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Preface

In recent years, tremendous progress has been made in our understanding of molecular
mechanisms and cellular regulation of angiogenesis in cancer. Despite this progress, clinical
development of angiogenesis inhibitors for the treatment of cancer remains challenging.
Given that solid tumors account for more than 85% of cancer mortality, and tumor growth
and metastasis are dependent on blood vessels, targeting tumor angiogenesis is one of the
most widely pursued therapeutic strategies today. Approaches to target angiogenesis in
cancer include destroying the existing vasculature (antivascular) and inhibiting neovasculari-
zation (antiangiogenic). We hope that Antiangiogenic Cancer Therapy will stimulate the rapid
translation and dissemination of basic science discoveries into novel clinical strategies that
will provide more effective antiangiogenic therapies for cancer.

Antiangiogenic Cancer Therapy was made possible as a result of a key scientific observa-
tion made more than 40 years ago, when Drs Folkman and Becker observed that tumor
growth in isolated perfused organs was limited in the absence of tumor vascularization.
However, it was arguably Folkman’s hypothesis that tumor growth is angiogenesis-
dependent in 1971 that led to the notion that angiogenesis could be a relevant target for
tumor therapy. Twenty years later, the successful treatment of an angiogenesis-dependent
pulmonary hemangioma (a benign tumor) with interferon «-2a enabled physicians and
scientists to recognize the potential therapeutic benefit of targeting angiogenesis for cancer
therapy. Indeed, in 1999 the development of antiangiogenic therapies for cancer became a
top priority of the National Cancer Institute. The first angiogenesis inhibitor, bevacizumab,
was approved by the Food and Drug Administration in 2004 for the treatment of meta-
static carcinoma of the colon or rectum. Subsequently in 2006, bevacizumab was approved
for first-line treatment of patients with advanced nonsquamous nonsmall cell lung cancer.

Although information in the field of angiogenesis is rapidly expanding, our capacity to
efficiently process and implement this knowledge has not kept pace. For example, no
randomized Phase III trial has demonstrated a survival benefit with currently available
antiangiogenic agents when used as a monotherapy. However, the combination of bevacizu-
mab with cytotoxic regimens has led to survival benefit in previously untreated colorectal,
lung, and breast cancer, and in previously treated colorectal cancer patients. These results
raise important questions about the complexity and use of angiogenesis inhibitors in clinical
practice. The thesis of Antiangiogenic Cancer Therapy is that by understanding the molecular
and cellular regulation of angiogenesis itself, we will be able to understand and implement the
most optimal therapeutic strategies. This challenge creates an overwhelming task for clini-
cians, scientists, teachers, and authors. We have carefully considered what facts and concepts
are essential elements to include in this book. An aim of this book is to integrate the
fundamental concepts of angiogenesis with therapeutic strategies specific to various cancer
types. Thus, although each chapter may stand alone, the scientific details within each chapter
provide strength to the overall conceptual framework of the book.

We are deeply grateful to the many people who have helped us compose this book. The
experts who contributed to each chapter are the most authoritative in their respective fields.
However, their contributions would not be possible without many years of laborious experi-
mental failures and successes by many investigators throughout the world. Therefore, we are
also indebted to the many scientists whose contributions have led to remarkable scientific
advances, which are cited within each chapter. Finally, we are thankful to the outstanding
staff at Taylor & Francis who oversaw the final production of this book.



Since the initial discovery that tumors are angiogenesis-dependent was made four decades
ago, this edition is a celebration of the remarkable scientific progress made during that time,
and we hope an even better indication of the future to come.

ABSTRACT

Antiangiogenic Cancer Therapy brings together basic scientists and oncologists to provide the
most authoritative, up-to-date, and encyclopedic volume currently available on this subject.
Part I of this book introduces a series of concepts and topics regarding the role of angiogenesis
in cancer. These topics include strategies to prolong the nonangiogenic dormant state of
human tumors, molecular mechanisms and cellular regulation of angiogenesis in solid tumors
and hematologic malignancies, and the regulation of angiogenesis by the tumor microenviron-
ment. Part II of the book covers specific molecular targets for inhibiting angiogenesis in
cancer therapy. Part III discusses clinical trial design and translational research approaches
essential for identifying and developing effective angiogenesis inhibitors. These discussions
include noninvasive imaging methods and direct analysis of tissue biopsies. Part IV of the
book covers antiangiogenic treatment for specific cancer types. These chapters are introduced
by state-of-the-art discussions outlining the current understanding of the molecular biology of
each cancer type followed by discussions that examine strategies for targeting angiogenesis.
Organizing the chapters in this format will allow the reader to easily find the information
necessary to understand the fundamental concepts of angiogenesis and the complexities
associated with targeting angiogenesis for specific types of cancer. This book will serve to
provide information useful to scientists and physicians engaged in the study and development
of antiangiogenic agents, as well as medical professionals, medical and graduate students, and
allied health professionals interested in learning more about the biology and clinical use of
angiogenesis inhibitors.
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1 Strategies to Prolong
the Nonangiogenic Dormant
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George N. Naumov and Judah Folkman
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1.1 CLINICAL “LATENCY” IN CANCER RECURRENCE FOLLOWING
A PRIMARY TUMOR TREATMENT

Cancer recurrence after treatment of the primary tumor is a major cause of mortality among
cancer patients. It may take years to decades before local or distant (i.e., metastatic) recur-
rence becomes clinically detectable as cancer. This “disease-free” period is a time of uncer-
tainty for patients who appear “cured.” For example, Demicheli et al.! have demonstrated
two hazardous peaks of breast cancer recurrence in patients undergoing mastectomy alone
without adjuvant therapy. In a group of 1173 patients, the first peak of cancer recurrence
occurred at ~18 months after surgery. A second peak in cancer recurrence developed at
~5 years after surgery and was associated with a plateau-like tail extending up to 15 years.'
Patients experiencing cancer recurrences within 5 years following surgery have a shorter
overall survival than those with recurrences occurring at a later time point.>

Similar “latency periods” in cancer recurrence have been documented since the beginning
of the twentieth century. Rupert A. Willis has summarized the “time elapsing between the
excision of a human malignant tumor and the appearance of a clinically recognizable recur-
rence” for a variety of human cancers. For example, the latency period in breast cancer patients
can be from 6 to 20 years; cutaneous and ocular melanoma, 14 to 32 years; kidney carcinoma,



4 Antiangiogenic Cancer Therapy

6 to 8 years; and stomach and colon carcinoma, 5 to 6 years.® Moreover, Willis was the first to
realize that these latency periods do not correspond with the natural progression of cancer,
and he introduced the concept of a “dormant cancer cell”’ as a possible explanation.

Over the past few years, several hypotheses have been proposed in an attempt to explain
the phenomenon of human tumor dormancy. Initially, it was proposed that tumor cells enter
a prolonged state of mitotic arrest.*> Others hypothesized that tumor size is controlled by the
immune system®!' or hormonal deprivation in hormone-dependent tumors.!''* In 1972,
Folkman and Gimbrone demonstrated that dormancy in human tumors could be due to
blocked angiogenesis. In the following years, Folkman and colleagues have presented evi-
dence supporting the concept that most human tumors arise without angiogenic activity and
exist in a microscopic dormant state for months to years without neovascularization.'* Such
protection may be attributed in part to host-derived factors, which prevent microscopic
tumors from switching to the angiogenic phenotype.

1.2 ANGIOGENESIS DEPENDENCE OF TUMOR GROWTH

Cancer progression is a multistep process (Figure 1.1). With each step, the genetic and
epigenetic events in the process become increasingly complex and may be more difficult to
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FIGURE 1.1 (See color insert following page 558.) Rate-limiting steps in the tumor progression.
Solitary nonproliferating, dormant cancer cells can persist for long periods of time, until they come
out of Gy arrest and start to proliferate. Tumor mass can expand only to a microscopic mass without the
recruitment of new blood vessels. Human cancers can remain nonangiogenic and dormant for long
periods of time, delaying the tumor progression process. During this microscopic dormant state,
nonangiogenic tumors are actively proliferating and undergoing apoptosis. Nonangiogenic tumors
can expand in mass after undergoing the angiogenic switch and recruitment of new blood vessels.
Angiogenic macroscopic tumors that do not expand in mass are known as “stable disease,” although
angiogenic tumors can remain at a constant size for prolonged periods of time. Current antiangiogenic
therapy targets angiogenic microscopic and macroscopic tumors. However, future antiangiogenic
therapy will target nonangiogenic microscopic tumors with the aim of keeping them in a dormant
state by preventing the angiogenic switch.
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treat. As the cancer progresses from a single neoplastic cell to a large, lethal tumor, it acquires
a series of mutations, becoming: (1) self-sufficient in growth signaling, by oncogene activation
and loss of tumor suppressor genes, (2) insensitive to antigrowth signaling, (3) unresponsive
to apoptotic signaling, (4) capable of limitless cell replications, and (5) tumorigenic and
metastatic.'> Current experimental and clinical evidence indicates that these neoplastic prop-
erties may be necessary, but not sufficient, for a cancer cell to progress into a population of
tumor cells, which becomes clinically detectable, metastatic, and lethal. For a tumor to
develop a highly malignant and deadly phenotype, it must first recruit and sustain its own
blood supply, a process known as tumor angiogenesis.'®!’

For more than a century, it has been observed that surgically removed tumors
are hyperemic compared to normal tissues.'®!® Generally, this phenomenon was explained
as simple dilation of existing blood vessels induced by tumor factors. However, Ide et al.>°
demonstrated that tumor-associated hyperemia could be related to new blood vessel growth,
and vasodilation may not be the sole explanation for this phenomenon. They showed
that when a wound induced in a transparent rabbit ear chamber completely regressed, the
implantation of a tumor in the chamber resulted in the growth of new capillary
blood vessels.?® These initial observations were later confirmed by Algire et al.,*'** demon-
strating that new vessels in the periphery of a tumor implant arose from preexisting
host vessels, and not from the tumor implant itself. At the time, this novel concept
of tumor-induced neovascularization was generally attributed to an inflammatory reaction,
thought to be a side effect of tumor growth, and it was not perceived as a requirement for
tumor growth.??

In the early 1960s, Folkman and Becker observed that tumor growth in isolated
perfused organs was severely restricted in the absence of tumor vascularization.”*2® In
1971, Folkman proposed the hypothesis that tumor growth is angiogenesis-dependent.'®
This hypothesis suggested that tumor cells and vascular endothelial cells within a neoplasm
may constitute a highly integrated, two-compartment system, which dictates tumor growth.
This concept indicated that endothelial cells may switch from a resting state to a rapid
growth phase because of “diffusible” signals secreted from the tumor cells. Moreover,
Folkman proposed that angiogenesis could be a relevant target for tumor therapy
(i.e., antiangiogenic therapy).

We now know that angiogenesis plays an important role in numerous physiologic and
pathologic processes. The hallmark of pathologic angiogenesis is the persistent growth of
blood vessels. Sustained neovascularization can continue for months or years during the
progression of many neoplastic and nonneoplastic diseases.?”*° However, tumor angiogenesis
is rarely, if ever, downregulated spontaneously. The fundamental objective of antiangiogenic
therapy is to inhibit the progression of pathologic angiogenesis. In contrast, the goal of
antivascular therapy is to rapidly occlude new blood vessels so that the blood flow stops.
Both therapeutic approaches target the ability of tumors to progress from the nonangiogenic
to the angiogenic phenotype, a process termed the “angiogenic switch.””*!*

Cancer usually becomes clinically detectable only after tumors have become angiogenic
and have expanded in mass. Failure of a tumor to recruit new vasculature or to reorganize the
existing surrounding vasculature results in a nonangiogenic tumor, which is microscopic in
size and unable to increase in mass (Figure 1.1). Without new blood supply, microscopic
tumors are usually restricted to a size of <1-2 mm in diameter and are highly dependent on
surrounding blood vessels for oxygen and nutrient supply. At sea level, the diffusion limit of
oxygen is ~100 wm.** Therefore, all mammalian cells, including neoplastic cells, are required
to be within 100-200 wm of a blood vessel. As nonangiogenic tumors attempt to expand in
mass, attributed to uncontrolled cancer cell proliferation, some tumor cells fall outside the
oxygen diffusion limit and become hypoxic. It is well known that hypoxic conditions induce a
set of compensatory responses within cancer cells, such as increased transcription of the
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hypoxia-inducible factor (HIF). Subsequently, this hypoxic signaling leads to upregulation of
proangiogenic proteins, such as vascular endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF), and nitric oxide synthase (NOS).* The angiogenic switch in tumors is
presumed to be closely regulated by the presence of pro- and antiangiogenic proteins in the
tumor microenvironment. An increase in the local concentration of proangiogenic proteins
allows angiogenesis to occur and ultimately permits a tumor to expand in mass. Antiangio-
genic therapy offers a fourth anti-cancer modality, in addition to conventional therapeutic
approaches, which target well-established and genetically unstable tumors.

1.3 EXPERIMENTAL MODELS OF HUMAN TUMOR DORMANCY

As early as the 1940s, experimental systems involving the transplantation of tumor pieces in
isolated perfused organs and in the anterior chamber of the eyes of various species of animals
have demonstrated the effects of neovascularization on tumor growth. Greene et al.,>* observed
that H-31 rabbit carcinoma tumor implanted into the eyes of guinea pigs did not vascularize and
failed to grow for 16-26 months. During this period, the transplants measured ~2.5 mm in
diameter. However, when the same tumors were reimplanted into their original host (i.e., rabbit
eyes), they vascularized and grew to fill the anterior chamber within 50 days. Similarly, Folkman
et al.?> showed that in isolated perfused thyroid and intestinal segment tumors, implants grew
and arrested at a small size (2-3 mm diameter). This inability of neoplasms to evoke a new blood
supply was later attributed to endothelial cell degeneration in the perfused organs that are
perfused with platelet-free hemoglobin solution.* In 1972, Gimbrone et al.*® provided in vivo
evidence that the progressive growth of a homologous solid tumor can be deliberately arrested at
a microscopic size when neovascularization is prevented. In these experiments, two comparable
tumor pieces were implanted in each eye of the same animal: one directly on the iris (i.e.,
angiogenic milieu) and the other suspended in the anterior chamber (i.e., avascular milieu)
in the opposing eye. The vascularized tumor implanted on the iris grew to a size 15,000
times the initial volume and filled the anterior chamber of the rabbit eye within 14 days. In
contrast, the tumor implant in the avascular anterior chamber remained avascular, and by
day 14 after implantation, had only increased by 4 times its initial volume. These “dor-
mant” tumors remained at a size of ~1 mm in diameter for up to 44 days. During this
period, the tumors developed a central necrotic core surrounded by a layer of viable tumor
cells, in which mitotic figures were observed. Overall, these microscopic tumors remained
avascular, as demonstrated through microscopic and histological analyses and fluorescein
tests. The malignant growth potential of these microscopic tumors was demonstrated in vivo
by reimplanting the tumors directly on the irises of fresh animals. In the irises, the dormant
tumors became vascularized and grew rapidly until the anterior chambers of the eyes were filled
with tumor, in a manner similar to the control iris implants. These fundamental observations
established the relationship between tumor growth and angiogenesis. Moreover, they provided
an in vivo experimental model for further investigations of tumor dormancy.

One of the most pressing questions at that time was whether tumor-induced angiogenesis
could be inhibited, preventing dormant tumors from progressing to the angiogenic pheno-
type. Using a V2 rabbit carcinoma in the corneal implant animal model, Brem et al.,*’
demonstrated that tumor angiogenesis could be blocked by diffusible proteins from the
cartilage of newborn rabbits. The coimplants of tumor and cartilage pieces completely
prevented vascularization in 28% of tumors and significantly delayed the vascularization in
the remaining tumors, which eventually became vascularized. In addition, cartilage pieces
inhibited vessel formation around a tumor implant in the chorioallantoic membrane (CAM)
of chick embryos. The inhibitory proteins found in cartilage were later identified, isolated,
and characterized as tissue inhibitors of metalloproteinases (TIMPs).*”* Subsequently, other
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angiogenesis inhibitors were identified. Endostatin and angiostatin were discovered as
internal peptide fragments of plasminogen and 20kDa C-terminal fragments of collagen
XVIII, respectively.*®*

A spontaneous tumor dormancy model in transgenic mice was described by Hanahan and
Folkman,* in which autochthonous tumors arise in the pancreatic islets as a result of simian
virus 40 T antigen (Tag) oncogene expression. In this experimental model, only 4% of tumors
become angiogenic after 13 weeks. In contrast, the remaining 96% of pancreatic islet
tumors remain microscopic and nonangiogenic.*>*" The spontaneous progression of non-
angiogenic lesions to the angiogenic phenotype in these transgenic tumor-bearing mice led to
the development of the “angiogenic switch” concept.*’

More recently, Achilles et al.** reported that human cancers contain subpopulations that
differ in their angiogenic potential. These findings suggested that the angiogenic phenotype of
a human tumor cell may be controlled by genetic and epigenetic mechanisms. Therefore,
human tumors can contain both angiogenic and nonangiogenic tumor cell populations,
characterized by their in vivo ability to recruit new blood vessels to a tumor. However, the
factors involved in the proportional regulation of these two tumor cell populations are still
unknown. The observed heterogeneity of angiogenic activity among human tumor cells
allowed for the isolation of these two populations of cancer cells and the development of
new and fruitful human tumor dormancy experimental models.

Single-cell cloning of a human tumor cell line was employed as a strategy for the isolation
of angiogenic and nonangiogenic tumor cell populations.** Achilles et al. established and
selected subclones from a human liposarcoma cell line (SW-872) based on high, intermediate,
or low proliferation rates in vitro. These clones were expanded in vitro into a population of
tumor cells and were then inoculated into immunodeficient (SCID) mice. Three different
growth patterns were observed: (1) highly angiogenic and rapidly growing tumors, (2) weakly
angiogenic and slowly growing tumors, and (3) nonangiogenic and dormant tumors. In a
subsequent experiment, Almog et al.** demonstrated that the nonangiogenic tumors spon-
taneously switch to the angiogenic phenotype and initiate exponential growth ~130 days after
subcutaneous inoculation.*® During the 130 day dormancy period, microscopic (~1-2 mm in
diameter) tumors remain avascular and are virtually undetectable by palpation. Because this
animal dormancy model was based on the in vitro tumor cell proliferation differences between
the angiogenic and nonangiogenic liposarcoma clones, it raised two fundamental questions:
(1) Is there a correlation between tumor cell proliferation and angiogenic potential? (2) Can
the observed differences in tumor growth be recapitulated using populations of human tumor
cells that have not been cloned?

To address these questions, human tumor cell lines were obtained from the American
Type Culture Collection (ATCC, Manassas, VA) based on their “no take” phenotype in
immunodeficient mice. These cell lines were assessed for in vivo tumor growth over extended
time periods. Following a subcutaneous inoculation of a tumor cell suspension, mice were
monitored for palpable tumors at the site of inoculation for more than a year (i.e., about half
the normal life span of a mouse) and, sometimes, for the life of the animal. Some of the mice
inoculated with the “no take” tumor cells spontaneously formed palpable tumors after a
dormancy period, which varied from months to more than a year, depending on cancer type
(Figure 1.2). With time, tumors became angiogenic, and palpable, expanded in mass expo-
nentially, and within ~50 days of first detection, killed the host animal. Stable cell lines were
established from representative angiogenic tumors. When reinoculated into SCID mice, these
angiogenic tumor cells formed large (>1 cm in diameter) tumors within a month following
inoculation (i.e., without a dormancy period), in 100% of the inoculated mice. It was
found that each cancer type had a characteristic and predictable dormancy period and
generated a consistent proportion of tumors that switched to the angiogenic phenotype.
However, once nonangiogenic tumors switched to the angiogenic phenotype, they escaped
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Angiogenic switch

* 12 or more months
Osteosarcoma, MG-63 (~5% switch)
Osteosarcoma, SAOS-2 (~15% switch)

* 8 months
Osteosarcoma, KHOS-240S (~20% switch)
Gastric cancer, ST-2 (<3% switch)
Glioblastoma, T98G (~60% switch)

* 4 months
Breast cancer, MDA-MB-436 (~80% switch)
Liposarcoma, SW-872 (>95% switch)

FIGURE 1.2 Human tumor cell lines that spontaneously switch to the angiogenic phenotype after a
prolonged dormancy period in immunodeficient mice. The percent of mice that switch to the angiogenic
phenotype is shown in brackets and varies between human tumor types.

from the dormancy state and formed lethal tumors in 100% of the mice, regardless
of cancer type. At this time, tumor cell population-based animal dormancy models
have been developed and characterized for breast cancer, osteosarcoma, and glioblastoma
(Figure 1.2).** In contrast to the single-cell-derived human liposarcoma animal model, the
angiogenic and the nonangiogenic tumor cell populations of the rest of the animal models
were derived by in vivo selection for the angiogenic and nonangiogenic phenotypes. These
in vivo models of nonangiogenic human tumors permit analysis of the switch to the angio-
genic phenotype, and make it possible to address the question of whether the switch can be
bi-directional.

1.4 DORMANT TUMORS HAVE BALANCED PROLIFERATION
AND APOPTOSIS

After inoculation in animals, human tumor cells can remain dormant for more than a year.
However, this does not mean that the tumor cells are in Gy arrest. Although some tumor
cells might be in mitotic arrest, as demonstrated in some tumor dormancy models,*> " we
reported that the majority of tumor cells are proliferating or undergoing apoptosis. The
tumor cell proliferation index in nonangiogenic tumors can be as high as that of large,
vascularized tumors. In a human breast cancer (MDA-MB-436) animal model, more than
50% of tumor cells were proliferating and more than 10% were undergoing apoptosis in all
microscopic tumors analyzed at various time points during dormancy, as well as in all
macroscopic angiogenic tumors.** In a different human osteosarcoma (MG-63 and SAOS-2)
and gastric (ST-2) cancer dormancy models, microscopic tumors were unable to grow
beyond a threshold size of ~1-2 mm in diameter. Within these nonangiogenic tumors,
there appears to be a balance between proliferating cells and cells undergoing apoptosis.*®
Tumor cell proliferation in these tumors was ~12%, and tumor cell apoptosis ranged from
4% to 7.5%.
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1.5 DEFINITION OF A HUMAN DORMANT TUMOR
BASED ON EXPERIMENTAL ANIMAL MODELS

Based on xenograft models of various human tumors inoculated or surgically implanted into
immunodeficient animals, a “dormant” tumor can be defined by its microscopic size and
nonexpanding mass. In contrast, a “stable’” tumor is macroscopic and expanding in mass. In
more detail, we define human nonangiogenic tumors as:

1. Unable to induce angiogenic activity, by repulsion of existing blood vessels in the local
stroma and/or relative absence of intratumoral microvessels.

2. Remain harmless to the host until they switch to the angiogenic phenotype (i.e., may
remain harmless for 1 year or more, which is half the life span of a mouse).

3. Express equal or more antiangiogenic (i.e., thrombospondin-1) than angiogenic

(i.e., VEGF, bFGF) proteins.

Grow in vivo to ~1 mm in diameter or less, at which time further expansion ceases.

Only visible with a hand lens or a dissecting microscope (5-10 x magnification).

White or transparent by gross examination.

Unable to spontaneously metastasize from the microscopic dormant state.

Show active tumor cell proliferation and apoptosis in mice and remain metabolically

active during the dormancy period.

9. Can be cloned from a human angiogenic tumor, because human tumors are hetero-
geneous and contain a mixture of nonangiogenic and angiogenic tumor cells.

XNk

In contrast, angiogenic human tumors (as observed in our animal models) are defined as:

1. Able to induce angiogenic activity, by recruiting blood vessels form the surrounding
stroma and/or forming new blood vessels within the tumor tissue.

Lethal to the host in only few weeks.

Express significantly more angiogenic than antiangiogenic proteins.

Grow along an exponential curve until they kill the host.

Visible and easily detectable based on their macroscopic size.

Red by gross examination.

Can spontaneously metastasize to various organs.

Can be cloned from a human angiogenic tumor, because human tumors are hetero-
geneous and contain a mixture of nonangiogenic and angiogenic tumor cells.

NIk

1.6 IN VIVO IMAGING OF HUMAN DORMANT TUMORS

Traditionally, various in vivo imaging techniques have been used for the detection and quanti-
fication of tumors implanted orthotopically or ectopically (i.e., outside their orthotopic site).
However, some of these techniques can be employed for the in vivo detection of microscopic
dormant tumors. By definition, nonangiogenic, dormant tumors are microscopic in size. There-
fore, they are usually undetectable by palpation (limited to tumor sizes 50 mm? and smaller) when
located in the subcutaneous space or mammary fat pad. It is an even greater challenge to detect
microscopic tumors located in internal organs. In the originally published dormancy model of
osteosarcoma (MG-63), the presence of dormant tumors in a fraction of the inoculated mice was
revealed through careful examination of the hair growth overlying the original tumor inoculation
site.*® The inner side of the skin in the area associated with hair growth contained a microscopic
white lesion, from which a histology section showed a viable tumor. Although this detection
method clearly reveals this interesting phenomenon, it is terminal (i.e., the animal has to be
euthanized) and does not provide longitudinal quantitative information about the tumor size.
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Stable infection of tumor cells with fluorescent proteins (such as green fluorescent protein
[GFP] and red fluorescent protein [RFP]) or luciferase allows for in vivo longitudinal detection
of tumors even at a microscopic size. GFP-expressing tumor cells can be visualized noninva-
sively from the skin surface by directed blue light (488 nm) epi-illumination. Submillimeter
tumors can be localized using this method. The utility of fluorescence visualization of dormant
tumors has been reported by Udagawa et al.,*® using osteosarcoma (MG-63 and SAOS-2) and
gastric cancer (ST-2) dormancy models. Tumor-associated blood vessels appear dark against the
background of a fluorescent tumor tissue, allowing for morphological (e.g., vessel diameters,
tortuousity, branching) and even functional (e.g., red blood cell velocity) quantification of
angiogenesis.*” More recently, this labeling technique was used to determine the minimum
number of human tumor cells necessary to form a nonangiogenic, dormant microscopic tumor
in mice (Naumov et al., unpublished). However, detecting fluorescently labeled tumors has its
limitations. Microscopic tumors in internal organs can only be visualized ex vivo. Certain
procedures, such as in vivo videomicroscopy, can be used for visualization of liver and lung
metastases.””>! However, in the brain, excitation or emission of fluorescently labeled tumor cells
is not only limited by tissue depth, but also by light penetration through the skull.

Infection of tumor cells with the luciferase reporter gene allows for the reliable detection
in mice of a signal from tumors that are <1 mm in diameter (as verified by histology) in all
internal organs, including the brain. Almog et al.** has used the luciferase method for the
detection of dormant human liposarcoma tumors in the renal fat pad of mice. The method
can also be used to monitor the growth of microscopic human glioblastomas stereotactically
after tumor cells are inoculated in the brains of mice (Naumov et al., unpublished work).
Following intravenous injection of the luciferine substrate, the enzymatic activity of luciferase
is rapid and transient. Only viable and metabolically active tumor cells can be detected by
luminescence. The transient effect of the enzymatic reaction allows for real-time detection of
tumor cells and for monitoring their viability during the dormancy period, as well as at times
throughout the angiogenic switch. The persistent luciferase signal during the dormancy
period of microscopic human tumors confirms the previous conclusion (based on histology)
that dormancy does not result from tumor cell cycle arrest or eradication. Although the
intensity of the luciferase signal directly correlates with the size of tumor, this imaging
modality does not provide a clear tumor boundary or an anatomical outline of the tumor.
However, small animal magnetic resonance imaging (MRI) provides a clear anatomical
definition of a microscopic tumor, and it can be effectively used in combination with
luciferase imaging (Naumov et al., unpublished work). Recent reports have demonstrated
that single cancer cells can be detected in a mouse brain using MRI.>? Individual tumor cells
trapped within the brain microcirculation were detected using MRI and validated using
high-resolution confocal microscopy. Graham et al.>> demonstrated that three-dimensional,
high-frequency ultrasound can quantitatively monitor the growth of liver micrometastases as
small as 0.5 mm in diameter.

Collectively, these recent advances in animal imaging modalities enable, in most cases,
noninvasive, real-time, longitudinal observations of single cancer cell trafficking and detec-
tion of nonangiogenic microscopic tumors in vivo during the dormancy period and as they
switch to the angiogenic phenotype. Quantitative imaging of tumors throughout their
progression to the angiogenic phenotype can be used for evaluating the efficacy of antiangio-
genic therapy in primary and metastatic tumors.

1.7 MOLECULAR MECHANISMS OF THE HUMAN ANGIOGENIC SWITCH

Transfection of human osteosarcoma (MG-63 and SAOS-2) and gastric cancer (ST-2) cells
with activated c-Ha-ras oncogene induces loss of dormancy in otherwise nonangiogenic
human cell lines.*® When inoculated in immunosuppressed mice, wild-type (or control
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vector-transfected) tumor cells did not form palpable tumors for more than 8§ months. White
tumor foci, which were avascular or contained sparse vessels, were found throughout the
dormancy period at the site of inoculation. However, ras-transfected human osteosarcoma
(MG-63 and SAOS-2) and gastric cancer (ST-2) cells formed vascularized large tumors within
1 month. The in vivo growth of ras-transfected tumor cells was associated with significantly
increased angiogenic response, increased proliferation, and decreased apoptosis when com-
pared with wild-type tumor cells. Loss of the dormant phenotype induced by activated ras
correlated with increased levels (1.5 to 2.5-fold) of VEGF s, as assessed in the conditioned
media relative to the control tumor cells.*® Overexpression of VEGF 45 in the tumor cells also
resulted in a loss of dormancy and induced a robust angiogenic response in 30% of animals
inoculated with gastric cancer and 40% of animals inoculated with osteosarcoma. In contrast
to ras-transfected tumor cells, loss of dormancy in VEGF¢s-transfected tumor cells was not
associated with an increase in tumor cell proliferation, but was associated with reduced
apoptosis. Therefore, the angiogenic response induced by VEGF 45 was found to be sufficient
for the induction of a loss of dormancy by reducing apoptosis. Activation of ras can directly
induce tumor cell proliferation and confer resistance to apoptosis.’*>* In addition, ras
activation can indirectly stimulate an angiogenic response in tumors by inducing proangio-
genic proteins, such as VEGF,’® and by downregulating angiogenesis inhibitors, such as
thrombospondin.>” ® Similar to ras, other oncogenes and tumor suppressor genes can indir-
ectly affect tumor growth via an angiogenic mechanism. For example, p53, PTEN, and Smad 4
have been shown to increase thrombospondin-1 expression by upregulation of T'sp-1 gene or by
increased mRNA expression.'>®' "% Thrombospondin-1 expression can be decreased by Myc,
Ras, Idl, WTI, c-jun, and v-stc via transcriptional repression, myc phosphorylation, or regu-
lation of mRNA turnover and stability.”>****% The inherently low toxicity of natural angio-
genesis inhibitors, in addition to their selective effect on pathological neovascularization
without harm to normal vasculature, makes them attractive therapeutic agents.

In addition to thrombospondin-1 regulation, the p53 tumor suppressor gene regulates
other currently unidentified inhibitors of angiogenesis.”® Teodoro et al.”! recently reported
that wild-type p53 mobilizes endostatin through a specific a(II) collagen prolyl-4-hydroxylase
(a(I)PH gene product), which binds to p53. p53 is inactivated in over 50% of all
human tumors. Reintroduction of wild-type p53 into mouse fibrosarcoma (T241) cells
correlates with increased thrombospondin-1 expression and induces angiogenesis-restricted
dormancy.”” Inoculation of parental T241 fibrosarcoma cells into a mouse ear resulted
in vascularized, visible tumors within 2 weeks. In contrast, when wild-type p53 was
introduced in the same cells, only 12% of the tumors became angiogenic 2 months after
inoculation. Therefore, expression of wild-type p53 resulted in the loss of an angiogenic
phenotype. Loss of the angiogenic phenotype was also correlated with the upregulation of
the mRNA-encoding thrombospondin-1. This experimental model demonstrated that p53 can
act as a tumor suppressor, independent of its direct effects on cell proliferation and survival.
Moreover, p53 had an indirect antitumor effect by inhibiting angiogenesis and increasing the
rate of apoptosis.

In a recent report, Naumov et al.”* compared the tumor cell secretion and intracellular
levels of thrombospondin-1 in nonangiogenic and angiogenic tumor cell populations isolated
from a human breast cancer cell line (MDA-MB-436). Angiogenic cells contain 2.5-fold
higher levels of c-Myc and p-Myc than their nonangiogenic counterparts, as assessed by Western
blot. In contrast, angiogenic tumor cells contain significantly lower levels of thrombospondin-1
than nonangiogenic tumor cells. Moreover, nonangiogenic human breast cancer cells secrete
at least 20-fold higher levels of thrombospondin-1 than angiogenic cells. Similar findings
were reported using a different human breast cancer cell line (MDA-MB-435).°° Watnick
et al.® reported that phosphoinositide 3-kinase (PI3K) can induce a signal transduc-
tion cascade leading to the phosphorylation of c-Myc and the subsequent repression of

1'44
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thrombospondin-1. Treatment with LY294002 (a PI3K inhibitor) caused thrombospondin-1
levels within angiogenic cells to increase but had no effect on levels in nonangiogenic
cells.** Therefore, the PI3K signaling pathway is responsible for the repression of throm-
bospondin-1, and it is regulated differently in angiogenic and nonangiogenic human
tumor cells.

1.8 INDUCTION OF TUMOR DORMANCY USING
ANTIANGIOGENIC THERAPY

Tumor progression is highly dependent on the surrounding stroma, including the endothelial
cells, fibroblasts, local basement membrane factors, macrophages, platelets, T cells, and other
cellular compartments. Antiangiogenic therapy can target the endothelial cell compartment in
atleast two distinct ways: directly or indirectly (Figure 1.3).”

Direct angiogenesis inhibitors block vascular endothelial cells from proliferating, migrating,
or increasing their survival. For example, SU 11248 directly blocks VEGF receptors (among
other receptors involved with angiogenic signaling) on endothelial cells (Figure 1.3). Direct
angiogenesis inhibitors include: (1) synthetic inhibitors or peptides designed to interfere with
specific steps in the angiogenic process (e.g., inhibitors of metalloproteinases, antagonists of the
ayB; or asB; integrins), (2) low molecular weight molecules (e.g., TNP-470, caplostatin,
thalidomide, 2-methoxyestradiol), and (3) endogenous (i.e., natural) angiogenesis inhibitors
(e.g., TSP-1, platelet factor 4, interferon-a, IL-12, angiostatin, endostatin, arrestin, canstatin,
tumstatin).>>%742

Bouck et al.”® were the first to demonstrate that a tumor can generate angiogenesis
inhibitor (i.e., thrombospondin-1). They subsequently suggested that the angiogenic pheno-
type was a result of a net imbalance of endogenous angiogenesis stimulators and inhibitors.

Inhibitor: Indirect Direct
Mechanism: Inhibits synthesis Inhibits endothelial
by tumor cells cells from responding

of angiogenic proteins to angiogenic proteins

| Gefitinib || Bevacizumab || SU 11248

Blocks Neutralizes Blocks
production VEGF receptor for
of VEGF VEGF
(and other angiogenic (and other angiogenic
stimulators) stimulators)

!

Endothelial | 5
cells

A
/

FIGURE 1.3 Examples of direct and indirect angiogenesis inhibitors that can block production of a
tumor cell angiogenic protein (Gefitinib), or neutralize a systemic proangiogenic protein (Bevacizumab),
or block a receptor for a tumor cell produced angiogenic protein (SU 11248). (Adapted from Folkman, J.
et al., Cancer Medicine, 7th edn., 2006. With permission.)
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In a series of experiments, Folkman and colleagues reported that the surgical removal of a
primary Lewis lung carcinoma tumor in mice results in the exponential growth of lung
metastases.”**> In these experimental animal models, the presence of a primary tumor
generated increased circulating angiostatin levels. Angiostatin is a potent antiangio-
genic plasminogen fragment,’® which inhibits the in vivo growth of Lewis lung metastases
by preventing neovascularization.”” However, gene transfer of a cDNA coding for
mouse angiostatin into murine T241 fibrosarcoma cells successfully suppressed lung
metastatic tumor growth after the removal of the primary tumor.”’” Cao et al.”” demon-
strated that pulmonary micrometastases, expressing angiostatin, remain in a dormant and
avascular state for 2-5 months after removal of primary tumors. These dormant micro-
metastases were characterized as having a high rate of apoptosis counterbalanced by a high
proliferation rate.

Holmgren et al.” investigated whether treatment with an exogenous angiogenesis inhibi-
tor could replace the endogenous angiogenesis suppressive ability of a primary tumor. In
animals with surgically removed primary Lewis lung carcinoma, or T241 mouse sarcomas,
treatment with TNP-470 resulted in the suppression of metastases comparable to that
observed in the presence of the primary tumor. Therefore, exogenous treatment can be used
to replace the endogenous angiogenesis inhibition of a primary tumor. Moreover, it can be
used for the systemic suppression of angiogenesis-maintained micrometastases of both Lewis
lung cancer and T241 fibrosarcoma in a dormant state. These dormant micrometastases were
characterized as having high tumor cell proliferation counterbalanced by high cell death rate
(i.e., apoptosis), indicating that inhibition of angiogenesis limits tumor growth by elevating
tumor cell apoptosis. Exogenous angiogenesis inhibitors, such as TNP-470, mimic the pri-
mary tumor suppression by maintaining high apoptosis in the lung micrometastases, but
without having an effect on tumor cell proliferation. A similar mechanism of sustained
micrometastatic dormant state has been demonstrated using angiostatin, which maintains a
high apoptotic index in lung metastases after the removal of a primary tumor without
affecting tumor cell proliferation.*®

Indirect angiogenesis inhibitors target tumor cell proteins created by oncogenes that drive
the angiogenic switch. In general, their mechanism of action is by decreasing or blocking the
expression of other tumor cell products, neutralizing the tumor cell product itself, or by
blocking receptors on endothelial cells. The impact of oncogenes on tumor angiogenesis has
been reviewed by Rak and Kerbel.”*®% For example, gefitinib (Iressa) blocks VEGF
production from tumor cells. However, even systemically available VEGF can be neutralized
by bevacizumab (Avastin) before it binds to VEGF receptors on endothelial cells (Figure 1.3).
There is an emerging group (e.g., thyrosine kinase inhibitors) of anticancer drugs originally
developed to target oncogenes, which also have “indirect” antiangiogenic activity. For
example, the ras farnesyl transferase inhibitors block oncogene signaling pathways, which
upregulate tumor cell production of VEGF and downregulate production of Tsp-1.'" Tras-
tuzumab, an antibody that blocks HER2/neu receptor tyrosine kinase signaling, suppresses
tumor cell production of angiogenic proteins, such as TGF-«, angiopoietin 1, plasminogen
activator inhibitor-1 (PAI-1), and VEGF.'""1% At the same time, trastuzumab has been
shown to upregulate the expression of Tsp-1 (endogenous angiogenesis inhibitor), which may
be an important mechanism of its antiangiogenic activity.'> Upregulation of endogenous
antiangiogenic proteins, using direct or indirect angiogenesis inhibitors, can be a useful
approach for preventing the angiogenic switch and keeping human tumors in a microscopic
dormant state (Figure 1.4).

Acquired drug resistance is a major obstacle in the treatment of cancer. Genetic
instability, heterogeneity, and high mutational rates of tumor cells are the major causes of
drug resistance.'® In contrast, antiangiogenic therapy targets endothelial cells, which
are genetically stable and have a low mutational rate. In an experimental animal model,
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FIGURE 1.4 Summary of a few small molecules and the corresponding increase in endogenous angio-
genesis inhibitors. Examples of small molecules that are orally available and may induce increased
systemic levels of endogenous angiogenesis inhibitors. Chronic systemic increase of antiangiogenic
proteins can prevent the angiogenic switch and delay the progression of cancer. (Adapted from Folkman,
J., Exp. Cell Res., 312(5), 594, 2006. With permission.)

Boehm et al.'™ reported that antiangiogenic therapy targeted against tumor-associated endothe-
lial cells does not result in drug resistance. In this study, Lewis lung cancer, T241 fibrosarcoma,
and B16F10 melanoma were repeatedly treated with endostatin. When tumors reached the size of
~350-400 mm?, endostatin treatment was initiated until the tumor became undetectable. Endo-
statin therapy was then stopped, and the tumor was allowed to regrow. Endostatin therapy was
resumed when tumors reached a mean volume of 350400 mm?>. After the second (for melanoma),
fourth (for fibrosarcoma), and sixth (for Lewis lung carcinoma) cycles of endostatin treatment, all
tumors remained as barely visible subcutaneous nodules (size 5-50 mm?) for up to 360 days. In
contrast, endostatin resistance developed rapidly when Lewis lung carcinomas were treated with
conventional cytotoxic chemotherapy. These studies demonstrated that repeated cycles of
endostatin therapy induced tumor dormancy, which persisted indefinitely after therapy.

1.9 METASTATIC DORMANCY

Metastasis, the spread of cancer from a primary tumor to secondary organs, is the major
cause of cancer-related deaths. Hematogenous or lymphatic spread of only a few cancer cells
from a primary tumor can successfully form a macroscopic tumor at a secondary site.”%'%>-196
However, for a macrometastasis to become lethal, it must successfully complete a number of
steps (Figure 1.1).!%7 Two different types of tumor dormancy have been identified in the
metastatic process: (1) solitary dormant cancer cells, which are in Gy cell cycle arrest and
(2) dormant nonangiogenic tumors, in which tumor cells are actively proliferating and dying,
but the tumor fails to recruit blood vessels. Both of these steps can contribute to a latency
period associated with metastatic growth of human cancer (Figure 1.1).'%

Previous studies by Holmgren and colleagues®>'* have identified nonangiogenic micro-
metastases as a potential contributor to metastatic dormancy. These studies showed that
dormant micrometastases did not grow in size beyond 200 pwm, but they remained metabol-
ically active. This size limitation was associated with a steady-state balance between the rates
of tumor cell proliferation and apoptosis, with no net growth of the metastases. Changes in
the intrinsic properties of these dormant micrometastases, or their microenvironment at a later
time, triggered metastatic growth associated with a disturbance of the proliferation
and apoptosis balance. Progressive growth in such micrometastases was restricted due to
suppression of tumor angiogenesis.
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Naumov et al.''” have identified another possible source of metastatic dormancy: viable,
solitary dormant tumor cells that are neither proliferating nor undergoing apoptosis after
arriving at a metastatic site. These studies showed that more than 50%-80% of breast cancer
cells, distributed to mouse liver via the circulation, can remain in the tissue for extended
periods of time (up to 77 days) as solitary nonproliferating dormant cells. This surprising
phenomenon was observed in populations of breast cancer cells of high and low metastatic
ability. In the case of the highly metastatic cell line (D2A1 cells), lethal macrometastases grew
from a very small subset of cells (~0.006%), with the majority (~80% cell loss) of injected cells
undergoing apoptosis or destroyed by leukocytes. However, ~20% of the injected cells persisted
as nonproliferating dormant cells. In contrast, ~80% of poorly metastatic breast cancer cells
remained as nonproliferating dormant solitary cells in the mouse liver. A subset of these cells
could be recovered and grown under in vitro culture conditions 11 weeks after injection into
mice. The recovered tumor cells retained their ability to form primary tumors in the mammary
fat pad of mice. These solitary dormant tumor cells may be a potential source of an occasional
nonangiogenic metastasis, and of an even rarer, but lethal, angiogenic metastasis.

Taken together, these studies demonstrated that metastasis is a dynamic process,
where solitary, nonproliferating dormant cancer cells, nonangiogenic micrometastases, and
angiogenic macrometastases can coexist at each stage of the metastatic process. While
nonangiogenic micrometastases could be vulnerable to antiangiogenic and cytotoxic che-
motherapeutic agents (administered in a metronomic, low-dose regimen, as described by
Browder et al.''" and Kerbel and colleagues''*!"3), solitary dormant cells could remain
unaffected because of their inability to proliferate.

Naumov et al.''"* showed that nonproliferating solitary dormant breast cancer cells
remained unaffected by doxorubicin treatment. However, the same treatment successfully
inhibited actively growing macrometastases in the same mice. Therefore, doxorubicin chemo-
therapy, which successfully reduced the metastatic burden, failed to affect the number of
solitary dormant cells. These findings have important clinical implications for patients
undergoing adjuvant chemotherapy. It is possible that dormant nonproliferating tumor
cells can remain unaffected by standard chemotherapy and may retain their potential to
initiate growth at a later date. Both solitary cancer cells and nonangiogenic metastases can
remain dormant and undetectable for months or years, leading to an uncertainty in the
prognosis for patients who have already been treated for the primary cancer.

1.10 ANGIOGENIC SWITCH-RELATED BIOMARKERS FOR DETECTION
OF DORMANT TUMORS

Even with recent advances in the clinical detection of human cancer, a tumor that is
microscopic in size (~] mm in diameter) remains undetectable. A panel of angiogenic
switch-related biomarkers is under development using the human tumor dormancy models.
These biomarkers include circulating endothelial progenitor cells (CEPs) and platelets in the
blood, as well as matrix metalloproteinases (MMPs) in the urine. The detection of a single
microscopic human tumor in existing animal models can be achieved using each one of these
biomarkers alone or in combination.''>”

We compared the in vivo ability of angiogenic and nonangiogenic human breast tumors
(MDA-MB-436 cells) to mobilize mature circulating endothelial cells (CECs) (CD45—, Flk+,
CD31+, CD117-) and CEPs (CD45—, Flk+, CD31+, CD117+).!"> The number of blood-
borne CECs and CEPs was quantified using a flow cytometer. There was little difference in the
percent of mature CECs in the blood of mice inoculated with angiogenic and nonangiogenic
cells. However, mice inoculated with nonangiogenic cells had approximately fourfold
decrease in CEPs when compared with control mice. Mice inoculated with angiogenic cells
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had levels of CEPs comparable to those in the control mice. Previous reports** have shown
that these nonangiogenic breast cancer cells (MDA-MB-436 cells) secrete at least 20-fold
higher levels of thrombospondin-1 (Tsp-1) than their angiogenic counterparts. Other studies
have suggested that endogenous inhibitors of angiogenesis, such as Tsp-1 and endostatin,
may inhibit the mobilization of CEPs.''® These observations suggest that microscopic dor-
mant (nonangiogenic) tumors may suppress the mobilization of CEPs from the bone marrow
via systemic thrombospondin-1.

Klement et al.''” recently reported that blood platelets can sequester both pro- and
antiangiogenic proteins. It is estimated that at least 100 billion platelets are produced per
day by megakaryocytes in the bone marrow of an average 70 kg person.''!?° With a life span
of 7-8 days in humans, it is estimated that there are approximately a trillion platelets in
constant circulation.''!?! Folkman and colleagues proposed that the platelet compartment
of the blood stream can potentially accumulate angiogenesis-related proteins and possibly
release them at a later time.''” Using a novel “platelet angiogenic proteome,” as quantita-
tively assessed by SELDI-ToF technology (Ciphergen, Freemont, CA), the presence of
microscopic human tumors in mice can be detected.!!” Using this technology, the accumula-
tion and reduction in angiogenesis-related proteins sequestered in platelets can be quantita-
tively followed throughout the angiogenic switch. The identification of proteins that are
associated with the angiogenic switch and that may be used as angiogenic switch-related
biomarkers is currently under investigation.

In summary, the tumor dormancy animal models presented here permit further
clarification of the role of CEC/CEPs, platelets, and MMPs as participants in the
“angiogenic switch.” Moreover, this angiogenic switch-related biomarker panel may prove
to be a useful diagnostic method for the presence of microscopic cancers at primary
and metastatic sites long before detection by conventional methods. It may be feasible to
develop a panel of angiogenesis-associated biomarkers that can identify the presence of a
microscopic human tumor, predict its switch to the angiogenic phenotype, and possibly serve
as a guide for antiangiogenic therapy. In the future, it may be possible for a patient who is at
risk for cancer recurrence to take an oral drug that can elevate endogenous platelet-associated
antiangiogenic proteins and delay, if not prevent, the formation of recurrent tumors.

1.11 CONCLUSION

We speculate that the development of more specific and sensitive biomarkers may permit the
very early detection of recurrent cancer, possibly years before symptoms or anatomical
location. If this concept can be validated, then relatively nontoxic angiogenesis inhibitors
may be used to “‘treat the biomarkers” without ever seeing the recurrent tumor (i.e., cancer
without disease).'*
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The observation that tumor growth can be accompanied by increased vascularity was
reported more than one century ago [for review, see (1)]. In 1939, Ide et al. postulated for
the first time the existence of a tumor-derived blood vessel growth-stimulating factor (2). In
1945, Algire et al. advanced this concept, hypothesizing that rapid tumor growth is crucially
dependent on the development of a neovascular supply (3). In 1971, Folkman (4) proposed
that antiangiogenesis may be a valid strategy to treat human cancer and a search for
regulators of angiogenesis that may also represent therapeutic targets began.
Neovascularization is essential also for physiological processes such as embryogenesis,
tissue repair, and reproductive functions (5). The development of the vascular tree initially
occurs by “vasculogenesis,” the in situ differentiation of endothelial cell precursors, the
angioblasts, from the hemangioblasts (6). The juvenile vascular system then evolves from
the primary capillary plexus by subsequent pruning and reorganization of endothelial cells in
a process called “angiogenesis” (7). Recent studies suggest that incorporation of bone
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marrow-derived endothelial progenitor cells (EPC) in the growing vessels complements the
sprouting of resident endothelial cells (8-12). Additionally, a subset of perivascular mono-
cytes seems to be particularly important for new vessel growth (13).

Many potential angiogenic factors have been described over the last two decades (14,15).
Much evidence indicates that vascular endothelial growth factor (VEGF) is a particularly
important regulator of angiogenesis (1). While new vessel growth and maturation are highly
complex and coordinated processes, requiring the sequential activation of a series of receptors
(e.g., Tiel, Tie2, and platelet-derived growth factor receptor (PDGFR-B)) by numerous
ligands in endothelial and mural cells [for recent reviews, see (16,17)], VEGF action often
represents a rate-limiting step in angiogenesis. VEGF (referred to also as VEGF-A) belongs
to a gene family that includes placenta growth factor (PIGF) (18), VEGF-B (19), VEGF-C
(20), and VEGF-D (21,22). VEGF-C and VEGF-D regulate lymphangiogenesis (23).

2.1 IDENTIFICATION OF VEGF

Independent lines of research contributed to the discovery of VEGF, emphasizing the
biological complexity of this molecule (1).

In 1983, Senger et al. (24) described the identific