current viral
and nonviral vectors may limit this form of therapy for antiangiogenic strategies if pro-
longed expression of the gene is required to inhibit tumor growth. 

4.8. Enhancement of Radiation Therapy or Chemotherapy
Chemotherapy and radiation therapy induce tumor cell death in large part by causing

DNA damage that leads to apoptosis (programmed cell death). Toxicity to normal cells
at higher doses with conventional agents often leads to the inability to completely erad-
icate tumor with conventional agents. Gene therapy strategies may therefore include
transduction of genes that synergize with conventional agents without increasing toxic-
ity to normal cells. One example of such a gene is wt-p53 which is involved in moni-
toring DNA damage. Following DNA damage cellular p53 expression increases with
tranduction of other genes such as p21 that induce G1 cell arrest and allow the cell to
repair the damage. If the damage is not repaired, apoptosis may be induced. Cells with
mutated p53 are more resistant to radiation therapy induced cell death than cells with
wild type p53 leading to tumor resistance with conventional therapies (23). In the labo-
ratory, the administration of adenoviral p53 before chemotherapy and radiation therapy
has demonstrated increased apoptosis both in vitro and in vivo without increased toxi-
city (24). Preliminary trials in lung cancer with intratumoral Adp53 gene therapy and
external beam radiation have also demonstrated high levels of tumor response and the
induction of the proapototic Bak gene in the treated tumor (7). Importantly, toxicity to
normal cells did not appear to be increased. Combining gene therapy agents with con-
ventional agents may therefore allow enhancement of antitumor activity without the
increased toxicity seen with higher doses of conventional agents.

5. STEP 4: GENE THERAPY CLINICAL TRIAL DEVELOPMENT

In developing and conducting gene therapy clinical trials investigators must address
biologic efficacy as well as regulatory requirements and safety and ethical issues. In
this section we will focus on the endpoints that may need to be assessed in the different
phases of gene therapy clinical trials (Table 2).



5.1. Preclinical Phase
Preclinical studies in the laboratory are needed to support the clinical evaluation of

gene therapeutics in human gene therapy trials. Preliminary in vitro studies must demon-
strate “proof in principle” with efficacy and safety in laboratory and animal models (25).
The initial step usually involves demonstrating the potential of a proposed gene to
address a clinical problem such as induction of the immune system to treat cancer. The
second phase involves evaluating more closely a proposed vector construct that may be
utilized in subsequent clinical trials. This phase involves animal models that more closely
mimic the clinical situation and allow evaluation of both potential efficacy and safety in
toxiciology and biodistribution studies. The data from these studies can then be put
together in an application to the Food and Drug Administration (FDA) for an
Investigational New Drug (IND) application (26). It is therefore critical that the latter in
vivo studies utilize the vector construct that will be utilized in the clinical trials and that
combinations with proposed conventional agents such as radiation therapy or chemo-
therapy are also evaluated for efficacy and safety. The toxicology and biodistribution
data that is required by the FDA will be dependent in part on the amount of information
already available for that construct and the inherent potential for risk in a human gene
therapy setting of the proposed gene therapy strategy (27). The animal models utilized in
these later preclinical studies are dependent in part on the vector and may often be per-
formed in large part in mice although monkey studies with their increased costs may
also be required for certain vectors. It is important that coordination with the FDA is
established early to minimize potential cost over-runs from unforeseen problems. Final
preclinical studies should use clinical-grade material produced in a Good Laboratory
Practices (GLP) setting to satisfy safety and efficacy concerns of the FDA (28).

5.2. Phase I Evaluation
In phase I trials the main focus is to monitor product safety in a small patient popula-

tion. In these trials investigators traditionally look at the metabolic and pharmacological
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Table 2
Possible Endpoints in Clinical trials in Gene Therapy

Phase I Maximum tolerated dose (MTD)
Toxicity
Safety
Biological endpoints such as apoptosis
Gene transfer efficacy

Phase II Activity of strategy
Tumor response
Time to progression
Tumor markers

Phase III Disease-free survival
Overall survival

Phase IV Additional clinical indications
Identification of genetic tests for sensitivity



actions of a new agent in patients, the side effects and the maximum tolerated dose
(MTD) of the new treatment agent, as well as the safety of the new approach. Clinical
trials of gene therapy agents often follow nontraditional oncology trial design because
phase I studies often do not achieve a MTD (26). Dose escalation may also be limited by
the cost and effort required to produce the gene therapy vector. Novel strategies and end-
points may therefore be required for gene therapy constructs. Phase I designs should
address vector related toxicity, gene related toxicity and delivery related toxicity. Toxicity
with biologic viral constructs may also be more related to the immune status of the
patient than other traditional variables. In clinical stage III and IV patients, a compro-
mised immune system may lead to greater toxicity than earlier stage immunocompetent
patients. Novel endpoints may therefore need to be evaluated to demonstrate efficacy
such as the number of apoptotic cells in a tissue sample after treatment (29). Gene ther-
apy trials must also address specific efficacy issues such as transduction efficiency and
expression and effectiveness and safety of planned delivery methods such as repeated
intratumoral injections. The assessment of vector transduction and gene expression may
require quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) of the 
target tissue for the therapeutic gene with vector specific primers or immunohisto-
chemistry with careful evaluations of post-treatment tumor biopsies of tumor samples
(30). Incorporation of nontraditional endpoints such as surrogate tissue markers or func-
tional imaging studies may allow a more effective demonstration of vector activity for
subsequent phase II trials (31).

5.3. Phase II Evaluation
Phase II studies are designed to assess potential efficacy and activity of the proposed

gene therapy strategies in a larger patient population. These trials often evaluate the
effectiveness and dose ranging of the new agent for a specific disease and patient popu-
lation. Traditional endpoints of phase II trials with conventional agents often utilize
tumor response (i.e., partial or complete response but many of the biologic agents may
be cytostatic therapies that do not cause tumor shrinkage but still lead to antiangiogenic
or immunomodulatory effects). Assessment of the true activity of these agents may
therefore not be possible with these classic endpoints. Alternative endpoints such as
time to progression, stable disease, or symptom improvement may therefore need to be
considered (32). Other potential endpoints may include decreases in tumor markers
such as prostate-specific antigen (PSA) or CEA (33). It is also critical to recognize that
biologic agents may impact only a small subset of patients and studies may need to be
designed to stratify patients according to biologic parameters. These correlative studies
may be critical in identifying therapeutic subsets of patients. New federal regulations
may impede this process by imposing strict criteria on the collection of tissue from
patients and children with patients often choose not to participate in these critical steps
(34). The design of these trials should therefore take into account the need for biopsies
to be limited in number to encourage active patient participation because the collection
of tissue may allow future biologic information to be incorporated in sensitivity analyses
that would not be possible if tissue collection had not occurred.

5.4. Phase III Evaluation
Phase III clinical trials are often expanded randomized studies in larger patient popu-

lations.  These studies are designed to obtain further information about the effectiveness
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of the agent and safety. In these trials, the endpoint is a difference in disease free sur-
vival and overall survival as compared with the conventional treatment. Of all current
gene therapy trials only 2.6% are clinical phase II/III or III trials (3). Validation of gene
therapy strategies will require more phase III trials to be performed yet the large num-
ber of potential gene therapeutics and the limited number of patients makes careful
design of phase III studies critical. Additionally, the problem of limited numbers of
patients may be reduced by properly designed phase II studies that utilize correlative
studies to identify sensitive subsets so that large cohorts of patients do not have to be
evaluated in phase III randomized setting to achieve statistical significance.

5.5. Phase IV (Post-Licensing) Evaluation
Following successful phase III studies which demonstrate benefit, most novel bio-

logic agents receive FDA licensing for limited clinical use. A series of additional trials
in a phase IV postlicensing stage than ensues. During these trials clinical studies are pro-
duced to extend claims or indications for the novel agent to different patients subsets,
tumor types, or clinical situations (28). These studies can also validate the surrogate end-
points allowing easier clinical use of the product in the market. Many of these trials
allow fine tuning and marketing of the novel biologic agents to occur through presenta-
tions at national oncologic meetings and plenary discussions of clinical indications.

6. STEP 5: REGULATORY CONSIDERATIONS

Unlike other traditional therapeutics that are regulated by the FDA, gene therapy
clinical trials are regulated by two federal agencies within the Department of Health
and Human Services, the FDA, and the NIH (Table 3). Gene therapy clinical trials at
the NIH are reviewed and discussed in a public forum by the RAC (Recombinant
Advisory Committee) (Table 3). In contrast, the FDA review of gene therapeutics is
confidential and conducted by the agency on an ongoing basis with the investigators.
The roles of both groups are complementary and evaluate preclinical and clinical out-
comes. The RAC, however, also focuses on ethical, legal and social implications of the
research whereas the FDA is more concerned with review of product manufacturing as
it relates to safety, purity, and efficacy (28). After completing preclinical studies that
focus on aspects such as toxicology, biodistribution, efficacy, and safety, investigators
must file dual submissions to the FDA at CBER for an Investigational New Drug (IND)
application and to the Office of Biologic Activity (OBA) to determine if full RAC
review is required. The OBA submission is made prior to or at the same time as the
IND submission to the CBER at the FDA.  Full RAC review will be decided based on
the novelty of the vector, gene-delivery system or application of the gene therapy.
Because of timing and regulatory requirements, situations develop in which the FDA
may approve a gene therapeutic prior to RAC discussion. The FDA therefore requests
that sponsors agree to delay the clinical trial until the RAC has completed public dis-
cussion. Once the FDA and RAC have given approval for the clinical trial, Institutional
Biosafety Committee (IBC) approval must be obtained from each institution at which
recombinant DNA Material will be administered and Institutional Review Board (IRB)
approval of the clinical protocol and informed consent documents must also be obtained
prior to initiation of the clinical trial. Enrolment of patients can begin once the RAC
review process has been completed and IBC and IRB approvals and FDA and all other
applicable regulatory authorizations have been obtained (35). Product development
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then proceeds through IND stage (phase I–III) before product licensure occurs from the
FDA. Phase IV post-licensing studies often continue during which further studies are
peformed to expand product usage and define therapeutic subsets for therapeutic use.
The FDA’s primary role during this IND phase is to assure the safety of the gene ther-
apy product and to validate the quality of the scientific data used to support the novel
gene therapy product.

7. STEP 6: SAFETY CONSIDERATIONS

Safety of gene therapy clinical trials clearly is one of the key aspects. Two specific
concerns unique to gene therapy include the use or development of replication compe-
tent viruses and the potential of inadvertent modifications of the patient’s germline
(36). To date the safety profile in clinical gene therapy trials for cancer is excellent. In
cancer gene therapy trials, hundreds of patients have been treated worldwide with a
variety of vectors and gene therapy strategies without a death resulting from the vector.
Most toxicity has been grade I or II related to inflammatory responses to the vector and
has been much lower than toxicity associated conventional chemotherapeutics. Viral
dissemination to people exposed to the patient has been limited and transient and there
has been little evidence for germ line changes or development of replication competent
viruses in patients. Because of this encouraging safety profile, most gene therapy trials
have been able to move to outpatient settings allowing increased patient comfort and
reduced cost. In 1999, however, the first major adverse effect was documented in a
noncancer gene therapy trial at the University of Pennsylvania involving a patient
undergoing gene transfer of the ornithine transcarboxylase gene (37). The vector uti-
lized was a replication deficient adenovirus type 5, deleted in E1 and E4 with a human
ornithine transcarbamylase (OTC) gene insert. The vector was delivered by direct intra-
hepatic artery infusion and led to fulminant liver failure with death 4 d after administra-
tion from adult respiratory distress syndrome, multiple organ failure, and disseminated
intravascular coagulation. An FDA investigation revealed several deficiencies in the
trial. For example, researchers entered the patient into the trial as a substitute for another
volunteer who had dropped out (27). Additionally, the patient had a high ammonia level
at the time of treatment that should have been an exclusion criteria. Further investiga-
tion revealed that two other serious side effects had not been immediately reported.
These problems led to increased scrutiny of ongoing gene therapy trials although safety
profiles for other cancer gene therapy trials continued to be good. The second major
safety concern involved the trial with the first unequivocal gene therapy success which
was the successful treatment of the X-linked form of SCID (38,39). In this French gene
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Regulatory Steps in Clinical Gene Therapy Trials

Preclinical studies on toxicology, biodistribution, potential efficacy and safety.
FDA Investigational New Drug (IND) Application.
NIH Office of Biologic Activities (OBA) Recombinant DNA Advisory Committee (RAC) 

Review.
Institutional Biosafety Committee (IBC) Approval.
Institutional Review Board (ICB) Approval of clinical protocol and informed consent 

documents.



therapy trial, two of nine patients successfully treated for X-SCID with a retroviral vector
developed leukemia secondary to insertional mutagenesis. This report led to a temporary
halt by the FDA of all gene therapy trials using retroviral vectors in blood stems cells.

The ability of certain viral vectors to integrate with the human genome, alter meta-
bolic pathways and induce immunological responses to the virus and or its gene pro-
duct emphasize the continued need for safety monitoring and development of novel
strategies to ensure safe delivery. One safety mechanism that has been developed is the
use of inducible promoters. In this case, the therapeutic gene can be turned on or off
depending on the administration of another drug. Additionally the prompt reporting of
adverse events reporting is critical. Currently, investigators are required to submit a
written report on any serious unexpected adverse effect that is associated with the use
of the gene transfer product and suggest a significant risk for human research partici-
pants to the NIH Office of Biotechnology Activities and to the local institutional
Biosafety Committee. The high visibility of gene therapy trials mandates that extra
caution be exercised for the safety of the patient, public and the gene therapy field in
general.

8. STEP 7: FINANCIAL CONSIDERATIONS

The cost of developing therapeutics for cancer including novel chemotherapy agents
is often quite high. Gene therapy products have additional costs associated with manu-
facturing, delivery, regulation, and monitoring of a novel biologic agent. There are
increased public concerns with gene therapy agents because of ethical and safety issues.
These concerns have led to additional regulatory and safety monitoring steps to safe-
guard these novel therapies. Regulatory approval requires both RAC and FDA submis-
sions and adverse events are often scrutinized to a far greater degree by the government
and press than conventional chemotherapy agents (28). Additional costs are also
encountered in manufacturing gene therapy agents for clinical trials because they must
be produced in highly controlled conditions especially as they often cannot be sterilized
(32). Vectors must be manufactured under current GMP which requires that the facility,
the raw materials, the training of personnel, and documentation of the process including
the labeling and storage of the final product be approved. Increased local safety monitor-
ing and approval is also required at each institution with not only IRB approval but also
approval from specific biologic monitoring committees. Increased costs are also encoun-
tered in the method of delivery because the gene therapy vectors often have to be deliv-
ered intratumorally via interventional techniques and delivery of the agents often requires
inpatient observation. Intratumoral delivery is usually performed in a negative pressure
environment with monitoring of all exposed personnel. Additional costs can also be asso-
ciated with intraoperative or intra-arterial administration. 

The increased costs associated with regulation, safety monitoring, product develop-
ment, and delivery make development of gene therapy products challenging especially
in light of the often small population for targeted biologic agents (40). Identification of
sensitive patients through genetic testing may increase efficacy but may actually reduce the
eligible patient population for therapy by eliminating nonresponders (41). If this reduction
in the patient population is not offset by higher drug prices commercial development may
be impaired. Strategies to develop gene therapy products in the private sector include
initial venture capital funding of “start-up” companies followed by association with
more established pharmaceuticals. These funding strategies have become increasingly
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difficult with the lack of clear financial gene therapy successes. Governmental support
of novel gene therapy strategies through NIH funding strategies are usually not able to
support the large costs associated with phase II and III trials making clinical trial
development beyond the phase I stage difficult. In the future, concerted collaborations
with industry and government may need to occur to allow the development of gene
therapy strategies for often fatal diseases without other conventional means of treat-
ment. Investments in clinical trial development will need to occur in gene therapy
because the increased costs of regulation, safety monitoring, product development and
delivery will probably not disappear in the near future.
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