Tumor Angiogenesis

Judah Folkman, MD
Raghu Kalluri, PhD

Angiogenesis, the growth of new capillary blood
vessels, is central to the growth of cancer. An
understanding of the cellular and molecular basis
of tumor angiogenesis is therefore important for
clinicians who diagnose and treat cancer by
whatever modalities. This chapter is focused on
certain general principles of tumor angiogenesis
that are intrinsic to the behavior of human can-
cer. Almost every week, the biomedical literature
contains elegant reports on the cause and devel-
opment of cancer at the cellular and molecular
levels. This rapid progress in understanding the
molecular and genetic events that underlie the
transformation of a normal cell to a cancer cell is
reflected in many chapters in this book. These
studies provide strong evidence for the hope that,
eventually, there will be molecular solutions to
the cancer problem. However, in virtually all sce-
narios of current or future therapy, the target is
the cancer cell.

Experimental evidence indicates that it is
prudent to develop cancer therapies against
another target, the microvascular endothelial
cell, without implying that the two targets are
mutually exclusive.

Consider a cancer cell that has progressed
through a series of mutations so that by activation
of certain oncogenes and by loss of specific sup-
pressor genes, it has become self-sufficient in
growth signals, insensitive to antigrowth signals,
unresponsive to apoptotic signals, capable of lim-
itless replicative potential, and tumorigenic.! Are
these neoplastic properties necessary and suffi-
cient for such a cell to expand into a population
that is clinically detectable, symptomatic, or
lethal? Current evidence argues that these neo-
plastic properties may only be necessary but not
sufficient for the cancer cell to become metastatic
and lethal. The reported studies suggest that the
microvascular endothelial cell dictates to a cancer
cell whether it can grow a tumor to a clinically
detectable size, metastasize, or kill its host. For a
tumor to develop a metastatic or a lethal pheno-
type, it must first recruit and sustain its own pri-
vate blood supply, a process called tumor angio-
genesis.! Tumors unable to induce angiogenesis
remain dormant at a microscopic in situ size.
Such nonangiogenic lesions are usually not
detectable unless they are on external surfaces
such as skin, oral mucosa, or cervix. In
immunodeficient mouse models, heterotrans-
planted malignant cells sometimes fail to form
grossly-identifiable tumor nodules but nonethe-

less persist as small nonangiogenic tumors called
“no-takes.”2

Angiogenesis is fundamental to reproduction,
development, and repair. In the adult, repair and
reproductive angiogenesis occur mainly as brief
bursts of capillary blood vessel growth that usually
last only days or weeks. Such physiologic angio-
genesis, including neovascularization in exercised
muscle, is tightly regulated.>->

A variety of circulating and sequestered
inhibitors suppress proliferation of vascular
endothelium under normal conditions. As a result,
endothelial cells are among the most quiescent
cells of the body. Turnover times of endothelial
cells are measured in hundreds of days in contrast
to bone marrow cells, which maintain an average
turnover time of 5 days and proliferate at approxi-
mately 6 billion cell divisions per hour. During
angiogenesis, microvascular endothelial cells can
proliferate as rapidly as bone marrow cells. Fur-
thermore, endothelial proliferation is not the only
event necessary for development of a new capil-
lary blood vessel. Endothelial cells must degrade
their own basement membrane, develop sprouts
from preexisting microvessels, invade the extracel-
lular matrix, form tubes, and connect the tips of
these tubes to create loops capable of handling
blood flow.®” Even in the absence of endothelial
DNA synthesis in tissue that has been heavily irra-
diated, new capillary blood vessels and their
branches still develop for a few days.®

A hallmark of pathologic angiogenesis is per-
sistent growth of blood vessels (ie, sustained neo-
vascularization). Angiogenesis that continues for
months or years supports the progression of many
neoplastic and nonneoplastic diseases.®!* How-
ever, both physiologic and pathologic angiogenesis
are usually focal. An angiogenic focus appears as
only a tiny fraction or a small “hot spot” of prolif-
erating and migrating endothelial cells that arise
from a monolayer of resting endothelium of
approximately 1000 m2, an area the size of a tennis
court. A cubic millimeter of human cardiac muscle
contains approximately 2,500 millimeters of capil-
lary blood vessels, (as determined by stereologic
methods).* The fundamental objective of all
antiangiogenic therapy is to return a pathologic
neovascular focus to its normal resting state or to
prevent its initiation.

HISTORIC BACKGROUND

For more than 100 years, tumors had been
observed to be more vascular than normal tis-

sues.!! This tumor hyperemia observed during
surgery was explained by simple dilation of exist-
ing host blood vessels.'? Vasodilation was gener-
ally thought to be a side effect of metabolites or of
necrotic tumor products escaping from the tumor.
Three reports, although largely overlooked, sug-
gested that tumor hyperemia could be related to
new blood vessel growth; that is, to neovascular-
ization and not solely to vasodilation. A 1939
paper showed that whereas neovascularization of a
wound in a transparent chamber in a rabbit ear
regressed completely after the wound healed,'® a
tumor implant in the chamber was associated with
accelerated growth of new capillary blood vessels.
The other two reports, in 1945 and 1947, demon-
strated that new vessels in the neighborhood of a
tumor implant arose from host vessels and not
from the tumor itself.!*!% These papers not with-
standing, debate continued in the literature for two
more decades about whether a tumor could expand
to a large size (centimeters) by simply living on
preexisting vessels.!® Even among the few investi-
gators who accepted the concept of tumor-induced
neovascularization, it was generally assumed that
this vascular response was an inflammatory reac-
tion, a side effect of tumor growth, not a require-
ment for tumor growth.!”

BEGINNING OF
ANGIOGENESIS RESEARCH

HYPOTHESIS: TUMOR GROWTH DEPENDS ON
ANGIOGENESIS In 1971, Folkman proposed a
new view of the role of blood vessels in tumor
growth in the form of a hypothesis that tumor
growth is angiogenesis dependent.!8 This hypothe-
sis suggested that tumor cells and vascular
endothelial cells within a neoplasm may constitute
a highly integrated ecosystem and that endothelial
cells may be switched from a resting state to a
rapid growth phase by a “diffusible” chemical sig-
nal from tumor cells. An additional speculation
was that angiogenesis could be a relevant target for
tumor therapy (ie, antiangiogenic therapy). Folk-
man proposed these ideas from experiments he
performed with Frederick Becker in the early
1960s, which revealed that tumor growth in iso-
lated perfused organs was severely restricted in the
absence of vascularization of the tumors.!*24
These concepts were not accepted at the time.
Although a few investigators in the early 1970s
perceived that tumors could actually induce neo-
vascularization, the belief persisted that such
neovascularization was an inflammatory host
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response to necrotic tumor cells or possibly a host
defense detrimental to the tumor. Another obstacle
to research on tumor angiogenesis was the conven-
tional wisdom at that time that any new vessels
induced by a tumor, like new vessels in a wound,
would become established and thus could not be
made to involute. From this assumption, scientists
concluded that antiangiogenic therapy could never
regress a tumor; therefore, it would be fruitless to
try to discover angiogenesis inhibitors. In this pes-
simistic atmosphere, it was not an easy task to pro-
duce compelling evidence that tumor growth
depended on neovascularization. Eventual accep-
tance of the 1971 hypothesis was slow because it
would be 2 more years before the first vascular
endothelial cells were successfully cultured in
vitro, 8 years before it was possible to grow capil-
lary endothelial cells in vitro, 11 years before the
discovery of the first angiogenesis inhibitor, and
13 years before the purification of the first angio-
genic protein.2>2?

Throughout the 1970s, laboratory studies were
devoted to demonstrating that: tumor vessels were
new proliferating capillaries; the sequential steps
of the angiogenic process could be identified;
qualitative and quantitative bioassays for angio-
genesis could be developed; viable tumor cells
released diffusible angiogenic factors that stimu-
lated new capillary growth and endothelial mitosis
in vivo, despite the arrest of tumor cell prolifera-
tion by irradiation; necrotic tumor products were
not angiogenic per se (reviewed in Folkman and
Cotran); and that angiogenesis itself could be
inhibited.33% Because of these efforts to provide
supporting evidence that tumor growth was angio-
genesis dependent, the field of angiogenesis
research began. Today the field has broadened to
include a wide spectrum of basic science disci-
plines, from developmental biology to molecular
genetics, as well as a variety of clinical specialties,
which include in addition to oncology, cardiology,
dermatology, gynecology, ophthalmology, and
rheumatology. Approximately 40 publications
with angiogenesis in the title, appear every week.

EXPERIMENTAL EVIDENCE By the mid-1980s,
considerable experimental evidence had been
assembled to support the hypothesis that tumor
growth is angiogenesis dependent. The idea could
now be stated in its simplest terms: “Once tumor
take has occurred, every further increase in tumor
cell population must be preceded by an increase in
new capillaries that converge upon the tumor.”3?
The hypothesis predicted that if angiogenesis
could be completely inhibited, tumors would
become dormant at a small, possibly microscopic,
size.2? It forecast that whereas the presence of neo-
vascularization would be necessary, but not suffi-
cient for expansion of a tumor, the absence of neo-
vascularization would prevent expansion of a
primary tumor mass beyond 1 to 2 mm? and
restrict a metastasis to a microscopic dormant
lesion. Most nonneovascularized tumors are not
clinically detectable, with the exception of
surface lesions on the skin or the external
mucous membranes.

The hypothesis that tumors are angiogenesis
dependent is supported by biologic and pharmaco-
logic evidence and proved by genetic evidence.
Both types of evidence are summarized below
because they provide a scientific basis for current
clinical trials of angiogenesis inhibitors.3%-37

Biologic evidence

1. In two-dimensional flat cultures, a population
of tumor cells expands indefinitely as long as
fresh medium is added and unlimited cell-free
surface is provided ( ie, passage of cells to a
new flask). In contrast, three-dimensional
spheroids of the same cells, suspended in soft
agar or methylcellulose, stop enlarging at a
diameter of a few millimeters, despite
repeated passage of the spheroids to fresh
media.3® In these “steady-state” spheroids,
cell proliferation is balanced by cell
death.3%#! This in vitro model is analogous
to a dormant micrometastasis in which angio-
genesis is blocked.*?

2. Tumors implanted into subcutaneous
transparent chambers grow slowly before
vascularization, and tumor volume increases
linearly. After vascularization, tumor growth
is rapid and tumor volume may increase
exponentially. 343

3. Tumor growth in the avascular rabbit cornea
proceeds slowly at a linear rate, but converts to
exponential growth after neovascularization.**

4. Tumors suspended in the aqueous fluid of the
anterior chamber of the rabbit eye remain in
a dormant state: viable, avascular, and lim-
ited in size (<1 mm?). These tumors induce
neovascularization of iris vessels, but the new
vessels are out of reach of the tumors floating
in the aqueous fluid. Once a tumor spheroid
is apposed to the proliferating iris vessels, the
tumor becomes neovascularized and can
enlarge up to 16,000 times its original vol-
ume within 2 weeks.*> A current interpreta-
tion of this experiment is that the tumor
spheroid had already switched to the angio-
genic phenotype, but that angiogenesis was
blocked by separation of the floating tumor
from the nearest vascular bed.*

5. Tumors grown in the vitreous of the rabbit eye
remain viable but are restricted to diameters of
less than 0.50 mm for as long as 100 days.
Once such a tumor reaches the retinal surface,
it becomes neovascularized and within 2 weeks
can undergo a 19,000-fold increase in volume
over the avascular tumor.#’ Cross-sectional his-
tology of the avascular tumors reveals prolifer-
ating cells at the periphery of the tumor and
necrotic tumor cells in its center.

6. Human retinoblastomas that have metasta-
sized to the vitreous are viable and avascular
and tumor expansion is restricted.*®

7. Within a solid tumor, the [H3]thymidine
labeling index of tumor cells decreases with
increasing distance from the nearest open
capillary vessel.*® The tissue oxygen tension
also decreases with increasing distance of a
tumor cell from the center of a capillary ves-

sel.’" Because the limit of oxygen diffusion is
100 to 200 wm, tumor cells that exceed these
distances from a capillary vessel become
anoxic (as determined by infrared spec-
troscopy of tumors in transparent skin cham-
bers in mice).’!

8. Tumors implanted into the chorioallantoic
membrane of the chick embryo remain
restricted in growth during the avascular
phase, but enlarge rapidly once they are
vascularized.>?

9. Vascular casts of metastases in the rabbit
liver reveal that tumors of up to 1 mm in
diameter are usually avascular, but beyond
that size are vascularized.>?

10. Human ovarian carcinomas metastasize to
the peritoneal membrane as tiny avascular
seeds. These implants rarely grow beyond a
limited diameter of a few millimeters, until
after vascularization. This “avascular” state
of peritoneal implants has also been demon-
strated in mice with four different tumor
types and is independent of whether the mice
are immunocompetent or immunodeficient.
The avascular peritoneal implants are less
than 0.5 mm diameter and are of uniform size
(C. Chen, personal communication, 1998).

11.In transgenic mice that develop carcinomas
of the beta cells in the pancreatic islets, large
tumors arise from a subset of preneoplastic
hyperplastic islets, but only after they have
become vascularized.>*

12. Neoplastic cells injected subcutancously
develop into tumors that become vascular-
ized at about 0.4 mm3.> As tumor size
increases, blood vessels continue to prolifer-
ate and are enveloped by tumor cells that
appear to grow toward and around the new
vessels. The vessels eventually occupy up to
1.5% of the tumor volume. This is a 400%
increase in vascular density over normal
subcutaneous tissue.>> In this model, new
microvascular sprouts that converge on a
tumor are enveloped by tumor cells, giving
the appearance that the tumor has been
penetrated by vessels.

13.1In colon carcinomas arising in rats after car-
cinogen exposure, there is an early phase
(tumor diameter <3.5 mm) during which the
tumor is temporarily supplied by preexisting
host microvessels that are dilated and
widened.>® This stage is similar to “coop-
tion” of blood vessels recently reported.>’
Subsequently, new capillary vessels sprout
and proliferate (angiogenesis), which leads to
increasing microvessel density and rapid
tumor growth.

Pharmacologic evidence By the late
1980s it became possible to inhibit tumor
angiogenesis by biochemical and molecular
methods. These experiments were based on
(1) administration of molecules that inhibited
angiogenesis specifically or selectively, (2)
blockade of tumor-derived angiogenic factors,
and (3) the development of spontaneous



tumors in transgenic mice. Some examples of
such are listed below.

1.

An angiogenesis inhibitor, TNP-470 (AGM-
1470), a synthetic analogue of fumagillin,
selectively inhibited proliferating endothelial
cells in vitro and in vivo.?? It potently inhib-
ited tumor growth in vivo but did not inhibit
tumor cells in vitro. In pre-clinical studies it
has a broader spectrum of antitumor activity
than any known anticancer drug. There are
more than 60 reports from different laborato-
ries of inhibition of 33 different types of
human, mouse, rat, hamster, and rabbit pri-
mary tumors in animals and of 23 different
types of metastatic tumors including human
tumor metastases in mice and rat and hamster
tumor metastases. Tumor growth was inhib-
ited at an average of 65% with a range of 43
to 100% (ie, complete regression). All of
these reports employed the same dose, 30
mg/kg every other day. Complete regression
was observed in seven tumor types in mice,
including neurofibrosarcoma, neurofibroma,
breast cancer, gastric cancer, and choriocarci-
noma, as well as mouse reticulum sarcoma
and gastric carcinoma.®® Because TNP-470
inhibits microvascular endothelial cells at a
concentration 3 logs lower than tumor cells,
this angiogenesis inhibitor is virtually a spe-
cific inhibitor of endothelial proliferation
and migration. These studies provided the
first clue that angiogenesis inhibitors could
be broad spectrum anticancer agents that are
relatively independent of tumor type. The
appearance of different therapeutic responses
by different tumor types (eg, 43 to 100%) was
more adequately explained by the total angio-
genic output of each tumor type matched
against a fixed dose of angiogenesis
inhibitor. (See below for improvements in
TNP-470.)

In another experiment, antibody against
bFGF (basic fibroblast growth factor)
secreted by a tumor administered to mice
bearing the tumor, resulted in dramatic
reduction in neovascularization and in tumor
volume.®! To engineer bFGF that was
secreted from the tumor, the cDNA for
human bFGF hybridized to a signal sequence
was transfected into normal mouse fibrob-
lasts.®! Furthermore, the structure of the
bFGF was modified by site-specific mutage-
nesis in which two serines were substituted
for cysteines. Thus, the bFGF released by the
tumor could be neutralized by a specific anti-
body that had no effect on natural bFGF. The
transfected fibroblasts became tumorigenic,
exported bFGF, and were highly angiogenic.
They formed large lethal tumors when
implanted into mice. Tumor angiogenesis
was mediated solely by bFGF released from
these tumors.

In an analogous experiment, a neutralizing
antibody to another angiogenic protein, vas-
cular endothelial growth factor (VEGF), was

administered to mice bearing tumors that
induced angiogenesis solely by VEGF.%2
Tumor growth was inhibited by more than
90%. The antibody had no effect on the tumor
cells in vitro. With but few exceptions, VEGF
is considered to be a specific mitogen for vas-
cular endothelial cells.®3

Specific immunologic inhibition of overexpres-
sion of the integrin orvP3 on capillary endothe-
lial cells resulted in apoptosis of proliferating
endothelial cells, blocked neovascularization,
and induced tumor regression.®

. Endogenous specific inhibitors of endothelial

proliferation and of angiogenesis include:
angiostatin, a 38 kDa internal fragment of
plasminogen (generated by Lewis lung carci-
noma), endostatin, a 20 kDa internal fragment
of collagen XVIII (generated from a murine
hemangioendothelioma), a 53 kDa conforma-
tionally changed fragment of antithrombin III
(generated from human small cell lung cancer),
and tumstatin, a 28 kDa internal fragment of
collagen IV (o0 3NC1 domain).%7! They do
not inhibit proliferation of resting confluent
endothelial cells, epithelial cells, smooth-
muscle cells, fibroblasts, or tumor cells in vitro.
These proteins inhibit angiogenesis in the
chick chorioallantoic membrane or in the
mouse cornea. Both primary and metastatic
tumors are markedly inhibited and tumor
regression has been achieved without toxicity
or drug resistance.%”
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6. In SCID mice bearing human pancreatic can-

cer, human recombinant endostatin was
injected into the peritoneal cavity once daily,
or delivered continuously by an implanted
micro-osmotic pump that released 1 micro-
liter/hour.”? Continuous dosing inhibited
tumor growth 10-fold more effectively than
once a day bolus dosing and also induced
tumor regression, whereas bolus dosing did
not (Figure 11-1).

. An antibody to two receptors of VEGF called

VEGF-Trap, inhibits growth of VEGF pro-
ducing tumors in mice.”?

Genetic evidence Genetic evidence that

tumors are angiogenesis dependent began to be
reported by the mid-1990s and provides the most
compelling proof that tumors and their metas-
tases cannot not grow beyond a microscopic in
situ size without recruiting new microvessels.
These experiments are based on (1) transfection
of dominant-negative receptors for a proangio-
genic protein into endothelial cells in the tumor
bed, (2) transfection of genes for antiangiogenic
proteins into tumor cells, (3) regulation of the
expression of angiogenic oncogenes, and (4)
manipulation of developmental genes. Some
examples are listed below.

. The growth of brain tumors in nude mice was

significantly inhibited or prevented when
tumor angiogenesis was suppressed by a

Human recombinant endostatin: Continuous vs. bolus
therapy of human pancreatic cancer (BxPC3).

1000

o
o
o

<« Bolus

D
o
o

.J:-.
o
o

200

Tumor Volume (mm3)

P\, < ? » ? «——Controls > &

% inhibition of
tumor growth
Dose
(mg/kg/d)
2 mg 33%
A 6mg 52%
20 mg 66%
2 mg 68%
6 mg 81%
20 mg 97%

21
Treatment Days

(This tumor is p53 -/-)

Figure 11-1 Continuous administration of endostatin is ten times more effective than the same dose given once a day
as a bolus. Continuous dosing can regress tumors whereas bolus dosing does not. In this paper the pharmacokinetics
show that bolus dosing gives a high peak of endostatin with a rapid fall below effective theraputic levels. In contrast, con-
tinuous dosing provides constant therapeutic levels of 200 ng/ml up to 250 ng/ml. The implication of this study is that in
order to stop tumor growth or to induce tumor regression, endothelial cells in the tumor bed must be continuously
exposed to therapeutic levels of inhibitor to counteract stimulators of endothelial growth which constantly bathe the
endothelium.”? (Four-color version of figure on CD-ROM)
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strategy in which a dominant-negative
mutant of the receptor (Flk-1) for the angio-
genic protein VEGF was introduced into host
endothelial cells (carried by a retrovirus).
This signaling-defective receptor mutant
formed an inactive dimer with the native Flk-
1 receptor on endothelial cells and prevented
the formation of new capillary blood vessels
in response to VEGF released by the tumor.”*

2. Transformed cells were not tumorigenic until
after they had become angiogenic by down-
regulating expression of thrombospondin-1 a
process that was p53-dependent.”>

3. Transfection of normal human cells with the
SV40 large T oncogene, generated immortal-
ized cells in vitro. However, when these cells
were inoculated into mice they formed
microscopic sized nonangiogenic tumors that
did not grow beyond approximately 1 mm
diameter.”® A subsequent transfection with
the ras oncogene switched the cells to the
angiogenic phenotype, upregulated VEGF
production, downregulated production of tis-
sue inhibitors of metalloproteinases, and
generated highly neovascularized, rapidly
growing tumors.

4. Downregulation of the ras oncogene in a
melanoma driven by doxycycline inducible
ras, led to massive apoptosis of microvascu-
lar endothelium in the tumor bed starting
within 6 hours. Tumor cells began to die days
later, and large tumors had completely disap-
peared by 12 days.”’

5. When tumor cells were transfected with the
cDNA for angiostatin and implanted into
mice, the higher the secretion of angiostatin,
the slower the growth of tumors. However,
tumor cell proliferation in vitro was not
affected by angiostatin transfection.”®

6. When tumors were transfected with the
secretable antiangiogenic protein thrombo-
spondin-1 (TSP-1) and/or thrombospondin-2
(TSP-2), tumor growth was directly propor-
tional to suppression of angiogenesis.
Tumor growth was inhibited up to 100% ( ie,
microscopic dormant tumor or no tumor)
when angiogenesis was suppressed
completely. Tumor cell proliferation was
independent of level of TSP-1 or TSP-2
production.”®

7. 1d1 and Id3 are helix-loop-helix proteins
that may control differentiation by interfer-
ing with DNA binding of transcription fac-
tors. After targeted disruption of one allele
of Id1 and two alleles of 1d3, three different
types of implanted tumors failed to induce
angiogenesis, their growth was severely
restricted, and they did not metastasize.80
However, when these mice were injected
with bone marrow from wild-type mice
containing normal Idl and Id3 markers,
progenitor endothelial cells expressing Id1
and 1d3 circulated from the bone marrow to
the tumor vascular bed and permitted the
tumors to undergo neovascularization and
to grow.8!

METASTASIS IS ALSO ANGIOGENESIS DEPENDENT
Experimental and clinical evidence suggests that
the process of metastasis is also angiogenesis
dependent. For a tumor cell to metastasize suc-
cessfully, it must breach several barriers and
respond to specific growth factors.82-8¢ Thus,
tumor cells must gain access to the vasculature in
the primary tumor, survive the circulation, arrest in
the microvasculature of the target organ exit from
this vasculature, grow in the target organ, and
induce angiogenesis.®* % Therefore, angiogenesis
appears to be necessary at the beginning as well as
at the completion of the metastatic cascade.

In experimental animals, tumor cells are
rarely shed into the circulation before a primary
tumor is vascularized, but they can appear in the
circulation continuously after neovasculariza-
tion.”1-92 The number of cells shed from the pri-
mary tumor appears to correlate with the density
of tumor blood vessels as well as with the num-
ber of lung metastases observed later. Tumor
cells can enter the circulation by penetrating
through proliferating capillaries that have frag-
mented basement membranes and are leaky.?%9?
Further, angiogenic factors from tumors such as
bFGF and VPF/VEGF induce increased produc-
tion of plasminogen activator and collagenases
in proliferating endothelial cells, thus further
contributing to degradation of basement mem-
branes.”* %% These degradative enzymes may
facilitate the entry of tumor cells into the circu-
lation. Tumor cells may not immediately become
neovascularized after reaching the target organ.
Such a metastasis lacking angiogenic activity for
a variety of reasons may remain as a microscopic
tumor of 100 to 200 um diameter indefi-
nitely.4297:98 It has been the conventional wis-
dom that in human dormant micrometastases
(eg, metastases appearing 5 to 10 years after
removal of a breast cancer), tumor cells are not
cycling or are in Go. However, increasing exper-
imental evidence, indicates that micrometastases
can be held dormant by blocked angiogenesis
that results in a balance of tumor cell pro-
liferation and apoptosis.*>7 Finally, experimen-

Human melanoma
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tal metastases are as susceptible as primary
tumors to control by specific angiogenesis
inhibitors.%>-%¢ However, the relative efficacy of
a given angiogenesis inhibitor can be affected by
differences in metastatic sites and by the pres-
ence or absence of the primary tumor.%

PREVASCULAR PHASE LIMITS TUMOR EXPANSION
During the prevascular phase, when angiogenic
activity is absent or insufficient, tumors remain
small, with volumes measured in a few cubic
millimeters. Growth of the whole tumor is slow,
and doubling times for the whole tumor may be
years. However, this does not mean that the
tumor cells are proliferating slowly. Experimen-
tal studies show that tumor cells in a prevascular
neoplasm may have a [3H]thymidine labeling
index as high as that of a large vascularized
tumor. The difference between the two is that the
prevascular tumor reaches a steady state in which
generation of new tumor cells is balanced by
tumor cell apoptosis.”?

When the prevascular phase of bladder can-
cer, cervical cancer, or cutaneous melanoma is
first detected, these lesions are usually thin,
slowly growing, stable for months to years,
asymptomatic, and rarely metastatic.'%0-193 For
the majority of tumors, however, the prevascular
stage is clinically undetectable and can only be
observed microscopically. For example, in breast
and prostate cancer, carcinomas in situ can be
observed before and after neovascularization in
the same specimen,89-104.105

The size limits of experimental tumors when
angiogenesis is blocked or absent are between
approximately 0.2 mm diameter (eg, for lung
metastases in mice) and 2 mm (eg, for chon-
drosarcomas in rats,!% having a tumor popula-
tion of 105-10° cells).*%10 The differences in
size of prevascular (nonangiogenic) tumors may
be due in part to the capacity of tumor cells to sur-
vive under differing degrees of hypoxia (Figure
11-2).31:197 However, if cancer cells are already
angiogenic at the time of implantation, they can
initiate angiogenesis before the tumor population

Rat prostate cancer

Figure 11-2 Left Panel: A cuff of live tumor cells around a microvessel in a human melanoma growing in a SCID
mouse has an average radius of 85 microns. The appearance of an ellipsoid is due to the way the section is cut. Right
Panel: A cuff of rat prostate cancer cells around a microvessel has an average radius of 110 microns.?’ (Four-color ver-

sion of figure on CD-ROM)



would have reached the limiting size of a non-
neovascularized tumor (ie, 0.2 to 2 mm). The evi-
dence for this conclusion is from an experiment
in which only 20 to 30 angiogenic mammary
tumor cells were implanted into a transparent
skin chamber in a mouse.!%®1° The tumor cells
elongated by day 2, migrated toward the nearest
microvessels in a parallel orientation by day 4,
divided undirectionally, induced vascular dilation
and tortuosity in the neighboring microvessels by
day 6, and stimulated new vascular sprouts and
loops with intermittent blood flow by day 8. By
this time, a microscopic colony of up to 300 to
400 cells was visible. Tumor cells preferentially
grew contiguous to the microvessel sprouts, and
by day 20 the tumor was filled with a newly
formed vasculature. When angiogenesis was pre-
vented by injection into the chamber of a trun-
cated soluble receptor (Flk 1) for vascular
endothelial growth factor (VEGF), some tumor
cells underwent apoptosis and microscopic
tumors regressed or became dormant within 5
days (ie, before the appearance of neovascular
sprouts). The soluble receptor potently inhibited
endothelial cell proliferation in vitro, but had no
effect on tumor cells. This result provides evi-
dence for the operation of a two-way paracrine
exchange of growth factors and survival factors
between tumor cells and neighboring vascular
endothelial cells (see below). In this model,
tumor cells secrete angiogenic proteins that acti-
vate endothelial cells to elaborate chemoattrac-
tants for tumor cells. Simultaneously, the acti-
vated endothelium forms new vascular sprouts
directed toward the tumor. Vascular endothelial
cells can produce at least 20 mitogens and anti-
apoptotic factors.!'” Many of these proteins, such
as basic fibroblast growth factor (bFGF) and hep-
arin-binding epithelial growth factor (HB-EGF),
are stored in the extracellular matrix and could be
mobilized by VEGF stimulation of endothelial
cells to secrete proteases. 00

It is also possible that VEGF elaborated from
tumor cells increases the permeability of local
microvessels so that the tumor microcolony is
bathed in nutrients even before neovasculariza-
tion begins. The diffusion of nutrients (and oxy-
gen) into the tumor bed would also be facilitated
by loss of pericytes from microvessels due to
endothelial elaboration of angiopoietin-2.!1!
Endothelial cells up-regulate expression of
angiopoietin-2 in the presence of tumor cells.
Further, plasma and fibrin leakage from the
microvessels could facilitate chemotaxis and
alignment of tumor cells, as well as subsequent
migration of endothelial cells.!'2113 VEGF also
up-regulates synthesis of nitric oxide in vascular
endothelium.!'4-116 Vasodilation and vessel tor-
tuosity permit endothelial elongation and thus
may be a prerequisite for endothelial cells to
undergo mitosis and migration in response to
angiogenic factors like VEGF.!!7 Even highly
transformed neoplastic cells respond more effi-
ciently to mitogens when the cells are elongated
or spread than when they are rounded.! 18119 Fur-
thermore, when well-vascularized tumors in

mice were treated with antiVEGF monoclonal
antibodies, there was a dramatic reduction in
diameter, tortuosity, and vascular permeability in
the tumor vessels.”®

In summary, when a microscopic population
of tumor cells emerges in avascular epidermis or
mucosa—before becoming angiogenic—it may
remain dormant as an in situ carcinoma sepa-
rated from its vascular bed by a basement mem-
brane.*¢ If a nonangiogenic tumor emerges in
vascularized tissue (ie, an islet cell carcinoma) or
as a micrometastasis, it may form a microcylin-
der of tumor cells around preexisting capillary
vessels (also called cooption).42:46-37:58.98 Tpy a]]
of these situations, the pre-angiogenic tumor is
restricted in size to a range of approximately 0.2
mm to 2 mm diameter.*?19€ In contrast, a micro-
scopic population of angiogenic tumor cells may
begin to modify microvessels in the neighbor-
hood by inducing an increase in vascular perme-
ability, dilation, and tortuosity even before the
induction of new vascular sprouts.°

HUMAN TUMORS AND SPONTANEOUS ANIMAL
TUMORS SWITCH TO AN ANGIOGENIC PHENOTYPE
Mechanisms of the angiogenic switch Nor-
mal cells that have been transformed to neoplas-
tic cells are not usually angiogenic at the outset.
Experimental studies of spontaneous tumors in
transgenic mice reveal that the angiogenic switch
is a discrete event that develops during progres-
sive stages of tumorigenesis, beginning with the
premalignant stage in these mouse mod-
els.46:120.121 By the time most human tumors are
detected, for example, by a positive mammo-
gram, neovascularization has usually occurred.
However, most human tumors arise without
angiogenic activity, exist in situ without neovas-
cularization for months to years, and then switch
to an angiogenic phenotype.!2! Therefore, the
angiogenic phenotype appears after the expres-
sion of the malignant phenotype in the majority
of primary tumors. However, for certain human
tumors such as carcinoma of the cervix, the pre-
neoplastic stage of dysplasia becomes neovascu-
larized before the malignant tumor appears.!0?
This sequence of events also occurs in certain
spontaneously arising tumors in animals.

At least four mechanisms of the angiogenic
switch have been identified in both human tumors
and spontaneous tumors in mice (Table 11-1).

Prevascular tumors recruit their own blood
supply  This is the most common mechanism of
the angiogenic switch. Approximately 95% of
human cancers are carcinomas that originate as
microscopic in situ lesions in an avascular
epithelial layer separated by a basement mem-
brane from underlying vasculature in the dermis
or submucosa, respectively. In microscopic duc-
tules of breast or prostate containing in situ car-
cinoma that has switched to the angiogenic phe-
notype, one can observe a ring of new
microvessels encircling the ductule. However,
these vessels remain temporarily separated from
the tumor cells by intact basement membrane.
The basement membrane is a physical and
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Table 11-1

Metastatic Patterns in Cancer Patients

1 +*+ 0 months
1I A +

1 0 +

v F 0 years
A% 83 A

Metastases regress when primary tumor removed;
renal carcinoma, rare.

Clinical patterns of metastasis may be governed by angiogenic
mechanisms. Roman numerals define a patient class.

molecular barrier to migrating endothelial cells.
For example, tumstatin, a potent inhibitor of
endothelial cell migration and proliferation is
found in collagen IV.”! After the basement mem-
brane has been breached by new vessel sprouts,
tumor cells form multiple cell layers around each
new capillary blood vessel.!?2 The radius of
these microcylinders is restricted to the oxygen
diffusion limit for a given tumor type as origi-
nally defined by Thomlinson and Gray.>’° For
example, for a human melanoma, the oxygen dif-
fusion limit is approximately 85 um. Beyond that
distance from a capillary blood vessel, virtually
all tumor cells are apoptotic (or necrotic). Within
that radius, most tumor cells are viable (see Fig-
ure 11-2). For a prostate carcinoma the oxygen
diffusion limit is approximately 110 wm, and
it may be greater for certain tumors, such as
for a chondrosarcoma or a tumor in which p53
is mutated or absent, but rarely would 200 pm
be exceeded.

Circulating endothelial stem cells in tumor
angiogenesis Recent experimental and clinical
evidence reveals that circulating endothelial pro-
genitor cells derived from stem cell reservoirs in
the postnatal bone marrow can be recruited to the
vascular bed of tumors and contribute to tumor
growth.81-123-135 Functional vascular endothelial
growth factor receptor-1 (VEGFR-1) is
expressed on hematopoietic stem cells (CD34"
in humans and Lin"Sca-1"¢-Kit" in mice).!33
Functional VEGFR-2 is expressed on CD34"
AC133" progenitor human endothelial cells.
VEGEF elaborated by a variety of tumor signals
through both VEGFR-1 (Flt-1) and VEGFR-2
(Flk-1), can mobilize progenitor endothelial
cells into the circulation where they are recruited
into the vascular bed of certain tumor types, but
not others.8!

Before endothelial progenitor cells can leave
the bone marrow, they must transfer (along with
hematopoietic stem cells) from the quiescent to
the proliferative niche within the marrow. Mobi-
lization of hematopoietic stem cells and progen-
itor endothelial cells necessary for their transfer
to the proliferative niche is dependent upon
release of soluble Kit-ligand, which itself
depends upon upregulation of metallopro-
teinase-9.134 Thus, the microvascular endothelial
cells in the vascular bed of a tumor may be
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recruited both from the local neighborhood as
well as from the bone marrow. Rafii has shown
that the ratio of these endothelial cells from dif-
ferent sources may differ by tumor type (S. Rafii,
personal communication,). For example, in lym-
phomas the majority (>90%) of endothelial cells
are derived from the bone marrow. In breast can-
cer, bone marrow-derived endothelial cells may
approximate the number of endothelial cells
from the local neighborhood. In contrast, in
prostate cancer the majority of endothelial cells
are recruited locally and very few come from the
bone marrow. At this writing, the ratios of bone
marrow-derived endothelium and local endothe-
lium have not been elucidated for a wide variety
of tumors. Nevertheless, the possible implica-
tions of these studies are provocative.

First, the efficacy of conventional chemo-
therapy may turn out to correlate with the percent
of bone marrow-derived endothelial cells in a
tumor. Second, during conventional chemother-
apy, the off therapy intervals necessary to rescue
bone marrow may result in a surge of progenitor
endothelial cells that could traffic to the tumor
(S. Rafii, personal communication, 2002). Third,
certain angiogenesis inhibitors may suppress the
release of bone marrow-derived progenitor
endothelial cells. Angiostatin targets progenitor
endothelial cells; endostatin induces apoptosis in
circulating endothelial cells in tumor-bearing
mice, and thalidomide decreases circulating
endothelial cells by 10-fold in multiple
myeloma.!3¢-138 Endothelial cells (P1H1-12) in
the circulation may be shed from the vascular
bed of a tumor, especially after therapy when
apoptotic endothelial cells may appear in the cir-
culation. Some of these cells may be apoptotic
(J. Heymach and S. Soker, unpublished data).
Quantification of these two populations of circu-
lating endothelial cells, bone marrow-derived
progenitor endothelial cells and endothelial cells
shed from the vascular bed of a tumor, is cur-
rently being evaluated as a potential surrogate
marker for efficacy of antiangiogenic therapy, or
perhaps for chemotherapy.

Circulating VEGF may be one of the angio-
genic signals by which tumors can recruit
endothelial cells from bone marrow. Subcuta-
neously implanted collagen gels embedded with
VEGF are invaded by endothelial cells from
bone marrow as well as from the local neighbor-
hood.?! VEGF serum concentrations closely cor-
relate with platelet counts in cancer patients.
VEGEF is stored, transported, and released from
platelets.353-356 Furthermore, Pinedo and col-
leagues report that platelet counts have prognos-
tic significance for cancer patients: higher
platelet counts correlate with a worse progno-
sis.337-359 Therefore, it is possible that for those
types of tumors that recruit bone marrow-
derived endothelial cells, communication from
tumor to bone marrow may be mediated in part
by the VEGF in circulating platelets. At this writ-
ing, these results have as yet no direct impact on
clinical cancer therapy. However, oncologists
should be aware of a potential role for platelets in

cancer growth, and in tumor angiogenesis. For
example, bone marrow-supportive agents, cur-
rently used in high-dose chemotherapy, con-
tribute to platelet production and thereby may
influence response to therapy.3>’

Nonendothelial host cells may amplify
tumor angiogenesis In addition to recruiting
vascular endothelium from the host, certain
tumors may also attract mast cells, macrophages,
and inflammatory cells.!3%-142 These cells can
amplify tumor angiogenesis by releasing proan-
giogenic molecules such as bFGEF, or by releasing
metalloproteinases that can mobilize VEGF and
other angiogenic proteins.!06:113.139.143 Tymor
angiogenesis and tumor growth are significantly
diminished in mice deficient in metallopro-
teinase-9.!4! Certain tumor cells may also trigger
host stromal cells in the tumor bed to overexpress
the angiogenic protein VEGF.!4* This is another
mechanism of amplification of the angiogenic
phenotype once it has been initiated.

Vessel cooption In certain metastases (eg,
the mouse brain), it has been shown that tumor
cells exit from microvessels in the target organ,
begin to grow around these vessels, cause the
endothelial cells to undergo apoptosis, and
finally induce neovascular sprouts from neigh-
boring vessels. This process, called “cooption,”
may represent an intermediate or alternative step
in the switch to the angiogenic phenotype.3’-38

The general hypothesis that tumors are
angiogenesis dependent and that antiangiogenic
therapy is a method of controlling tumor growth
operates for any or all of these mechanisms of
angiogenic switching.

Persistence of nonangiogenic tumor cells in
the vascularized tumor After a nonangiogenic
microscopic in situ carcinoma has become neovas-
cularized, a significant percentage of tumor cells
remain nonangiogenic.? The vascularized human
primary tumors that we have studied in the Folk-
man lab so far, generally appear to contain a mix-
ture of angiogenic and nonangiogenic tumor cells.
The nonangiogenic tumor cells can be isolated
from a human tumor removed at surgery by
implanting numerous tiny pieces (1 mm?) of tumor
into the subcutaneous dorsum of immunodeficient
SCID mice, or by implanting cultured human
tumor cells.2 While a few tumors grow to a palpa-
ble and visible size (100 mm?3 to >1,000 mm?)
within a few weeks, and a few others appear after
several months, most human tumor transplants
remain invisible in the majority of mice, a phe-
nomenon called “no take.” However, upon opening
the skin of these mice, one invariably finds a tiny
(<0.5 to 1 mm?) whitish avascular or poorly vascu-
larized tumor that is transplantable, contains pro-
liferating and apoptotic tumor cells, but does not
expand nor metastasize. A few of these nonangio-
genic dormant tumors have spontaneously become
angiogenic after 1 or more months, depending on
the tumor type and have then grown. Others (eg,
osteosarcoma) have remained nonangiogenic and
dormant up to 3 years after being transplanted to
new mice every 8 months (Figure 11-3).2% Some
tumor types that remain nonangiogenic can be
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Figure 11-3 Tumor growth curves of subcutaneous
xenotransplants of human liposarcoma in severe com-
bined immunodeficient (SCID mice). Tumor cells were
transplanted into groups of 28 mice. A majority of tumors
remained as non-angiogenic in situ tumors of less than
one cubic millimeter beyond 150 days. Some tumors
switched to the angiogenic phenotype by approximately
30 days, while others did not become angiogenic until 100
days or more. Once the tumors were angiogenic, the
growth rates of the angiogenic tumors were similar to
each other. This experiment reveals that human tumors
that are angiogenic contain subclones of non-angiogenic
tumor cells mixed with angiogenic tumor cells.2

rapidly switched to the angiogenic phenotype
by transfection with the ras oncogene, which
significantly increases tumor cell production
of VEGF and decreases thrombosponsin-1 pro-
duction.”” Labeling the nonangiogenic tumor
cells by transfection with green fluorescent
protein (GFP), permits them to be visualized
beneath the skin. When the green nonangio-
genic tumor cells are mixed 1:1 with angio-
genic tumor cells that are not labeled, or mixed
with angiogenic tumor cells transfected with
red fluorescent protein (T. Udagawa et al
unpublished data), the resulting large neovas-
cularized tumor, which grows up rapidly, con-
tains tiny (<0.5 mm) green nonangiogenic
colonies dispersed throughout.”® When the
nonangiogenic green tumor cells are mixed
with a decreasing fraction of angiogenic tumor
cells, there is a long latent period of one or
more months before neovascularized tumors
arise. The latent period appears to be the time
required for the angiogenic tumor cells to
accumulate to a threshold population sufficient
to recruit new blood vessels for the whole
tumor. Once neovascularization has occurred,
spontaneous metastases may appear in the lung
(depending on tumor type). Non-angiogenic
tumor cells form microscopic nonangiogenic
metastases (T. Udagawa et al, unpublished
personal communication). These studies indi-
cate that a nonangiogenic, dormant primary
tumor may not shed tumor cells into the circu-
lation. Once it switches to the angiogenic
phenotype, it may then shed both angiogenic
and nonangiogenic tumor cells into the circula-
tion. The nonangiogenic tumor cells may be the
source of microscopic metastases that are
capable of remaining dormant for prolonged
periods. It has also been reported that in some
instances, tumor cells may remain dormant as
solitary cells.!43-146



Molecular components of the angiogenic
switch The first proteins that regulate angio-
genesis were discovered in the early 1980s.

Promoters of angiogenesis The observa-
tion in the 1970s that tumors implanted into the
avascular cornea or onto the vascularized chick
chorioallantoic membrane induced an ingrowth
of new capillaries indicated that tumors released
diffusible angiogenic factors.*® This result moti-
vated the development of in vitro and in vivo
bioassays to guide the search for tumor-derived
angiogenic factors.!47-149

Fibroblast growth factors Basic fibroblast
growth factor (bFGF or FGF-2) was the first
angiogenic protein to be isolated and purified
from a tumor (1982), followed shortly by acidic
FGF (aFGF or FGF-1).2%150-152 There is exten-
sive literature on the FGFs and their receptors
(reviewed in Amalric and colleagues).'>3 Acidic
and bFGFs stimulate endothelial cell mitosis and
migration in vitro and are among the most potent
angiogenic proteins in vivo. They have high
affinity for heparin and heparan sulfate, are
stored in extracellular matrix, but lack a signal
sequence for secretion.!3* The expression of
bFGF receptors is very low. Although many dif-
ferent cells synthesize bFGF, including tumor
cells of the central nervous system, sarcomas,
genitourinary tumors, and even endothelial cells
in the tumor vasculature, it is not clear how
bFGFs, in the absence of a signal sequence, are
exported from tumors, unless proteinases or hep-
aranases mediate release of FGF from extracel-
lular matrix.!43:154-158 Recent work on identifi-
cation of an FGF-binding protein secreted by
tumors into the extracellular matrix may illumi-
nate a mechanism of tumor mobilization of
stored FGFs.!13%:160.161  Eyrthermore, some
tumors recruit macrophages!? and activate them
to secrete bFGF,!43 whereas others attract mast
cells, which, because of their high content of
heparin, could sequester bFGF. In spontaneous
tumors that arise in transgenic mice, aFGF and
bFGF are exported into conditioned medium by

angiogenic tumor cells but not by pre-angiogenic
cells in earlier stages of tumor progression.>*120
bFGF is not a specific endothelial mitogen, but
has several cell targets including fibroblasts,
smooth-muscle cells, and neurons. Therefore, it
is puzzling why experimental tumors transfected
with bFGF containing an engineered signal
sequence stimulate mainly endothelial prolifera-
tion almost to the exclusion of smooth muscle
and fibroblast proliferation.®!:103 However, the
ability of endothelial-derived angiopoietin-2 to
repel smooth muscle or to prevent smooth mus-
cle or pericytes from intimate contact with
endothelial cells may explain this phenomenon
in part (see Angiopoietins below).164-166
bFGF interferes with adhesion of leukocytes
to endothelium, and it has been suggested that
tumors that elaborate bFGF may produce a form
of local immunologic tolerance.!67-169
Abnormally elevated levels of bFGF are
found in the serum and urine of cancer patients
and in the cerebrospinal fluid of patients with
different types of brain tumors.!7%:171 High
bFGF levels in renal carcinoma correlate with a
poor outcome.'”2 Also, bFGF levels in the urine
of children with Wilms’ tumor correlate with
stage of disease and tumor grade.!”
VEGF/VPF Dvorak first proposed that
tumor angiogenesis is associated with increased
microvascular permeability.!’* This led to the
identification of vascular permeability factor
(VPF).175-177 VPF was subsequently sequenced
by Ferrara and shown to be a specific inducer of
angiogenesis called vascular endothelial growth
factor (VEGF).!7¢17% Since then, more than 15
angiogenic inducers have been identified, most
of them as tumor products (Table 11-2).!80
VEGF is an endothelial cell mitogen and
motogen that is angiogenic in vivo.!81-183 Jtg
expression correlates with blood vessel growth
during embryogenesis and is essential for devel-
opment of the embryonic vascular system, !84-186
VEGF expression also correlates with angiogene-
sis in the female reproductive tract, and in

Table 11-2 Endogenous Angiogenesis Promoters

Protein Molecular Mass (kDa) Year
FGF-3 18 1984
FGF-a 16.4 1984
Angiogenin 14.1 1985
Transforming growth factor-ou 5.5 1986
Transforming growth factor-f3 25 1986
Tumor necrosis factor-ou 17 1987
Vascular endothelial growth factor 40-45 1983
(VPF/VEGF) 1989
Platelet-derived endothelial growth factor 45 1989
Granulocyte colony-stimulating factor 17 1991
Placental growth factor 25 1991
Interleukin-8 40 1992
Hepatocyte growth factor 92 1993
Proliferin 35 1994
Angiopoietin-1 70 1996
Leptin 16 1998
FGF- = basic fibroblast growth factor; FGF-o. = acidic FGF; VPF = vascular permeability factor.
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tumors. 8719 VEGF is a 40 to 45 kDa homodi-
meric protein with a signal sequence secreted by a
wide variety of cells and the majority of tumor
cells. VEGF exists as five different isoforms of
121, 145, 165, 189, and 206 amino acids, of which
(VEGFjs¢s is the predominant molecular species
produced by a variety of normal and neoplastic
cells). Two receptors for VEGF are found mainly
on vascular endothelial cells, the 180 kDa fms-
like tyrosine kinase (Flt-1)!°! and the 200 kDa
human kinase insert domain-containing receptor
(KDR) and its mouse homolog, Flk-1.192 VEGF
binds to both receptors, but KDR/Flk-1 transduc-
ers the signals for endothelial proliferation and
chemotaxis .7-193-196 Other structural homologues
of the VEGF family have recently been identified,
including VEGF-B, VEGF-C, VEGF-D, and
VEGEF-E.197.198 VEGF-C binds to Flt-4, which is
preferentially expressed on lymphatic endothe-
lium. 99200 Neuropilin-1, a neuronal guidance
molecule, is a recently discovered receptor for
VEGF 65, but not for VEGF21.2°! Neuropilin is
not a tyrosine kinase receptor and is expressed on
nonendothelial cells, including tumor cells. This
allows VEGF that is synthesized by tumor cells to
bind to their surface. Surface-bound VEGF could
make endothelial cells chemotactic to tumor cells,
or it could act in a juxtacrine manner to mediate
cooption of microvessels by tumor cells.
Neuropilin also binds placenta growth factor-2
(PIGF-2) and heparin is essential for the binding
of VEGF 65 and PIGF-2 to neuropilin-1.57-202 The
natural cell surface polysaccharide in vivo is hep-
aran sulfate, not heparin. Heparan sulfate may act
as a template to accelerate the interaction of
VEGF or PLGF-2 with VEGF. VEGF expression
by tumors is up regulated by hypoxia and is often
elevated near areas of tumor necrosis.?03-207
Hypoxia activates a hypoxia inducible factor-1
(HIF-1)-binding sequence in the VEGF promoter,
which leads to VEGF mRNA transcription and
stability.”-203

VEGEF expression is also upregulated by the
ras oncogene. The farnesyl transferase inhibitors
inhibit ras expression. It has been suggested that
at least one mechanism of their antitumor effect
may be to inhibit angiogenesis by inhibiting
VEGF expression.208

VEGF expression is inhibited by the von
Hippel Lindau (VHL) protein.2® The VHL
tumor suppressor gene is inactivated in patients
with VHL disease and in most sporadic clear-cell
renal carcinomas.?!%-2!1 The VHL gene nega-
tively regulates a series of hypoxia-inducible
genes, including the VEGEF, platelet-derived
growth factor (PDGF) B, and the glucose trans-
porter GLUT1 genes.2%%212 When VHL is
mutated or deleted, these genes are overex-
pressed even under normoxic conditions. A
recent important therapeutic advance employed
an inhibitor (SU5416) of the VEGF receptor
(VEGFR2) to restore sight in a patient with von
Hippel Lindau syndrome who had a heman-
gioblastoma in the retina of her only eye.2!3

VEGEF also induces fenestrations in endothe-
lium of small venules and capillaries and even in
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tissues where microvessels are not normally fen-
estrated.?!>214 The increased permeability of
tumor vessels as revealed, for example, by the
edema of brain tumors, may be partly mediated
by VEGF-induced fenestrations.?!3

It is possible that certain other positive reg-
ulators of angiogenesis may operate through
VEGF or be VEGF-dependent. It remains to be
seen whether the high angiogenic activity of
bFGF is somehow acting indirectly through
another endothelial mitogen such as VEGF
(see below), because of the following observa-
tions. First, bFGF induces the expression of
VEGF.2!6 Second, the two endothelial mito-
gens act synergistically216-217.218.219 o gtimy-
late capillary tube formation in vitro. Third,
systemic administration of a soluble receptor
for VEGF (Flk-1) partially blocks cornea
angiogenesis induced by implanted bFGF (R.
D’Amato and C. Kuo, unpublished data).
Another positive regulator of angiogenesis,
transforming growth factor (TGF)-f3, may also
be dependent on VEGE. VEGF mRNA and pro-
tein are induced in fibroblasts and epithelial
cells by TGF-B.220 In contrast, mRNA for pla-
cental growth factor, an angiogenic protein
related to VEGF, is not induced by TGF-J.

These recent findings suggest that the
angiogenic effect of TGF-P is mediated partly
by its induction of VEGF in tissues. A clinical
implication of these studies is that angiogene-
sis inhibitors that block VEGF may inhibit
other angiogenic promoters as well.

Angiopoietins Angiopoietin-1 is a 70
kDa ligand that binds to a specific tyrosine
kinase expressed only on endothelial cells,
called Tie2 (also called Tek). A ligand for Tiel
has not been elucidated.?2!-225 Like VEGF,
angiopoietin-1 is an endothelial cell specific

growth factor. Angiopoietin-1, however, is not
a direct endothelial mitogen in vitro. Rather, it
induces endothelial cells to recruit pericytes
and smooth muscle cells to become incorpo-
rated in the vessel wall. Pericyte and smooth
muscle recruitment are mediated by endothe-
lial production of PDGF-BB (and probably
other factors) when Tie2 is activated by
angiopoietin-1.22 There is increased vascular-
ization in mice that overexpress angiopoietin-1
in the skin.?24 The vessels are significantly
larger than normal and the skin is reddened.
The vessels are not leaky and there is no skin
edema, in contrast to dermal vessels of mice
overexpressing VEGF. In double transgenic
mice expressing both angiopoietin-1 and
VEGF in the skin, dermal angiogenesis is
increased in an additive manner, but the vessels
do not leak.22” This model closely approxi-
mates angiogenesis in healing wounds (ie, rel-
atively nonleaky vessels with pericytes and
some perivascular smooth-muscle cells con-
tained in the vascular wall). In contrast, tumor
vessels are leaky and thin-walled with a
paucity of pericytes. Angiopoietin-2, produced
by vascular endothelium in a tumor bed, blocks
the Tie-2 receptor and acts to repel pericytes
and smooth muscle.?25 Nevertheless, tumor
vessels remain thin “endothelium-lined tubes”
even though some of these microvessels reach
the diameter of venules (Figure 11-4). A key
point is that angiopoietin-2 and VEGF together
increase angiogenesis. However, if VEGF is
antagonized or withdrawn at this point,
endothelial cells may undergo apoptosis and
new microvessels can regress.

It is useful for clinicians to think of two
classes of angiogenesis inhibitors: direct and
indirect (Figure 11-5).37

MCa-4 tumor & - .
. CDB31 immunoreactivity

Lectin binding

Figure 11-4 Blood vessels ina MCa-IV breast cancer. Tumors were transplanted into mice and subsequently
the tumors were perfused with fixative so that the microvessels would not be compressed. From Professor
Donald McDonald, University of California, San Francisco.!?2 (Four-color version of figure on CD-ROM)

Indirect angiogenesis inhibitors These
inhibitors generally decrease or block expression
of a tumor cell product, neutralize the tumor
product itself, or block its receptor on endothe-
lial cells (Figure 11-6). Many of these tumor cell
proteins are the products of oncogenes that drive
the angiogenic switch. Rak and Kerbel reviewed
the impact of 15 different oncogenes on tumor
angiogenesis (Table 11-3).37-228-230 [n vitro
assays were originally employed to elucidate the
activities of oncogene and tumor suppressor
gene products, including, proliferation of cancer
cells, resistance to apoptosis, immortalization,
and anchorage independence.??822% In these in
vitro assays, increased cancer cell proliferation
and decreased apoptosis associated with onco-
gene mutations correlated so well with tumor
growth in vivo, there was at first no indication
that oncogenes could also upregulate angiogenic
activity in tumor cells.?3! Nor was there any
basis to predict that novel anticancer drugs,
which inhibit oncogene activity by inhibition of
its signal transduction, (eg, signal transduction
inhibitors such as Herceptin) could also block
proangiogenic products of tumor cells.23! Only
recently has it been recognized that many onco-
genes are proangiogenic, and that this may be a
major component of their tumorigenic activity.
The proangiogenic oncogenes (in addition to bel-
2) listed in Table 11-3 upregulate expression by
tumor cells of angiogenic proteins and/or down-
regulate inhibitors of angiogenesis.?28-232

Other experimental studies in which transfec-
tion with oncogenes increase tumor cell output
of proangiogenic proteins and/or decrease
expression of negative regulators of angiogene-
sis, support this concept.”6:77:99:230 For example,
when the bcl-2 oncogene was transfected into
prostate cancer cells that were already capable of
developing large neovascularized tumors, VEGF
expression and microvessel density both
increased significantly.23? Therefore, drugs that
target oncogenes, or their products, or the recep-
tors of those products, not only inhibit prolifera-
tion of tumor cells and increase their susceptibil-
ity to apoptosis, but, most importantly, these
drugs disrupt production of tumor angiogenesis.
Even re-activation of the tumor suppressor p53,
can inhibit angiogenesis by at least four different
mechanisms discussed below.”?-161:233.234 ¢ jg
not surprising then that certain anticancer drugs
developed for their capacity to block an onco-
gene product (for example, inhibitors of the EGF
receptor tyrosine kinase), may have significant
antiangiogenic activity, and that it will be “indi-
rect” (Tables 11-3 and 11-5).228:231.235 For exam-
ple, ras farnesyl transferase inhibitors block
oncogene signaling pathways which upregulate
tumor cell production of VEGF and downregu-
late production of the angiogenesis inhibitor,
thrombospondin-1.208

Why emphasize in this chapter that anti-
cancer drugs that target an oncogene product
may inhibit tumor angiogenesis? Because a clin-
ician armed with this knowledge should be bet-
ter able to optimize the dose and schedule of an
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Figure 11-5 Direct angiogenesis inhibitors are less likely to induce acquired drug resistance
because they inhibit endothelial cells in the tumor bed from responding to a wide spectrum of
pro-angiogenic proteins from tumor or from stroma. In contrast, indirect angiogenesis
inhibitors, block an oncogene expressed by the tumor, or a tumor cell product, or the receptor
for that product. This permits the emergence of mutants producing pro-angiogenic proteins that
might not be antagonized by the indirect angiogenesis inhibitor.

“antioncogene drug” or a “signal transduction
inhibitor” by following antiangiogenic guide-
lines.3” For example, if mutant tumor cells that
express an angiogenic protein different from the
one blocked by an “indirect” angiogenesis
inhibitor arise, the indirect angiogenesis
inhibitor may be discontinued prematurely, on
the assumption that the tumor had become drug

’ Avastin ’ ’ SU 11248
Blocks Neutralizes Blocks
production VEGF receptor
of VEGF for VEGF
(and other (and other
angiogenic angiogenic
stimulators) stimulators)

m

Endothelial cells

Figure 11-6 Examples of indirect angiogenesis
inhibitors that can block production of a tumor cell angio-
genic protein (Iressa), or neutralize a pro-angiogenic fac-
tor in the blood (Avastin), or block a receptor for a tumor
cell produced angiogenic factor (SU11248).

resistant, and because conventional chemother-
apy is traditionally discontinued in the presence
of acquired drug resistance (see Figurell-6).
However, it may be prudent to continue a drug
with significant antiangiogenic activity, espe-
cially if it is not toxic, and add a second angio-
genesis inhibitor. For example, trastuzumab
(Herceptin), an antibody that blocks HER-2/neu
receptor tyrosine kinase signaling, suppresses
cancer cell production of angiogenic factors such
as TGF-, angiopoietin-1, and plasminogen acti-
vator inhibitor-1 (PAI-1) and possibly
VEGF.231:235 Herceptin also up-regulates expres-
sion of an endogenous angiogenesis inhibitor,
thrombospondin, which may be the important
basis of its antiangiogenic activity.23* If tumor cells
begin to express a different angiogenic protein
such as bFGF, or interleukin-8 the tumor under
treatment may appear to have become “resistant”
to Herceptin.230-237 A similar speculation may
apply to certain epidermal growth factor (EGF)
receptor inhibitors such as Iressa (gefitinib; ZD
1839), or to other tumor cell products which regu-
late angiogenesis (see Table 11-3).237-238

Of interest is that certain tumors such as giant
cell bone tumors and angioblastomas, generate
only or mainly bFGEF, without usually expressing
other angiogenic proteins. When patients with
these tumors were treated with interferon-o. at
low daily doses, drug resistance was not
observed with therapy of 1 to 3.5 years dura-
tion.239-242 Interferon-a at low doses inhibits
bFGF production by tumor cells and would
therefore be considered an indirect angiogenesis
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inhibitor.2*3 However, interferon also inhibits
endothelial cell motility directly, and therefore
can be considered to have both direct and indi-
rect antiangiogenic activity.244

Direct angiogenesis inhibitors These
inhibitors directly block vascular endothelial
cells from proliferating, migrating or increasing
their survival in response to a spectrum of proan-
giogenic proteins, including VEGF, bFGE, IL-8,
PDGEF, and PD-ECGF and others (Table 11-4).
Direct angiogenesis inhibitors are less likely to
induce acquired drug resistance, because they
target genetically stable endothelial cells, rather
than unstable mutating tumor cells.?*> Tumors in
mice treated with antiangiogenic therapy did not
develop drug resistance.®® This does not mean
that angiogenesis inhibitors are less susceptible
to metabolic degradation, increased clearance
from the blood stream, or development of neu-
tralizing antibodies, than any other drug that is
administered systemically.

Direct angiogenesis inhibitors include (1)
certain synthetic inhibitors or peptides
designed to interfere with various steps in the
angiogenic process (eg, antagonists of the inte-
grin 0B33); or inhibitors of metalloproteinases;
(2) low molecular weight compounds (eg,
TNP-470), thalidomide, angiostatic steroids
such as tetrahydrocortisol, 2-methoxyestradiol,
and squalamine; and (3) endogenous (natural)
proteins, which generally prevent vascular
endothelial cells from responding to a wide
spectrum of angiogenic promoters (eg, inter-
feron-o, interleukin-12, platelet factor 4,
thrombospondin-1, angiostatin, endostatin,
arresten, canstatin, tumstatin, PEX, pigment
epithelium-derived factor, and antiangiogenic
antithrombin III (an internal fragment of

antithrombin III, named aaAT).28:59.64.65.67,
70,246,247-266

Table 11-3 Impact of Oncogenes or Potential
Oncogenes on Tumor Angiogenesis

Oncogene Implicated Proangiogenic Activity

K-ras, H-ras  VEGF upregulation, TSP-1
downregulation

V-src VEGF upregulation, TSP-1
downregulation

c-myb TSP-2 downregulation

N-myc angiogenic properties in neuroblastoma

c-myc angiogenic properties in epidermis

HER-2 VEGF upregulation

EGFR VEGE, bFGF, IL-8 upregulation

PyMT TSP-1 downregulation

c-fos VEGF expression

trkB VEGF downregulation

HPV-16 secretion of VEGF and IFN-o

v-p3k VEGF production and angiogenesis

oDC novel angiogenic factor

PTTGI VEGF and bFGF upregulation

E2a-Pbx1 induction of mouse angiogenin-3

bel-2 VEGF upregulation

bFGF = basic fibroblast growth factor; IFN = interferon; TSP =
thrombospondin; VEGF = vascular endothelial growth factor.
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Table 11-4 Direct Angiogenesis Inhibitors

Drug Endothelial Cell Target Clinical Trial
Angiostatin Binds to ATP synthase, angiomotin, and annexin II on endothelial Phase |
cells to inhibit endothelial cell proliferation and migration
Bevacizumab (Avastin) Recombinant humanized monoclonal antibody against VEGF Phase II and III
Arresten Believed to bind integrin-ot1B1 to inhibit endothelial cell No
proliferation, migration, tube formation, and neovascularization
Canstatin Believed to bind integrin-oyP3 to inhibit endothelial cell No
proliferation, migration, and tube formation
Combretastatin Microtubules: induces reorganization of the actin cytoskeleton Completed phase I
and early membrane blebbing in human endothelial cells
Endostatin Inhibits VEGF receptor. Binds and inhibits MMP2. Phase I and II
Blocks endothelial motility by binding to o5 and owv integrins.
Interferes with phosphorylation of eNOS at Ser 1177.
Inhibits cyclin D1 in endothelial cells. Prevents bFGF-induced
and VEGF-induced loss of adhesion of endothelial cells to
basement membrane
NM-3 An isocoumarin small-molecule that selectively inhibits endothelial Phase |
cell proliferation, sprouting, and tube formation in vitro
Thalidomide Inhibits bFGF-induced angiogenesis. Decreases VEGF and bFGF Phase 11
in plasma of multiple myeloma patients.
Decreases bone marrow-derived circulating endothelial cells by
10-fold toward normal in multiple myeloma.
Its antiangiogenic activity is not its relatively weak TNF-o activity
or its very weak immunosuppressive activity.
Thrombospondin Blocks endothelial cell migration and neovascularization in the No
cornea, but might not be specific for endothelial cells
Tumstatin Binds to integrin-oy3 on endothelial cells; inhibits endothelial No
cell proliferation and neovascularization
2-Methoxyestradiol Inhibits microtubule function in proliferating endothelial cells, Phase I and II
resulting in endothelial cell apoptosis
Vitaxin A humanized monoclonal antibody against of33 Phase I and II
eNOS= endothelial nitric oxide synthase; MMP = matrix metalloproteinase; TNF = tumor necrosis factor.

Endogenous Inhibitors of Angiogenesis
Angiostatin, endostatin, tumstatin, arresten,
canstatin and aaAT are specific angiogenesis
inhibitors that are endogenous. The rationale that
led to their discovery is discussed here in detail
because (1) these proteins have profoundly
changed our thinking about how primary tumors
and metastases regulate their own growth; (2) the
method of their discovery provides a unique
strategy that is leading to the elucidation of an
enlarging family of endothelial inhibitor proteins
which, under physiologic conditions, may act to
limit or prevent angiogenesis; and (3) endostatin
and angiostatin are currently in Phase II clinical

trials.207 Tumstatin is a candidate for future clin-
ical trials (see Clinical Trials below).

The first clue to the existence of endoge-
nous angiogenesis inhibitors came from the dis-
covery that interferon-o/-f inhibited endothe-
lial cell migration and that platelet factor-4
inhibited endothelial proliferation.244.260,268
Both were subsequently shown to inhibit angio-
genesis,244:260,268-270

However, Rastinejad and colleagues were the
first to show that a tumor could generate an
angiogenesis inhibitor. They subsequently pro-
posed that the angiogenic phenotype was the
result of a net balance of endogenous inhibitors

Table 11-5 Antiangiogenic Activity of Drugs Targeting an Oncogene, Its Product, Or Product Receptor

Oncogene Product or Its Receptor Proangiogenic Protein(s) Inhibited By:
EGF tyrosine kinase receptor VEGE, bFGEF, TGF-a. ZD 1839 (Iressa), ZD 6474, OSI 774
(Tarceva), CI 1033, PKI 1666, IMC 225
(Erbitux)
VEGEF receptor VEGEF receptor on endothelium PTK 787, ZD 6474, SU 5416, SU 6668,
SU 11248
VEGF VEGF Avastin
PDGF receptor PDGF receptor PTK 787, SU 11248, STI 571 (Gleevec)
HER-2 receptor VEGE, Angiopoietin-1, TGF-a, Herceptin
PAI-1, (Thrombospondin =
endothelial inhibitor)
Upregulated by Herceptin
bFGF bFGF Interferon-o
EGF = epidermal growth factor; PDGF = platelet-derived growth factor.

and stimulators of angiogenesis.?’! A nontumori-
genic hamster cell line became tumorigenic in
association with the loss of a suppressor gene and
concomitant with the onset of angiogenic activity.
The nontumorigenic line secreted high levels of
an angiogenesis inhibitor, a truncated form of
thrombospondin-1 (TSP-1), that decreased by
about 96% in the tumorigenic cells.26! TSP-1 was
shown to be regulated by the wild-type tumor sup-
pressor p53 in fibroblasts and in mammary
epithelial cells.”>*7? Loss of p53 function in the
transformed derivatives of these cells dramatically
decreased the level of angiogenesis inhibitor.
Restoration of p53 upregulated TSP-1 and raised
the antiangiogenic activity of the tumor cells.
Deletion of thrombospondin-1 leads to acceler-
ated growth of breast cancers that arise sponta-
neously in neu-transgenic mice.2”> The demon-
stration by Rastinejad and coworkers that the
switch to an angiogenic phenotype involved a
negative regulator of angiogenesis generated by
the tumor per se suggested to Folkman a unifying
angiogenic mechanism to explain a well-recog-
nized but previously unsolved clinical and experi-
mental phenomenon: the inhibition of tumor
growth by tumor mass. A description of this phe-
nomenon is quoted from the introduction of Folk-
man’s paper.®® “The removal of certain tumors, eg,
breast carcinomas, colon carcinomas, and
osteogenic sarcomas can be followed by rapid
growth of distant metastases.”2’4277 Postopera-
tive chemotherapy was introduced mainly to pre-
vent or delay the growth of secondary metastases.
Several studies in terminally ill patients demon-
strate the suppression of a secondary tumor by a
primary tumor.2’8279 A primary tumor can sup-
press metastases originating from a different type
of tumor (eg, a breast cancer can inhibit
melanoma metastases). In melanoma, partial
spontaneous regression of the primary tumor may
be followed by rapid growth of metastases. When
ionizing radiation is employed to regress a small-
cell lung cancer, distant metastases may undergo
rapid growth.”%-280 If one portion of a primary
tumor is removed (eg, cytoreductive surgery for
testicular cancer), the residual tumor increases its
rate of expansion.?8! The same phenomenon is
observed in several different animal tumors, that is,
that some primary tumors may inhibit the growth
but not the number of their metastases.?8>286 Par-
tial removal of a primary tumor increases growth
rate of the residual tumors similar to humans. 287288
Furthermore, metastatic growth can suppress the
growth of a primary tumor (analogous to the occult
primary in a cancer patient).8? Many primary
tumors can suppress the growth of a second tumor
inoculation.2?0-297 This “resistance” to a second
tumor challenge is inversely proportional to the size
of the tumor inoculum and directly proportional to
the size of the first tumor. A threshold size is nec-
essary for the inhibitory effect to occur, and some
primary tumors can inhibit a secondary tumor of a
different type. 295297

At least three hypotheses have been advanced
to explain these diverse observations and experi-
ments: (1) “concomitant immunity,” in which a



primary tumor induces an immunologic
response against a secondary tumor or a metas-
tasis in the same host, (2) depletion of nutrients
by the primary tumor, or (3) production of anti-
mitotic factors from the primary tumor that
directly inhibit the proliferation of the secondary
tumor.291.295.298-300 None of these concepts,
however, offered a molecular mechanism to
explain all of the experiments cited above, in
which tumor growth is suppressed by tumor
mass. Once it was demonstrated that a tumor
could generate a negative regulator of angiogen-
esis, then it became clear that a primary tumor,
while stimulating angiogenesis in its own vascu-
lar bed, could possibly inhibit angiogenesis in the
vascular bed of a distant metastasis.2®! However,
at least two conditions would be necessary: first,
the primary tumor (ie, the first tumor to grow)
would need to generate an angiogenic promoter
in excess of an inhibitor in its own vascular bed
and, second, the putative inhibitor would need to
have a longer half-life in the circulation than the
angiogenic promoter. After arriving in my labo-
ratory in the summer of 1991, Michael O’Reilly
validated this hypothesis by discovering angio-
statin, endostatin, and antiangiogenic antithrom-
bin over the next 8 years.65-67:69,70.301

T

Tumor intact

> 40-50 mets / mouse

Tumor removed

< 5 mets / mouse

Angiostatin  Angiostatin is a 38 kDa inter-
nal fragment of plasminogen that was purified
from serum and urine of mice bearing a subcuta-
neous Lewis lung carcinoma that suppressed
growth of its lung metastases by inhibiting their
angiogenesis (Figure 11-7).% Lung metastases
remained microscopic and did not grow beyond
approximately 200 um in diameter. They were
not neovascularized and usually formed a micro-
cylinder around a single microvessel. In these
dormant metastases, 38% of the tumor cells were
proliferating (DNA synthesis was determined by
bromodeoxyuridine [BrdU] labeling) and 7 to
8% were undergoing apoptosis.* The presence
of a circulating angiogenesis inhibitor was evi-
denced by the almost complete inhibition of
bFGF-stimulated corneal neovascularization in
these mice. Further, serum from these tumor-
bearing mice specifically inhibited capillary
endothelial cell proliferation in vitro by more
than 70% (but not fibroblast, smooth-muscle
cell, epithelial cell or tumor cell proliferation).
The tumor-bearing serum also inhibited angio-
genesis on the chick chorioallantoic membrane
compared to serum from mice without tumors
(which stimulated endothelial cells). After
removal of the primary tumor, serum endothelial
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inhibitory activity disappeared by 6 days (half-
maximal 2.5 days), lung metastases were neovas-
cularized by 5 days, and by 15 days the mice
were dying of large vascularized metastases.
There was no change in tumor cell proliferation
(approximately 38% BrdU-labeled cells), but
tumor cell apoptosis fell to 2%. Systemic
administration of angiostatin purified from
mouse urine significantly inhibited angiogene-
sis in lung metastases and restricted their growth
to a microscopic dormant size,®> and recombi-
nant angiostatin potently inhibited growth of
other tumor types.®® Again, tumor cell prolifer-
ation remained as high as in the tumor-bearing
mice, and apoptosis was significantly
reduced.*>*8 Angiogenesis inhibitor in the urine
of tumor-bearing mice was completely removed
by angiostatin neutralizing antibodies. A subline
of Lewis lung carcinoma incapable of inhibiting
metastatic growth did not generate angiostatin
or inhibit corneal angiogenesis, nor did its
serum inhibit endothelial cell growth. VEGE, the
major angiogenic promoter in Lewis lung carci-
noma, has a half-life of approximately 3 minutes
in the circulation.

Angiostatin is not secreted by tumor cells but
is generated through proteolytic cleavage of cir-

Figure 11-7 A, Animals bearing Lewis Lung carcinoma. Tumors were surgically removed when tumor size reached 1.5 - 2 cm? and the animals were killed 5 days or 15 days later.
B, Upper panel: lungs removed from animals still bearing the primary tumor. Lower panel: lungs removed at the same time from animals in which the tumor had been removed and
the animals killed 15 days later. C, Left panel: microscopic metastasis in the lung of an animal in which a primary tumor is in place at the same time as the right panel. This shows
no angiogenesis and only a single central microvessel stained with antibody to von Willebrand factor. This dormant metastasis is approximately 200 microns in its longest diameter.
Right panel: lung metastasis from an animal killed 5 days after removal of the primary tumor, showing 8 or 9 new vessels in an enlarging metastasis. D, A human prostate carcinoma
(LNCaP) growing on the dorsum of a SCID immunodeficient mouse almost completely inhibits cornea neovascularization induced by an implanted sustained release pellet of bFGF
(80 ng) (right panel). Left panel shows bFGF-induced corneal neovascularization at 5 days in the absence of a primary tumor. LNCaP prostate cancer generates angiostatin. E, A
human colon cancer that does not generate an angiogenesis inhibitor, growing on the dorsum of a SCID mouse as a control for D. (Four-color version of figure on CD-ROM)
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culating plasminogen by a series of enzymes
released from the tumor cells. At least one of
these tumor-derived enzymes, urokinase plas-
minogen activator (uPA), converts plasminogen
to plasmin, while a phosphoglycerate kinase
from hypoxic tumor cells then reduces the plas-
min so that it can be converted to angiostatin by
one of several different metalloproteinases (Fig-
ure 11-8).392 Other types of tumors have since
been reported to generate angiostatin (eg, human
prostate cancer).303*305 Human prostate carci-
noma cells express enzymatic activity that con-
verts human plasminogen to the angiogenesis
inhibitor angiostatin.3%? Prostate-specific anti-
gen generates angiostatin-like fragments from
plasminogen.307

Tranfection of Angiostatin. Furthermore,
when murine fibrosarcoma cells were trans-
fected with angiostatin, primary subcutaneous
tumors formed whose growth was slowed in pro-
portion to increased levels of angiostatin produc-
tion by the tumor cells. In these tumors, the total
angiogenic output of the primary tumor was
decreased by transfected angiostatin, which
opposed in a dose-dependent manner the activity
of the tumor’s secreted angiogenic promoter, but
never completely counteracted it.”® It should be
emphasized that the rate of tumor growth
(expansion of tumor mass) was directly propor-
tional to total angiogenic output of the tumor,
inversely proportional to angiostatin production
and to tumor cell apoptosis, and virtually inde-
pendent of tumor cell proliferation. This result
was confirmed in a different tumor model,
Kaposi’s sarcoma subjected to angiostatin gene
transfer, which resulted in sustained angiostatin
expression, delayed tumor growth and reduced
tumor vascularization.>®® Gene transfer with a
different angiogenesis inhibitor, throm-
bospondin, gave similar results. Streit and col-

leagues reported (in an experiment discussed
above) that when tumor cells were transfected
with the angiogenesis inhibitors throm-
bospondin-1 and/or thrombospondin-2, prolifer-
ation rate (as determined by staining for the pro-
liferating cell nuclear antigen [PCNA]) (see
Figure 11-9), also remained relatively constant,
despite the decreased angiogenesis and sup-
pressed tumor growth.”

Mechanisms of Action. Angiostatin and
its isoforms induce cell arrest and apoptosis of
endothelial cells and inhibit endothelial
migration, angiogenesis in vitro, and angio-
genesis in the quail chorioallantoic membrane,
which provides a quantitative bioassay.308-317
They can also be generated by different
enzymes and by other cell types; can inhibit
other tumor types; decrease activity of the
mitogen-activated protein kinase ERK-1 and
ERK-2 in endothelial cells; up-regulate E-
selectin in proliferating endothelial cells; and
can be delivered in vivo by gene ther-
apy.302-304.313-333 1 addition, they bind
specifically to ATP-synthase, a transmem-
brane protein expressed by vascular endothe-
lial cells; bind to a fragment of vitronectin;
and can potentiate radiation therapy of experi-
mental tumors.334-337

A provocative recent finding is that prolifera-
tion of circulating precursor endothelial cells
derived from bone marrow is inhibited at signifi-
cantly lower concentrations of angiostatin than is
proliferation of endothelial cells isolated from tis-
sues.!3% Because precursor endothelial cells from
bone marrow can home to angiogenic sites and
participate in new vessel formation in a tumor (see
above), it has been speculated that at least one
mechanism of angiostatin is to inhibit this sub-
population of endothelium, and that these cells
may be employed as a sensitive bioassay for iden-
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Figure 11-8 Model of angiostatin formation. Urokinase plasminogen activator from tumors converts plasminogen to
plasmin. A phosphoglycerate kinase from hypoxic tumors converts plasmin to reduced plasmin which is then suscepti-
ble to further cleavage by a serine proteinase from tumors or by plasmin itself, to kringle fragments 1-4.5 or lower
depending upon which metalloproteinase is present. From Stathakis et al.302
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Figure 11-9 Squamous cell carcinoma cells trans-
fected with the angiogenesis inhibitor thrombospondin-
1 and or thrombospondin-2. Tumors producing the most
antiangiogenic activity (TSP-1 and TSP-2) have the low-
est growth rate and remained dormant. (Modified from
Streit et al.”®) Tumors with low or no release of antian-
giogenic activity have the highest growth rate and pro-
duce large tumors. The proliferation rate of tumor cells
(PCNA) is not significantly different between large and
small tumors.

tification of novel antiangiogenic molecules.!3°
Angiostatin effectively blocks endothelial cell
migration induced by plasmin binding to o3
integrin.346-362 Angiostatin may act at least in part
by transiently increasing ceramide, a sphingolipid
second messenger implicated in a proapoptotic
pathway, and by increasing RhoA, an effector of
cytoskeletal structure.36!

Numerous additional recent studies have
been reported on the mechanism of angiostatin
and on its biological and pharmacological activ-
ities. A few of these new findings are discussed
here. Angiostatin, but not plasminogen, specifi-
cally binds to tyrosine kinase substrate annexin
II through the lysine-binding domain in endothe-
lial cells.33® This affinity appears to be specific
for endothelial cells and does not occur with
fibroblasts. Annexin II on endothelial cells orga-
nizes assembly of plasminogen on its surface and
produces plasmin at maximum efficiency in the
vascular bed.33834! Plasmin is a serine protease
that degrades fibrin and several endothelial cell
matrix proteins, such as laminin, throm-
bospondin, and collagens, and facilitates capil-
lary sprouting during angiogenesis as well as
endothelial migration.338-346:362 In fact, angio-
statin has been shown to inhibit endothelial and
melanoma cellular invasion by blocking matrix-
enhanced plasminogen activation (see Figure 11-
8).326 However, because hypoxic tumor cells
produce a phosphoglycerate kinase that enzy-
matically reduces plasmin, this mechanism con-
tributes to the generation of angiostatin, which
can then block plasmin organization on the
endothelial surface and interfere with angiogen-
esis.392:363 The gene for annexin I1 is also upreg-
ulated in endothelial cells during angiogenesis.
Annexin II is a central molecule in signal trans-
duction mechanisms, and disruption of its func-
tion affects calcium signaling, tyrosine phospho-
rylation, cell proliferation and apoptosis.342344
Angiostatin mediation of endothelial cell death
appears to be through a calcium signaling
mechanism.3*> Therefore, annexin Il may act as



an endogenous angiogenic switch, and its
blockade may be at least one potential mecha-
nism for angiostatin.

Binding proteins for angiostatin. Three
other binding proteins have been suggested as
putative receptors for angiostatin: (1) ATP syn-
thase on the endothelial surface, (2) aVb3, and
(3) angiomotin, which belong to a novel protein
family with conserved coiled-coil and PDZ bind-
ing domains.334346-348 Taken together with
annexin II, Tuszynski and colleagues suggest
that angiostatin may bind to multiple receptors
and could mediate a cascade of events leading to
inhibition of angiogenesis.?3® Angiostatin also
inhibits signaling of hepatocyte growth factor
(HGF) in endothelial cells (and in smooth mus-
cle cells), by blocking HGF-induced signaling of
c-met, Akt, and ERK1/2.34° However, angio-
statin does not block VEGF or bFGF signaling
events in endothelial cells. Angiostatin also
induces intracellular acidosis in endothelial cells
and anoikis (loss of cell attachment) in endothe-
lial cells that are incubated under conditions
resembling the low pH in a tumor.3%" Angiostatin
downregulates expression of VEGF expression
in tumor cells.>3! This implies that angiostatin
may act not only as a direct inhibitor of angio-
genesis, but also as an indirect angiogenesis
inhibitor. Analysis of the x-ray crystallographic
structure of angiostatin reveals that kringles 1, 2,
and 3 produce a central cavity suggesting a
unique domain where they may function in
concert. 332364 The enzymatic mobilization of
angiostatin is  facilitated by tumor-
derived matrix-metalloproteinase.333 Other
labs confirm the report that circulating angio-
statin generated by a primary tumor decreases
significantly after the primary tumor is
removed and that this is followed by growth of
remote metastases.3>:3

Angiostatin gene therapy. Angiostatin gene
therapy shows efficacy in tumor-bearing mice
against a variety of tumors and their metastases
including, breast cancer, renal cell cancer,
gliomas, melanoma, Kaposi’s sarcoma, squamous
cell carcinoma, and leukemia.310:360.365-375 Of
interest was that viral vector-mediated antiangio-
genic therapy using an angiostatin-endostatin
fusion protein demonstrated significant downreg-
ulation of ascites, tumor growth, vascularity and
prolongation of animal survival in three different
ascites tumor models.3’® Angiostatin has been
transfected into canine eyes as a preclinical model
for the treatment of human uveal melanoma.’”’
Long-term expression of angiostatin and endo-
statin from lentivirus-transduced human bladder
carcinoma cells inhibited proliferation of
endothelial cells co-cultured with the tumor cells,
the first use of a lentiviral vector for antiangio-
genic gene delivery.3’® Angiostatin gene therapy
has also shown efficacy in nonneoplastic mouse
models of disease such as arthritis, retinal neovas-
cularization, choroidal neovascularization, and
endometriosis.379-382

Angiostatin protein therapy. Angiostatin
protein therapy has shown significant efficacy

when delivered systemically to mice bearing a
variety of different tumors, and also in combina-
tion with endostatin where it has shown a syner-
gistic effect or as a fusion protein of angiostatin
and endostatin, or in combination with inter-
leukin-12.331383387 When three different types of
murine tumors were engineered to produce gran-
ulocyte colony-stimulating factor, (GM-CSF), the
level of angiostatin in the serum increased 4-fold
above controls and directly correlated with GM-
CSF production.’8® Angiostatin levels directly
correlated with macrophage metalloelastase pro-
duction, which appeared to mediate cleavage of
angiostatin from plasminogen. Metastases were
suppressed in all three tumor systems.

Replacement of angiostatin after radiotherapy.
Radiotherapy of primary Lewis lung carcinomas
in mice induced regression of the primary tumor,
but led to disappearance of angiostatin from the
blood and rapid growth of lung metastases.?30
Angiostatin replacement therapy prevented
growth of lung metastases after regression of the
primary tumor by radiotherapy. In some patients
successful radiotherapy of a primary tumor is fol-
lowed by growth of distant metastases, for exam-
ple, nonsmall cell lung cancer. It may eventually
be possible to determine if a tumor is generating
an endogenous angiogenesis inhibitor prior to
radiotherapy and then administer that inhibitor in
combination with the radiotherapy.

Angiostatin protein also inhibits angiogene-
sis in nonneoplastic states. For example, angio-
statin inhibits corneal neovascularization, corpus
luteum development in the pre-ovulatory folli-
cle, and as pathological retinal angiogenesis, but
not physiological retinal neovasculariza-
tion.389-392 Although the original report of 38
kDa angiostatin included kringles 1-4 of plas-
minogen, a recent report reveals the generation
of a novel plasminogen fragment of 22 kDa gen-
erated by enzymatic activity from tumor
cells.®3393 The p22 plasminogen fragment
includes kringle 1 plus additional N- and C- ter-
minal residues, but circular dichroism and intrin-
sic fluorescence analysis define structural differ-
ences between it and recombinant kringle 1.
Angiogenesis and tumor growth are potently
inhibited by p22.

When a strategy similar to the one that
uncovered angiostatin (eg, suppression of a
tumor growth by tumor mass) was employed by
O’Reilly and colleagues with murine heman-
gioendothelioma and human small-cell lung
cancer, endostatin and antiangiogenic
antithrombin (aaAT) were discovered.67:6%:70
Both endostatin and aaAT are generated from
larger parent proteins by enzymes released by
the tumor cells. Angiostatin is currently in phase
I/II clinical trials.

Endostatin  Endostatin is a 20-22 kDa
internal fragment of collagen XVIII.67:69:394,395
It is the first of a group of endogenous angiogen-
esis inhibitors which are predominately extracel-
lular proteins, which generally require prote-
olytic processing to become active.3%037 More
than 350 reports on endostatin have been pub-
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lished in the 5 years since its isolation and iden-
tification as an angiogenesis inhibitor.” These
range from mechanistic studies to experimental
therapeutics. A variety of new findings have
been reported on mechanism of action, physio-
logic function, structure-activity relationships,
experimental therapeutics including gene ther-
apy, and early clinical studies. A few of these
studies are reviewed here.

Structure-activity relationships. Endostatin
was first isolated and sequenced from condi-
tioned medium of murine hemangioendothe-
lioma based on the same strategy employed for
the discovery of angiostatin (ie, hemangioen-
dothelioma suppressed secondary tumors).3%8 It
is a specific inhibitor of endothelial cell prolifer-
ation and migration like angiostatin. High-reso-
lution radiographic structures have been deter-
mined for mouse and for human endostatin
(Figure 11-10).39%:400 At least two enzymes pro-
duced by tumor cells are necessary to cleave
endostatin from collagen XVIII, an elastase and
a cathepsin.*01402 Endostatin is derived from the
nontriple helical C-terminal NCI domain of col-
lagen XVIII. Subsequently collagen XV has also
been found to share a C-terminal NC1 domain
containing the endostatin molecule, which has
not been found to date in any other proteins.*03
Endostatin is released proetolytically in trimeric
form and further converted to monomeric forms
of about 20 kDa. Both endostatin isoforms share
a compact globular fold, but differ in binding
properties for proteins and cells.*?3 Tissue distri-
butions are also different. Differences in activity
have been found between NCI domains and

A N-terminus of 184 aa
HTHQDFQPVLHLVALNTPLS...

Figure 11-10 A, Amino acid sequence of human endo-
statin.®” B, Crystal structure of human endostatin
resolved to 3.5 angstroms. 400
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endostatin activity may be related to its
oligomerization state.

Endostatin in basement membrane. Endo-
statin is present in basement membranes and ves-
sel walls and is especially rich in elastic fibers of
the aorta and sparse elastic fibers of veins.*04
Some, but not all, capillaries or arterioles show
weak labeling for endostatin. Within the elastic
fibers, endostatin is co-localized and has been
reported to bind to fibulin-1 and -2, nidogen-1
and -2, laminin-1 and perlecan.*?> Recombinant
mouse endostatin binds to heparin with a K4 of
0.3 uM.*% A major site of four clustered
arginines, 155, 158, 184 and 270 and a second
site (R193, R 194) is essential for binding to hep-
arin as well as to heparan sulfate and sulfatides,
but not to fibulin-1 and fibulin-2. A minimum
heparin size of 12-mer (dodecasaccharide) is
necessary for efficient binding and there is a cru-
cial role for 2-O and 6-O sulfation. A synthetic
arginine-rich dendrimer that mimicked the sur-
face of endostatin and had high affinity for hep-
arin, had similar antiangiogenic activity in the
chick embryo. This experiment demonstrates the
important role of heparin affinity for the
inhibitory activity of endostatin.*%” A decreased
inhibitory activity after mutation of the zinc-
binding site was reported for insoluble recombi-
nant endostatin from E. coli,*%8 but elimination
of zinc binding had no effect on antiangiogenic
activity in mouse soluble recombinant endo-
statin.*%¢ Also, zinc ligand-disrupted recombi-
nant soluble human endostatin from yeast
showed potent antitumor activity in mice.*%” It is
unclear why insoluble recombinant endostatin
required zinc for inhibitory activity,**® but that
soluble endostatin did not. However, it should
not be overlooked, that the original insoluble
recombinant zinc-containing endostatin induced
more rapid tumor regression in different tumor
types than has been obtained to date with soluble
forms with or without zinc.6”-%% One possibility
is that zinc is required to maintain folding of the
insoluble protein.*03 Alternatively we have pre-
liminary data that peptides of endostatin released
from insoluble endostatin inhibit angiogenesis
(K. Javaherian, personal communication). Fur-
thermore, under physiological conditions endo-
statin exists mainly as a fragment of an insoluble
matrix protein, collagen XVIIIL. It appears that
only a small fraction of endostatin circulates in
the soluble form (ie, in the range of 30 ng/mL).

Of the 20 collagen isoforms that have been
identified so far in mammalian species, colla-
gens IV, XV and XVIII (which possess C-termi-
nal globular domains) have been implicated in
regulation of angiogenesis.*!? Of interest is that
homologues of these three collagens have also
been identified in the worm C. elegans, where
the endostatin domain of type XVIII collagen
controls migration of neuronal cells and axon
guidance instead of vascular endothelial cells.*!!
The evolutionary age of endostatin of approxi-
mately 600 million years, may be responsible in
part, for its lack of toxicity in animals and
patients.67:69-267 It is also fascinating from an

evolutionary perspective that certain regulators
of endothelial cell migration have (or had) con-
trol of axon migration, eg, endostatin, neuropilin
semaphorins and ephrins, among others. 412413
This relationship provides insight into how
development of nerves and blood vessels may be
coordinated.

In the chick embryo angiogenesis induced by
bFGF was inhibited by endostatin, but not by an
endostatin mutant that does not bind to heparin.

Mechanisms of action. Novel mechanisms
have recently been reported for the antiangio-
genic action of endostatin, although we are a
long way from a complete picture.

Inhibition of VEGF receptor. Endostatin
blocks the binding of VEGF121 and VEGF 65 to
the KDR/Flk-1 receptor, blocks tyrosine phos-
phorylation of this receptor, and blocks activa-
tion of its intracellular signaling events, ERK,
p38 MAPK and pl125FAK.#1® This receptor
mediates endothelial cell motility and prolifera-
tion. Endostatin also blocks VEGF.

Downregulation of VEGF expression.
While endostatin does not bind to VEGFE*!6 it
does downregulate VEGF expression in tumor
cells (similar to the effect of angiostatin).3>!
Endostatin can therefore be considered to act as
both a ‘direct’ and an ‘indirect’ angiogenesis
inhibitor. In bFGF-treated endothelial cells,
endostatin induces endothelial cell apoptosis, in
part by activating tyrosine kinase signaling of the
Shb adaptor protein.*!” However, endostatin
does not compete with binding of bFGF to tis-
sues, and it does not affect bFGF receptor sig-
naling.*'8 This result is consistent with the obser-
vation that bFGF (FGF-2) stimulation of
endothelial cell proliferation in vitro and angio-
genesis in vivo is mediated by VEGE.4!?

Prevention of bFGF-induced or VEGF-
induced loss of endothelial cell-cell adhesion or
endothelial cell adhesion to basement mem-
brane. Endothelial cell migration, which is
critical for new sprout formation during angio-
genesis, requires continuous turnover of cell-cell
interactions and of cell-matrix interactions.*??
Cell-cell interactions between endothelial cells
are maintained in part by B-catenin localized at
cell-cell junctions in cadherin complexes of cap-
illary endothelial cells in vitro. Treatment of
these cells with bFGF shifts B-catenin to the
cytoplasm, which loosens cell-cell adhesion and
facilitates endothelial migration.*?! However,
co-treatment with endostatin transiently blocks
this shift.*?! Cell-matrix interactions are main-
tained in part by formation of focal adhesions
and actin stress fibers. Either bFGF or endostatin
alone, induced tyrosine phosphorylation of focal
adhesion kinase and paxillin, which promoted
formation of focal adhesions and actin stress
fibers. However, when microvascular endothelial
cells were co-treated with bFGF and endostatin,
focal adhesion and actin stress fibers were
decreased, which decreased migration of
endothelial cells. In an in vivo situation, the
entire vascular bed would be exposed to circulat-
ing endostatin. But its antiangiogenic effect

would only become evident in areas of high
growth factor stimulation, such as those present
in the tumor endothelium.*?! Taken together,
these results provide a plausible mechanism to
explain clinical trial data (see below) in which
antiangiogenic effects of endostatin are observed
in the absence of systemic toxicity.*2!

Vessel stabilization: reversal of bFGF-
induced or VEGF-induced loss of endothelial
cell—cell adhesion or endothelial cell adhesion to
basement membrane. Another antiangiogenic
mechanism of endostatin in addition to its
antiproliferative and antimotility effect on angio-
genic endothelial cells is the stabilization of
newly formed endothelial tubes. Endostatin
decreases formation of VEGF-induced microves-
sels sprouting from aortic rings in vitro. By
immunohistochemistry, administered endostatin
localizes to endothelial cell-cell junctions as well
as to adhesion sites between endothelial cells and
their basement membrane, thus anchoring
endothelial cells to each other and to their base-
ment membrane (Figure 11-11).422 Endostatin
does not localize to quiescent vasculature. High
concentrations of endostatin were detected by
immunohistology in rat and human brain tumors
in and around endothelial cells, in tumors cells,
and in macrophages and leukocytes in the
tumor’s vascular bed, but normal brain showed no
endostatin reactivity.*4” This unique localization
of endostatin only in newly formed angiogenic
microvessels, appears to reverse the loosening of
endothelial cells to each other and to their base-
ment membrane, which was necessary for them
to form angiogenic sprouts in the first place. Sim-
ilar “stabilizing” effects of endostatin were
observed in tumors in vivo, where administered
endostatin was more abundant in association with
angiogenic vessels undergoing maturation,
mainly at the tumor marginal zone where angio-
genesis was highly active. Endostatin immunos-
taining is present during vascular formation up to
the stage exhibiting one layer of peri-endothelial
cells, but disappears in further stabilized vessels
that have more than one layer of these cells in
their wall.#?? This suggests that the vascular sta-
bilizing effect of endostatin occurs earlier than
the integration of peri-endothelial cells into the
vascular wall. A subsequent step of vascular sta-
bilization by recruitment and integration of peri-
endothelial cells (pericytes and smooth muscle
cells) is mediated by angiopoietin-1, TGF-f3, and
PDGF.22 Of interest is that during endothelial
tube formation induced by VEGEF, endostatin plus
VEGF-treated tubes became so stable that after
cessation of endostatin, the survival time of these
tubes was approximately doubled in comparison
to VEGF alone. Furthermore, incubation of
endothelial cells with an antibody to endostatin
prevented formation of stable VEGF-induced
tubes and disrupted existing tubes. The role of
endostatin in modulating endothelial cell interac-
tion with extracellular matrix is also revealed by
experiments in which oligomeric endostatin
(from the NC1 domain of collagen XVIII),
induces motility and morphogenesis of tube
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Figure 11-11 Model for the antiangiogenic mechanism
of endostatin. During vascular stabilization and matura-
tion endostatin immunostaining (red dots) changes from a
diffuse distribution around endothelial cells of non-stabi-
lized blood vessels to a stronger staining in the inter-
endothelial junctions and in the contact zone between
endothelial cells and their basement membrane. (A) It can
be postulated that endostatin (ES) stabilizes the wall of
newly formed blood vessels via anchoring of endothelial
tubes to the basement membrane (BM) and of endothelial
cells (green) to each other which leads to vascular matu-
ration (B). This process converts the angiogenic blood ves-
sels into the quiescent phenotype, thereby inhibiting tumor
vascularization. One of the potential consequences of the
angiogenic switch may be the reduction of vascular peme-
ability leading to tumor regression. Beside the demon-
strated anti-proliferative effect of endostatin on endothelial
cells, these effects point to an additional antiangiogenic
mechanism of endostatin, e.g. tumor regression via stabi-
lization of newly formed blood vessels. Therapeutic strate-
gies accelerating vascular stabilization and maintenance
promise to be effective in tumor treatment. 422

forming endothelial cells in Matrigel, whereas
monomeric endostatin inhibits these effects.4??
Endostatin downregulates the uPA system on the
endothelial cell surface.*?* Pro-angiogenic pro-
teins such as bFGF increase the secretion of uPA)
and plasminogen activator inhibitor (PAI-1) lead-
ing to an overall increase in proteolytic activity
prerequisite for endothelial cell sprouting and
tube formation. Endostatin treatment of endothe-
lial cells markedly decreases their production of
uPA and PAI-1.

Inhibition of metalloproteinase. Endostatin
also binds and inhibits the catalytic activity of
MMP-2.425:426 Ag a result, endothelial cell inva-
sion is inhibited and tumor cell invasion may also

be decreased. Tumor progression and angiogene-
sis are reduced in MMP-2 deficient mice and
MMP-2 is required for the switch to the angio-
genic phenotype.!06:427

Binding of endostatin to endothelial cell sur-
face integrins and other proteins that modulate
motility and morphogenesis. Endostatin also
inhibits integrin-dependent endothelial cell
migration because it binds to os- and ow-inte-
grins on the endothelial cell surface, in particular
osP1.428 Kalluri and colleagues have also pro-
posed that osP1-integrin may be a functional
receptor for endostatin (R. Kalluri, unpublished
data).3” High concentrations of endostatin also
interact with tropomyosin to interrupt microfila-
ment integrity, which inhibits endothelial motil-
ity and may participate in part in endothelial
apoptosis.*? Endostatin also binds to glypicans
on the endothelial cell surface at concentrations
which suggest that glypicans may be low affinity
endostatin receptors.430

Inhibition of cyclin DI causing G1 arrest of
endothelial cells. Endostatin causes G1 arrest
in endothelial cells, by decreasing the hyper-
phosphorylated retinoblastoma gene product and
downregulating cyclin DI mRNA and pro-
tein.*3! Transcription through the LEF1 site in
the cyclin D1 promoter is essential for endo-
statin’s inhibitory activity. Others report that
endostatin arrests proliferation and causes apop-
tosis of endothelial cells.*32:433

Dephosphorylation of endothelial nitric
oxide. Human recombinant endostatin dose-
dependently blocked VEGF-induced endothelial
cell migration, with complete inhibition at 100
ng/mL.*3* VEGF stimulates synthesis of
endothelial nitric oxide (eNOS). In endothelial
cells sphingosine-1 phosphate activates the ser-
ine/threonine kinase Akt and stimulates phos-
phorylation of eNOS to release nitric oxide.*3
VEGF-stimulated endothelial nitric oxide syn-
thesis (eNOS) was abolished by endostatin,
(although VEGF-induced formation of prostacy-
clin was not significantly affected by endo-
statin). Endostatin interfered with activation of
eNOS downstream of Akt by specifically inhibit-
ing phosphorylation of eNOS at Ser 1177 by
stimulating activation of the phosphatase PP2A
(Figure 11-12).43* Nitric oxide synthesis also
appears to be critical for the mitogenic effect of
VEGF on endothelial cells.!!4116 Inhibition of
nitric oxide synthesis also blocks tumor angio-
genesis.*3¢ We have previously proposed another
role for nitric oxide synthesis in angiogenesis:
early vasodilation of pre-existing quiescent ves-
sels as a prerequisite for sprout formation.!16

Hypoxic downregulation of endostatin pro-
duction by endothelial cells and pericytes. Col-
lagen XVIII is converted to endostatin, which is
secreted from endothelial cells and pericytes in
vitro at a constant rate.*3” The rate of conversion
is higher in pericytes. During hypoxia, produc-
tion of endostatin is significantly decreased. (30-
40% of this hypoxia-induced 43% degradation of
endostatin occurs in pericytes and approximately
10% in endothelial cells.) Exogenous endostatin
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Figure 11-12 Endostatin specifically interferes with
eNOS phosphorylation at Ser 1177. The upstream signal-
ing pathway including VEGF-induced Akt activation is
not affected. 43

is more rapidly degraded when incubated with
hypoxic conditioned media of endothelial cells or
pericytes. The mechanism of endostatin degrada-
tion by the conditioned medium is unknown.
These results imply that: (1) decreased endostatin
production by hypoxic pericytes and/or endothe-
lial cells may be another mechanism to facilitate
the angiogenic switch in a tumor; (2) pericytes
may employ endostatin as one of the strategies to
inhibit endothelial proliferation under normal
conditions; and (3) the treatment of a patient with
a large tumor burden or with a tumor with a large
hypoxic center (eg, glioblastoma), may require
high doses of endostatin at the beginning of ther-
apy, because of endostatin degradation.
Physiologic Functions Physiologic func-
tions for endostatin are gradually being elucidated.
Regulation of development of retinal vascu-
lature. Endogenous endostatin in the eye may
contribute in part to the normal development of
vasculature in the retina. During development of
the eye, hyaloid vessels supply the vitreous and
the lens. Subsequently, these vessels regress
leaving a transparent vitreous and lens. Endo-
statin is thought to play a key role in regression
of the hyaloid vessels because they fail to regress
in endostatin’s absence. In a rare disease called
Knobloch syndrome, the hyaloid vessels fail to
regress, retinal vasculature fails to develop, and
patients suffer retinal degeneration and blind-
ness, among other abnormalities.*3%439 In this
syndrome, a splice mutation in human collagen
XVIII leads to a truncated protein lacking the
endostatin fragment. A proposed mechanism of
retinal degeneration is that persistent hyaloid
vessels increase oxygen in the retina, which sup-
presses hypoxia-inducible factor-1 (HIF-1ot) and
VEGF, both of which drive normal vascular
growth in the normal developing retina. Retinal
vasculature also fails to develop in a collagen
XVIII-deficient mouse model.**? Thus, a patho-
logical deficiency of endostatin in humans and
mice reveals that endostatin is an endogenous
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inhibitor of angiogenesis under normal physio-
logical conditions.

Endostatin in platelets. Platelets contain at
least 14 positive regulators and approximately 12
negative regulators of angiogenesis.**! The posi-
tive regulators include VEGF-A,VEGF-C,
bFGFE, HGEF, angiopoietin-1, PDGF, heparanse
and sphingosine-1 phosphate, among others. The
negative regulators include endostatin, platelet
factor 4, thrombospondin, plasminogen (angio-
statin), high molecular weight kininogen
(domain 5), and a-2 antiplasmin, among others.
These stimulators and inhibitors of endothelial
cell migration and proliferation may be released
into a blood clot in a wound in an orchestrated
sequence to regulate neovascularization.**2 For
example, thrombin induces the release of the
proangiogenic protein VEGF from platelets.35
Thrombin also induces the release of endostatin
from platelets.*43

Thrombin induction of endostatin release is
mediated by proteinase-activated receptor-4
(PAR-4), a mechanism that is independent of
platelet aggregation and of the action of ADP.
When a clot forms in a wound, invasion by
microvascular endothelial cells is initially inhib-
ited, which avoids premature clot lysis.*4? Subse-
quently, endothelial cells are recruited into the
clot during its neovascularization (“granulation
tissue”). It is not known how the release of nega-
tive and positive regulators of endothelial migra-
tion from platelets is orchestrated in a wound.
Recent evidence, however, reveals that if a
thrombus in a large vessel is recanalized, the
neovasculature is made up mainly of bone mar-
row-derived endothelial cells.**4 This is anal-
gous to certain tumors (eg, lymphomas) that
recruit the majority of their endothelial cells
from bone marrow. Endostatin is also released
from platelets by certain drugs, such as ticlopi-
dine, which inhibits platelet aggregation by
blocking the action of ADP with its receptor.*4>

The nonsteroidal antiinflammatory drugs
celecoxib and flurbiprofen or HCT-1026 (a nitric
oxide-releasing derivative of flurbiprofen), all of
which are cyclooxygenase inhibitors, also
release endostatin from platelets and elevate the
plasma level of endostatin.**® From these find-
ings, one can ask whether the antiangiogenic
activity of celecoxib (Celebrex) operates in part
by releasing endostatin from its stores and mak-
ing it available to endothelial cells in an angio-
genic site. Also, future research will be neces-
sary to answer other questions. What is the
turnover rate of endostatin in platelets? Do can-
cer patients on long-term celecoxib therapy
deplete their platelet stores of endostatin? Can
platelets be loaded with endostatin that is admin-
istered systemically or in vitro? Would cancer
patients treated with celecoxib benefit from peri-
odic endostatin therapy? Would patients on long-
term endostatin benefit from celecoxib therapy?
Taken together these findings indicate that endo-
statin is normally distributed among three com-
partments: (1) stored as a cryptic fragment in
collagen XVIII in basement membranes; (2)

stored in platelets; and (3) circulating as low lev-
els of free endostatin. A fourth compartment can
be considered as the concentration of endostatin
in and around angiogenic vessels in tumors, and
possibly at other angiogenic sites.

CONTROL OF VASCULAR PERMEABILITY
Endostatin decreases vascular permeability.
bFGF treatment increases permeability of
[3H]inulin through confluent monolayers of cap-
illary endothelial cells in a transwell assay, an
effect that is counteracted by co-treatment with
endostatin.*?! In mice that have received an
intravenous injection of Evans blue dye, a large
blue stain appears at the site of a subcutaneous
injection of VEGF or platelet-activating factor
(PAF) (Miles test). Pretreatment with endostatin
blocks the permeability induced by these pro-
teins (S. Soker, J. Heymach, and J. Folkman,
unpublished data). These results imply that sys-
temic administration of endostatin to patients
may decrease edema in brain tumors, but this
speculation has not yet been tested.

Experimental therapeutics including gene
therapy Insoluble protein administered sys-
temically Systemic administration of endostatin
can inhibit or regress different tumors. The first
recombinant endostatin was from Escherichia coli
in an insoluble form, because this had previously
been successful with angiostatin, and because
refolding of the inclusion body to a soluble form
by urea, guanidine-HCL and glutathione gave a
low yield (1%).65-67:9 When this endostatin
preparation was administered subcutaneously
every day for prolonged periods of time in mice
(185 days for Lewis lung carcinoma, 160 days for
T241 fibrosarcoma, and 80 days for B-16
melanoma), there was no drug resistance. After
discontinuation of endostatin at these time peri-
ods, tumors did not recur. They remained dormant
at a microscopic size.®> This was not due to an
immunologic mechanism. Wounding the tumor
site or moving the tumor to another site in the
same mouse initiated tumor neovascularization
and growth. Another possibility is preferential
storage of endostatin in the matrix at the site of the
regressed tumor.**® We have observed this same
dormancy after 40 days of endostatin therapy of
rat mammary cancer induced by an oral carcino-
gen.*¥ Other investigators have reported success-
ful tumor inhibition with insoluble endostatin
from E. coli.*>% Also, soluble endostatin from E.
coli has inhibited tumor growth.*3!

Soluble recombinant endostatin A wide
variety of other tumors in many different labora-
tories have been inhibited by endostatin in mice
and rats without evidence of toxicity or drug
resistance. These include lung adenocarcinoma,
thyroid carcinoma, colon carcinoma, leukemia,
human nonsmall cell lung cancer, human pancre-
atic cancer, human neuroblastoma, mammary
cancer (soluble endostatin from E. coli), colon
cancer metastases to liver, spontaneous mouse
mammary carcinoma (delayed onset, decreased
tumor burden, and prolonged survival), and spon-
taneous pancreatic islet carcinomas.’2452-460
Mammary carcinomas were more potently inhib-

ited by a mutated form of endostatin in which an
alanine residue was substituted for a proline at
position 125 (P125A), than by the wild-type
endostatin.*>® Gliosarcoma both orthotopic and
ectopic in rats was markedly inhibited (~50%)
after only 10 days of treatment by a relatively low
dose of murine endostatin (0.3 mg/kg).*®! Inhibi-
tion of tumor growth persisted after cessation of
therapy. Yamaguchi and colleagues reported that
endostatin administered into a tumor will inhibit
tumor growth at significantly lower doses than
systemic administration.#012

Bolus versus continuous administration
A general characteristic of optimal antiangio-
genic therapy is that angiogenesis inhibitors
should be at effective levels in the blood contin-
uously. Endothelial cells in the vascular bed of a
tumor are constantly exposed to a proangiogenic
stimulus from the tumor cells and local stroma.
This stimulus needs to be continuously opposed
by inhibitors in the blood. An analogy would be
titration of blood glucose by insulin, where
endothelium is glucose. In a compelling experi-
ment, 24-hour continuous parenteral administra-
tion of human endostatin was 10-fold more
effective than the same dose administered as a
bolus once every day, against human pancreatic
cancer in SCID immunodeficient mice (se Fig-
ure 11-1).72 Tumor growth was inhibited in a
dose-dependent manner, but only continuous
administration caused tumor regression. It
should be noted that continuous administration
of endostatin in vitro (by a floating micro-
osmotic pump in 24-well plates) inhibited
endothelial proliferation more significantly than
once daily addition of endostatin.

Combinations of endostatin with angio-
statin Reports of endostatin administered in
combination with angiostatin, whether as a sepa-
rate proteins, separate genes, or as fusion protein
of angiostatin and endostatin in tumor-bearing
animals, all show a synergistic increase in effi-
cacy.09-386:375.462 While the mechanism of syn-
ergy is unclear at this writing, one possibility is
that endostatin and angiostatin each up-regulate
thrombospondin expression or protect it from
enzymatic destruction (Figure 11-13).

Combination of endostatin with chemother-
apy, radiotherapy, or immunotherapy Endo-
statin (and angiostatin) potentiate radiotherapy in
tumor-bearing mice, when the inhibitor is admin-
istered at the same time as the ionizing radia-
tion.*63 Tumors underwent regression when treated
with a combination of ionizing radiation and endo-
statin, but not with either agent alone, even when
the endostatin dose was lowered below the effec-
tive dose and the tumor cells were radioresistant. It
can be speculated that radiation damage to active
endothelium in a tumor bed may not be repaired in
the presence of an angiogenesis inhibitor. This
experiment also suggests that radiotherapy may be
in part endothelial-dependent. The optimal sched-
ule of radiotherapy and antiangiogenic therapy for
cancer patients is unclear.

Endostatin may also potentiate immunother-
apy. In an elegant experiment by Davidoff et al
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the gene for the potent immunogen, green fluo-
rescent protein (GFP) and the gene for endo-
statin were transferred together to murine neu-
roblastoma cells prior to inoculation into
syngeneic immunocompetent mice.*%* Preven-
tion of formation of appreciable tumors was
effected in 63% of mice, while tumor cells
expressing endostatin alone or GFP alone
yielded only a modest delay in tumor growth.
Mice treated with the combination were
protected against subsequent tumor challenge
with unmodified cells. Endostatin also potenti-
ates conventional chemotherapy in tumor-
bearing animals.*%> However, it is not clear how
combinations of antiangiogenic therapy and
chemotherapy at maximum tolerated dose
schedules will translate to patients (see below).

Endostatin gene therapy Endostatin gene
therapy in tumor-bearing mice has generally been
successful when administered locally, but it has
been problematic when administered systemically.

Local gene therapy. In an example of local
gene therapy, mouse liver tumor cells transfected
with a retroviral vector containing the murine
endostatin gene were injected subcutaneously or
into the peritoneal cavity.*¢7 After 63 days, con-
trol tumors (vector without endostatin) reached
2400 mm? compared to 30 mm? for endostatin
transduced tumor cells (p < 0.001). After 123
days all 16 mice given an intraperitoneal injec-
tion of control tumor cells had died, compared to
only 3 of 32 mice given an injection of the endo-
statin tumor cells (91% survival) (Figure 11-
14).467 Increased levels of endostatin were
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detected in tumor lysates, but not in serum of
mice with subcutaneous tumors. Other reports of
local gene therapy with endostatin show effec-
tive tumor inhibition in animals. Examples are
inhibition of human liver carcinoma, renal cell
carcinoma, mouse melanoma.**8-471' A human
breast carcinoma, MDA-MB435, was markedly
inhibited when the cells were transduced with
endostatin, but another breast cancer MCF7 was
not inhibited.’¢> (However, angiostatin gene
transfer inhibited MCF7, but not MDA
MB435).3%5 Gliomas were inhibited by gene
transfers to tumor cells that were then implanted
into rat brains.*’? Gliomas were also inhibited by
intratumoral implantation of alginate-encapsu-
lated beads containing packaging cells trans-
fected with endostatin. 473473

Of interest is that intratumoral gene transfer
of endostatin inhibited mouse mammary tumors
(MidT2-1), but had a minimal effect in human
breast MDA-MD-231 in SCID mice.*’® Despite
many successes of endostatin gene transfer into
tumor cells, unsolved problems remain. The fact
that one author can report marked and sustained
tumor inhibition with endostatin transduction of
a mouse breast cancer, but minimal effect in a
human breast cancer MDA-MD-231, highlights
the problem.4’® A third author reports marked
inhibition by endostatin gene transfer into a
human breast cancer MDA-MBA335, but mini-
mal effect in MCF7, yet angiostatin gene transfer
into MCF7 was very inhibitory, but had only
minimal effect on MDA-MB435 breast cancer
cells.3% For unknown reasons, the inhibitor may
lose activity when produced by one type of
tumor cell, but not by another. Whether this is a
protein-folding problem, or results from excess
local levels of endostatin at the endothelial
receptor site is not clear (O. Kisker, et al., unpub-
lished data). A fourth author reports that breast
cancer (MCA-4) transduced with endostatin is
significantly inhibited.4”’

Systemically administered gene therapy.
Systemically administered gene therapy (by an
intravenous or intramuscular vector in mice or
rats) significantly inhibited tumor growth in
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Figure 11-14 Left panel: Mouse survival after intraperitoneal inoculation of parental tumor cells and tumor cells transduced with endostatin. n = 8.
Controls are NEF-null and NMmuLi. Mice bearing NEF-endostatin transduced tumor cells survive up to 120 days. Right panel: Growth curves of endostatin
transduced tumor cells which remain dormant and microscopic vs. control tumor cells which grow to over 2 grams by 60 days.*¢’
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renal cell carcinoma, Lewis lung carcinoma ade-
nocarcinoma MC38, hemangioendothelioma,
spontaneous breast cancer and its metastases,
and colon cancer (when the gene was injected
intramuscularly and endostatin serum levels
were only moderately elevated, [35-40
ng/mL]).367:469478-481 Adenoviral gene transfer
of endostatin delayed growth of breast cancer
implants and retarded their growth by 67% after
the tumors appeared.*782

Problems with systemic gene therapy.
However, other reports of systemically adminis-
tered endostatin gene therapy failed to inhibit
tumor growth. For example, either local or sys-
temic endostatin gene therapy failed to inhibit rat
tumors despite the achievement of serum levels
more than 10 to 200 times above normal levels of
endostatin (eg, 500 ng/mL up to 10 um/mL).432
However, these tumors were significantly sup-
pressed when an inhibitor of plasmin was admin-
istered together with endostatin by gene therapy,
but not when the plasmin inhibitor was adminis-
tered alone.*32 This result suggests that very high
levels of plasmin in a tumor bed may interfere
with endostatin activity. It is interesting that
angiostatin, by binding to annexin II when it is
overexpressed by endothelial cells in an angio-
genic site, decreases plasmin production on the
endothelial surface.320-338-341

It remains to be demonstrated if this mecha-
nism plays a role in the synergy of angio-
statin—endostatin combinations.%9-373-386.:462 ye
also were unable to demonstrate significant inhi-
bition of tumor growth and only 23% to 33% (p
< 0.002 and 0.0001 respectively) inhibition of
corneal angiogenesis, when viruses encoding
angiostatin or endostatin were administered as a
single intravenous injection, despite the fact that
peak serum levels of endostatin reached 400 to
599 times above the normal level.#8% In contrast,
viruses encoding soluble forms of Flk1 or Fltl,
the receptors for VEGF, resulted in approxi-
mately 80% growth inhibition of the same tumor
and strong inhibition of corneal neovasculariza-
tion (74% to 80%) (p < 0.001). A strong correla-
tion was observed between the effects of the dif-
ferent viruses on tumor growth and the activity
of the viruses in the inhibition of corneal micro-
pocket angiogenesis. It is unclear why angio-
statin and endostatin delivered by systemically
administered gene therapy should be so ineffec-
tive as tumor inhibitors, when soluble VEGF
receptors administered by the same viruses and
in the same tumor models should inhibit tumor
growth so effectively. However, three specula-
tions may be considered as a basis for future
research. Antiangiogenic and antitumor activity
of endostatin are dose-dependent, but recent
experiments reveal a U-shaped curve (O. Kisker,
et al., unpublished data), analogous to interferon-
o and also TGF-[.4858485b T one tumor system
human recombinant endostatin protein adminis-
tered at 50 mg/kg/day inhibited tumor growth by
47%; 100 mg/kg by 84% and 1000 mg/kg by
37%. Therefore, it is possible that super high lev-
els of endostatin above an optimum level lose

activity in vivo. A second speculation is that
endostatin may aggregate at very high serum lev-
els, or that its folding may be affected. A third
speculation is that serum plasmin levels may be
increased by certain viruses or by high viral
titers. Other authors subsequently have reported
failure of endostatin gene transfer to signifi-
cantly inhibit a murine leukemia, when endo-
statin was transduced into hematopoietic stem
cells and serum endostatin levels of 300 ng/mL
were reached, or to inhibit metastases from a
fibrosarcoma when serum endostatin levels of
up to 700 ng/mL were obtained.*33484 Of inter-
est is that these authors previously reported in
collaboration with Folkman and O’Reilly,
enhanced antitumor activity with an endostatin-
angiostatin fusion protein engineered in
hematopoietic stem cells. 4344842

Endostatin signaling network To deter-
mine how the endothelial cell genome and pro-
teome react to endostatin treatment, we used a
genome-wide expression profile covering 95%
of the human genome and phosphorylation anal-
ysis on antibody arrays (Abdollahi A, Maercker
C, Rastert R, et al. Endostatin signaling network.
[In preparation]) Briefly, we generated the
Human Unigene Chip II containing 74,834 ele-
ments, which represents one of the largest gene
sets interrogated in array-based gene expression
studies to date. Alteration in gene expression was
analyzed after four-hour treatment human
microvascular endothelial cells with human
recombinant endostatin (Pichia Pastoris, endo-
toxin-free EntreMed/Calbiochem). Using 12
reusable chips more than 1,800,000 gene expres-
sion measurements in total were performed on
endostatin-treated endothelium and compared to
control samples of untreated endothelium from
two different human subjects. The identities of
50,000 gene clusters (spotted DNA clones) have
been sequence verified. By these criteria, 429
anigene clusters were more than 5-fold upregu-
lated. In contrast, 421 anigene clusters were
downregulated by 80%.

Overexpressed genes during endostatin treat-
ment included apoptosis genes, cardiovascular
and stress response genes, (heat shock, etc.), and
genes associated with angiogenesis inhibition.
Underexpressed genes during endostatin treat-
ment included gene families associated with can-
cer and angiogenesis induction (the angiogenic
switch), as well as transcripts encoding
cytokines, cytokine receptors, cellular adhesion
molecules, G proteins, G protein-coupled-recep-
tors and transcription factors.

Endostatin downregulated expression of
hypoxia-inducible transcription factor-1 o (HIF-
loy) by 2.5-fold.39427 Endostatin also downreg-
ulated many upstream activators of HIF-la,
including c-jun/Fos, Ets, and EGFR. On the
other side, HIF-1o. normally helps to trigger a
coordinated angiogenic response by inducing the
expression of genes involved in blood vessel
growth including, VEGF and its receptors,
VEGFR2, and neuropilin, as well as nitric oxide
synthase and cyclooxygenase-2.

Endostatin also downregulated the Id tran-
scription factors. These genes are proangiogenic.
Endostatin substantially downregulated MMP-2
and o B3-integrin.*?> Furthermore, Id-1 regulates
angiogenesis through transcriptional repression
of thrombospondin-1.328 Therefore, endostatin,
by downregulating Id-1, up-regulates expression
of thrombospondin-1, a powerful angiogenesis
inhibitor on its own (see Figure 11-13).

Ephrin signaling is downregulated by endo-
statin. The ephrin/Eph family has recently been
shown to participate in the regulation of angio-
genesis. Both ephrin B1 and ephrin B2 induce
sprouting angiogenesis in vitro to an extent simi-
lar to the angiogenic activity of VEGF or
angiopoietin 1,29 330

Endostatin inhibited tumor necrosis factor-o-
induced angiogenic signaling by downregulating
the TNF-o. receptor. Additionally, NF-xB
(nuclear factor of kappa light chain gene
enhancer in B-cells) was downregulated by
endostatin. It is thought that activation of NF-
kappaB by TNF-o, ionizing radiation or
chemotherapeutic agents protects cells from
apoptosis.>32333 Therefore, endostatin inhibition
of NF-kappaB in these settings should enhance
apoptosis of endothelial cells. STAT1 and STAT3
were downregulated in endothelial cells treated
by endostatin. STATs (signal transducers and
activators of transcription factors) up-regulate
genes that encode inhibitors of apoptosis (Bcl-
family), inducers of angiogenesis (VEGF), and
cell cycle regulators (cyclins D1/D2 and c-
myc).>3* After endostatin treatment of endothe-
lial cells, most of the genes downstream of STAT
were strongly downregulated. These include the
apoptosis inhibitor Bel-2, and the cell cycle reg-
ulators, cyclins D1/D2 and c-myec.

Thrombin receptors (PAR-1 and PAR-2)
were also significantly downregulated by endo-
statin. Thrombin is a potent stimulus for release
of VEGF by transcriptional regulation activation
of HIF-10..°3> Thrombin also up-regulates
expression of VEGF receptors on endothelial
cells.>3® In a positive loop VEGF accelerates
thrombin generation, another proangiogenic
event.>37 This loop has implications for cancer
patients. The majority of cancer deaths are
directly attributable to thrombosis or bleeding.
This observation emphasizes that endostatin
downregulates proangiogenic genes and simulta-
neously up-regulates genes that lead to inhibition
of angiogenesis.

Endostatin directly downregulated Ets-1 in
endothelial cells in a time-dependent manner and
decreased the mRNA level of most of the Ets-1
target genes like MMP-1 and integrin-B3. Ets pos-
itively regulates angiogenesis by inducing several
target genes including uPA, MMP-1, MMP-3,
MMP-9 and integrin-f3, and the elimination of
the Ets-1 activity by a dominant negative
molecule inhibits angiogenesis in vivo.>38342 A
striking finding is that several pathways thought
to be distinct, in fact intercommunicate to bring
about a focused antiangiogenic response in the
tumor bed, directly as a result of endostatin treat-



ment. It is not clear whether many of the small
molecular angiogenesis inhibitors produce such a
orchestrated antiangiogenic response at the
genetic level as endostatin does.

Clinical applications of endostatin There
are several interesting characteristics of endo-
statin that make it advantageous for clinical use
in cancer patients. First, it is not toxic.27 At this
writing, endostatin is in phase I/II clinical trials,
and to date it has only been used in not more than
approximately 120 patients. However, all centers
report that there are virtually no side effects,
even in patients who have been on endostatin for
up to one year (Endostatin Banbury Conference.
A critical review of endostatin and its biology;
2002 Mar 10-13; Cold Spring Harbor Laborato-
ries, New York). Patients who receive the subcu-
taneous preparation of endostatin take their own
injections each day at home, like insulin.

Wound Healing. Endostatin does not
delay wound healing in patients, nor does it
delay wound healing in animals.*3¢ We have
confirmed that wound healing in mice is not
delayed by endostatin doses sufficient to com-
pletely inhibit growth of tumors in the same
animal (J. Marler, et al., unpublished data).

Pregnancy. Endostatin has no effect on
pregnancy in mice. Pregnant mice treated with
tumor-regressing doses of endostatin deliver
normal babies, even if the mothers bear a tumor
that is then inhibited by the endostatin (Robert
D’Amato, et al, unpublished data).

Down Syndrome. Serum endostatin levels
are significantly elevated in Down syndrome
patients.**> Endostatin serum levels in normal
individuals range from 4 to 40 ng/mL (20.3 +
11.5, mean and SD). For Down syndrome indi-
viduals, it is 38.6 £ 20.1, a significant elevation.
The collagen XVIII gene is on chromosome
21q@22.3. Because Down syndrome is most com-
monly caused by a duplication of one of the
copies of chromosome 21, these individuals have
an extra copy of collagen XVIII in which endo-
statin is a cleavage product. Down syndrome
individuals have a low incidence of solid tumors.

A recent study in the United States of 17,987
people with Down syndrome revealed that they
have approximately 0.1 the incidence of the con-
trol age-matched population for virtually all
malignancies except testicular cancer and
leukemia.**3 This low incidence of cancer is asso-
ciated with a large reduction in cancer associated
deaths among Down syndrome patients. It has
been proposed that an increase of about one-third
of normal endostatin serum levels may represent
an effective therapeutic dose to significantly
inhibit many solid tumors.**> When this observa-
tion is taken together with endostatin’s lack of
toxicity, endostatin may someday be used chron-
ically in a preventive mode for patients with a
high cancer risk for breast cancer or other tumors.

Clinical Trial. A polymorphism in endo-
statin predisposes for the development of
prostate cancer.*** A single missense substitu-
tion of asparagine for aspartic acid at D104N
located in the C-terminal globular domain NCI

of collagen XVIII, yields endostatin with this
mutation at N104. Men who are heterozygous
for this mutation have a 2.5 times increased risk
of prostate cancer. The authors propose that (1)
the DNA segment containing this residue might
contain a novel interaction site to an as yet
unknown receptor; (2) the presence of N104 may
impair the angiogenesis inhibitory function of
endostatin; and (3) this mutation could possibly
be used for a prostate cancer screening test.*%*

Prostate Cancer. In a phase I trial of endo-
statin 25 patients who had failed all previous
therapy were treated with endostatin.?®’ They
received a daily intravenous bolus dose of endo-
statin over a period of 20 minutes. Endostatin
was safe and had a linear pharmacokinetic pro-
file up to 599 mg/m?/day. Tumors regressed in
two patients, although not sufficiently to satisfy
the criteria for the terms ‘partial’ or ‘complete’
response used for chemotherapy. In one patient
with metastatic melanoma there was prolonged
stabilization for 426 days with a much improved
quality of life and he returned to work.

The limited antitumor effect of bolus dosing
in these patients is similar to the weak antitumor
effect observed in mice that received bolus dos-
ing.”? In ongoing phase II trials, patients in
Boston are receiving subcutaneous injections of
a slow-release preparation of endostatin, which
provides a steady state blood level of endostatin
similar to that obtained by continuous intra-
venous dosing in patients and continuous
intraperitoneal pump dosing in mice.”? In these
patients endostatin is showing more anticancer
activity and more prolonged stable disease up to
1 year or more.

Production and manufacture of endostatin
Recombinant endostatin can be produced in
large scale in E. coli, Drosophila cells, P pas-
toris and in mammalian cells.*87-4%1 Current
clinical trials in the United States and The
Netherlands employ recombinant human endo-
statin produced in yeast (P, pastoris).

A family of angiogenesis inhibitors in
matrix proteins The discovery of endostatin, a
specific and potent angiogenesis inhibitor resid-
ing as an internal fragment of collagen XVIII,
further implicated the potential role of basement
membranes in the regulation of angiogenesis. In
1996, three independent lines of evidence led
Kalluri and his colleagues to launch a new line of
investigation into the role of vascular basement
membrane in the regulation of angiogenesis: (1)
the observation that vascular basement mem-
brane proteins are associated with resting and
growth arrested capillary endothelial cells, while
proliferating and migrating endothelial cells are
under the influence of provisional matrix
molecules such as vitronectin and fibronectin; (2)
studies by Madri and also by Furcht that suggest
that sub-domains of type IV collagen exhibit dif-
ferent properties as compared to the intact full-
length molecule; and (3) the demonstration by
Furcht that the noncollagenous-1 domain (NC1
domain) can disrupt the assembly of type IV col-
lagen.498-500,670-673 Kalluri hypothesized that

CHAPTER 11 / Tumor Angiogenesis 179

during the inductive phase of angiogenesis
involving the degradation of vascular basement
membrane, proteolytic degradation fragments of
basement membrane are liberated with the poten-
tial for positive and negative regulation of capil-
lary endothelial proliferation and migration.
Such a potential role for matrix fragments could
provide the regulatory balance for an organized
formation of new capillaries.

A biochemical approach was designed to
extract vascular basement membranes and per-
form degradation with tumor microenvironment
associated enzymes. The isolated vascular base-
ment membrane per se, did not reveal any antian-
giogenic activity in its solid state. But, degrada-
tion by various basement membrane-degrading
enzymes liberated cryptic domains of collagen
molecules from the vascular basement mem-
brane with novel antiangiogenic activity.3%°
Interestingly, while these fragments are present
in the intact molecules, in this form they do not
exhibit antiangiogenic activity. The initial screen
of fragments from vascular basement membrane
identified three antiangiogenic fragments from
type IV collagen, known as arresten, canstatin
and tumstatin. Endostatin was also identified in
this collection of basement membrane frag-
ments. The discovery of arresten, canstatin, tum-
statin and 06 chain NCI domain of type IV col-
lagen was later also independently published by
Petitclerc and coworkers.

Arresten In vitro antiangiogenic activity
Arresten (26 kDa) is the NC1 domain fragment
of al type IV collagen.?% Arrestin exhibits
antiangiogenic activity in various in vitro and in
vivo assays and is found circulating in normal
individuals. Recombinant arresten inhibited the
growth of small and large renal cell carcinoma
xenografts and prostate carcinoma-xenografts in
nude mice at doses as low as 4 mg/kg/day/
intraperitoneally. The decrease in tumor size was
consistent with a decrease in CD31 positive vas-
culature.262

Mechanism of action. The antiangiogenic
and antitumor action of arresten is potentially
mediated by heparan sulfate proteoglycan and
o1Pi-integrin  on proliferating endothelial
cells.2%2 Two independent studies support the
contention that arresten may function via o -
integrin. Senger and colleagues demonstrate that
o-integrin-neutralizing antibodies can inhibit
VEGEF driven angiogenesis without detectable
effect on pre-existing vasculature, and VEGF
can induce expression of aifi- and owPi-
integrins.>! Additionally, Pozzi and colleagues
demonstrate that tumors grow slower in o1 inte-
grin null mice, when compared to the wild-type
mice. 92393 Collectively, all of these studies
suggest that arresten can potentially act as an
endogenous inhibitor of ofi-induced tumor
angiogenesis.

Canstatin  Canstatin (24 kDa) is the NCI
domain fragment of a2 type IV collagen.263
Canstatin exhibits antiangiogenic activity in sev-
eral in vitro and in vivo assays.?®3 Recombinant
canstatin inhibits the growth of small and large



180 SECTION 1 / Cancer Biology

renal cell carcinoma tumors by four- or three-
fold with respect to placebo-treated mice. Estab-
lished human prostate carcinoma (PC-3) in
severe combined immunodeficient (SCID) mice
or athymic (nu/nu) mice exhibited fractional
tumor volumes of about threefold less than
placebo-treated mice when treated with 3 mg/kg
canstatin. This decrease in tumor size was con-
sistent with a decrease in CD31 positive vascula-
ture.263 Recent studies using syngeneic mouse
Lewis lung tumors (LLC) in C57BL/6 mice and
orthotopic MDA-MB 435 breast tumors in nude
mice also reveal significant tumor inhibition
with recombinant canstatin. The antiangiogenic
activity of canstatin was also independently val-
idated subsequently by Petitclerc and cowork-
ers. 04 Petitclerc and colleagues demonstrate that
recombinant canstatin, tumstatin, and the
0a6(IV)NCI1 domain can inhibit angiogenesis in a
CAM assay. Petitclerc and colleagues also show
that canstatin can bind to oy[3-integrin on
endothelial cells.

Mechanism of action. The mechanism of
how canstatin inhibits proliferation and migra-
tion of endothelial cells was further investigated.
Kamphaus and colleagues investigated the effect
of canstatin on ERK activation induced by 20%
fetal bovine serum and endothelial mitogens.
Canstatin does not act primarily by inhibiting
VEGF or bFGF activation of ERK.2%3 Instead,
canstatin specifically induces apoptosis of
endothelial cells with insignificant effect on
nonendothelial cells. Apoptosis of endothelial
cells by canstatin is mediated by induction of a
steady decrease in FLIP protein (an antiapoptotic
protein associated with FAS-mediated apoptosis
pathway) levels in the presence of 20% fetal calf
serum, bFGF and VEGF. Interestingly, canstatin
did not affect FLIP levels in the absence of
growth factors. Canstatin’s lack of effect on
endothelial cells in the absence of growth factors
may indicate that only proliferative endothelium
is targeted.”®> Recent studies suggest that
canstatin binds to owP3-integrin and also
o3fi-integrin  on proliferating endothelial
cells.>** The importance of owP3 and o3Pi-inte-
grins for the antiangiogenic activity of canstatin
is yet to be determined.

Tumstatin Tumstatin (28 kDa) is the NC1
domain fragment of a3 collagen molecule and
exhibits antiangiogenic activity in both the in vitro
and in vivo assays.”1,264:305.506.507 The antiangio-
genic activity has been narrowed down to a 25
amino acid stretch in the middle of the molecule.
At equal molar concentrations, the full-length
tumstatin exhibits similar activity as the 25 amino
acid peptide termed as T7 peptide’!-264:505.506.507
Recombinant tumstatin and T7 peptide exhibit
significant inhibition of human tumor xenografts
in nude and SCID mice, syngeneic LLC and
B16F10 tumors in C57BL/6 mice, and orthotopic
MDA-MB 435-breast tumor in nude mice at a
dosage of 1 mg/kg/day/ip. or iv.

Tumstatin (a3(IV)NC1) binds to endothelial
cells via oyP3-integrin  and  oPi-inte-
grin,’1,264305,506 The ¢3B-binding activity for

tumstatin was also demonstrated by Petitclerc
and colleagues.>** We show that the binding to
owP3 is pivotal for the antiangiogenic activity
associated with tumstatin and that the activity is
restricted to amino acids 54-132 (tum-5) within
the 244 amino acid tumstatin using deletion
mutagenesis.’” 264306 Additionally, oy B3 binding
to tumstatin is mediated via a mechanism inde-
pendent of the RGD-containing amino acid
sequence and vitronectin/fibronectin binding of
proliferating endothelial cells. The antiangio-
genic activity of tumstatin can be further local-
ized to a 25 amino acid region within tum-5 and
a synthetic peptide representing this region pre-
serves ‘full” antiangiogenic activity and binds to
owBs-integrin.’!-264:306 Cell biological experi-
ments demonstrate that the antiangiogenic activ-
ity of tumstatin is dependent on o B3-binding on
proliferating endothelial cells.”!-3° These exper-
iments support the notion that through the action
of endogenous inhibitors such as tumstatin,
o P3-integrin could also function as a negative
regulator of angiogenesis.”!-508-311

Mechanism of Action. Tumstatin induces
apoptosis of proliferating endothelial cells.>%7
Maeshima and colleagues demonstrate that tum-
statin is an ow[3-integrin-dependent inhibitor of
cap-dependent translation mediated through
negative regulation of mTOR signaling. In
essence, tumstatin is an endothelial cell specific
inhibitor of cap-dependent translation. The
mTOR inhibitory property of tumstatin mimics
that of rapamycin, except unlike rapamycin,
which is pan-specific, tumstatin is specific for
only endothelial cells.’*” The action on mTOR is
mediated by the FAK-PI3K-Akt pathway down-
stream of owB3-integrin.

Endogenous angiogenesis inhibitors as
cryptic tumor suppressor proteins With the
discovery of angiostatin, endostatin, arresten,
canstatin, and tumstatin, a new paradigm has
emerged that puts forward a novel notion that
some proteins such as plasminogen and basement
membrane collagens, harbor unique properties
that are cryptic and become exposed only upon
proteolytic degradation. Thus, in their intact form
(full-length) plasminogen and basement mem-
brane collagen do not exhibit antiangiogenic
activity or antitumor activity; but, when plas-
minogen and basement membrane collagens
undergo degradation, they now expose or liberate
novel cryptic fragments, which possess antian-
giogenic activity.

All of these inhibitors are found in blood of
normal individuals. A decrease in the physio-
logic levels of tumstatin is speculated to result in
an acceleration of tumor growth. A change in
amino acid sequence of endostatin due to a
polymorphism correlates with an increased
susceptibility to prostate cancer. Conversely, an
increase in physiological levels of endostatin
results in less propensity for emergence of solid
tumor in Down syndrome patients (due to an
extra copy of type XVIII collagen) (see
above).*%2 Collectively, these results argue that
angiostatin, endostatin, tumstatin, canstatin and

arresten may function as cryptic tumor suppres-
sor proteins, offering an additional line of
defense against tumor progression by blocking
angiogenesis switching.

Antiangiogenic conformation of antithrom-
bin III A human small-cell lung carcinoma
suppressed angiogenesis and tumor growth at
remote sites in immunodeficient mice. These
cells generated an enzyme in vitro that converted
the 58 kDa conformation of circulating
antithrombin III to a 53 kDa form of the protein
in which the externally configured stressed loop
of antithrombin was retracted into the body of
the molecule.”® The 53 kDa “cleaved” form is a
specific endothelial inhibitor and a potent angio-
genesis inhibitor and has no thrombin binding
activity. Antithrombin III has no antiendothelial
or antiangiogenic activity. The enzyme(s) that
induce this conformational change have not yet
been elucidated. Human pancreatic cancer also
generates the 53 kDa cleaved antiangiogenic
antithrombin.>!2

Tropinin I A novel protein, troponin I, was
purified from cartilage during an attempt to find
the inhibitors responsible for the avascularity of
cartilage.>!3 It is a 22 kDa subunit of the tro-
ponin complex that, along with tropomysin, is
responsible for the calcium-dependent regula-
tion of striated muscle contraction. It is a spe-
cific inhibitor of endothelial cell proliferation
and of angiogenesis in the mouse cornea and
chick embryo. It inhibits growth of primary
tumor and metastases.

Other angiogenesis inhibitors that are
endogenous In addition to the specific angio-
genesis inhibitors, endostatin, tumstatin,
canstatin and arresten discussed above, the
plasma and tissues contain other endogenous
angiogenesis inhibitors that, although not spe-
cific, appear to preferentially inhibit endothelial
proliferation and/or migration. These inhibitors
have quite different structures. The increasing
number of endogenous inhibitors of angiogene-
sis being discovered indicates the existence of a
family of molecules that provide physiologic
suppression of angiogenesis. An analogy may be
drawn to the more than 40 proteins of the clot-
ting system, many of which function to prevent
coagulation under normal conditions (see
below). Examples of endogenous angiogenesis
inhibitors include interferon-B, platelet factor
4, fibronectin fragments, fragments of SPARC,
thrombospondin-1, tissue inhibitors of metallo-
proteinases (TIMPS), certain angiostatic
steroids such as tetrahydrocortisol, a
nonmineralocorticoid metabolite of cortisol, and
2-methoxyestradiol, and interleukin-
12.243,246,247,259-261,514-525  Thrombospondin
also inhibits lumen formation, a rather unique
property of an angiogenesis inhibitor.’2! In
addition to its cytotoxic properties, mediated by
T-cell activation, interleukin-12 also induces the
upregulation of interferon-y, which itself up-
regulates inducible protein 10 (IP-10), reported
to be an angiogenesis inhibitor.32¢ Certain cryp-
tic antiangiogenic protein fragments are con-



tained within larger proteins of the hemostatic
system, in addition to angiostatin and the
cleaved conformation of antithrombin III. These
include an internal fragment (domain 5) of high
molecular weight kininogen in plasma and the
first kringle domain (NK1), or the first two
kringle domains (NK2) of hepatocyte growth
factor (HGF), itself a stimulator of angiogenesis
in platelets.>2” The hemostatic system, like the
extracellular matrix, also appears to store cer-
tain angiogenesis inhibitors that may be needed
during wound healing angiogenesis (for review
see Browder, et al.).#42

Synthetic angiogenesis inhibitors 7TNP-
470 Takeda neoplastic product-470 (TNP-470)
is a synthetic analogue of fumagillin, a com-
pound secreted by the fungus Aspergillus fumi-
gatus fresenius, which selectively inhibits
methionine aminopeptidase-2 and blocks cdk2,
inhibits cdc, and inhibits phosphorylation of
Rb.39234344 Against animal models of human,
rabbit, hamster, rat and mouse tumors, both pri-
mary and metastatic, reports from more than 100
laboratories show that TNP-470 has the broadest
anticancer spectrum of any known agent.® TNP-
470 at 30 mg/kg subcutaneously every other day
inhibited the growth of human glioblastomas,
embryonal rhabdosarcoma, meduloblastoma,
meningioma, fibrosarcoma, neurofibrosarcoma,
hemangioendothelioma, and gastric, colon,
breast, prostate and esophageal carcinomas, as
well as murine Lewis lung carcinoma,
melanoma, osteosarcoma, reticulum cell sar-
coma, glioma, hepatoma, fibrosarcoma and
mammary, bladder, tongue and pancreatic cancer
by 50 to 95% with complete regression in a vari-
ety of tumors especially those of the central
nervous system.

In early clinical trials with TNP-470 used as
a single agent, best results were that 18% of
patients had a 50% regression of tumor. Further-
more, 5 patients had “complete or dramatic and
durable tumor regression, despite having failed
all conventional therapy,” including patients with
carcinoma of the cervix metastatic to lung, high
grade sarcoma of the kidney, renal cell carci-
noma, androgen-independent prostate cancer,
and Kaposi’s sarcoma.’*3-3%% TNP-470 also
showed promise when used in combination with
chemotherapy.’39-532 However, at effective ther-
apeutic doses, some patients have experienced
neurocognitive toxicity and minor seizures have
been reported. Recently, Ronit Satchi-Fainaro in
the Folkman laboratory has determined that
TNP-470 rapidly enters the cerebrospinal fluid.
She has conjugated TNP-470 to a water-soluble
synthetic polymer, (2-hydroxypropyl)methacry-
lamide (HPMA). Lysosomal enzymes (cathepsin
B) in activated endothelial cells cleave the linker
between the polymer and the drug, releasing free
TNP-470. As a result, TNP-470 does not enter
the cerebrospinal fluid, the efficacy of the conju-
gated HPMA-TNP-470 is significantly greater
than free TNP-470 in tumor-bearing animals,
and a maximum tolerated dose has not yet been
found even at 7 times the previous maximum

tolerated dose (R. Satchi-Fainaro, Targeting
angiogenesis with an HPMA-copolymer-TNP-
470 conjugate.

Thalidomide 1n 1994 Robert D’ Amato and
colleagues reported that the antiinflammatory
drug thalidomide could inhibit angiogenesis
induced by bFGF or VEGF in a rabbit cornea
micropocket assay.>*° Thalidomide inhibited new
blood vessel formation in rabbits and mice inde-
pendently of its ability to suppress infiltrating
host inflammatory cells.?*? Thalidomide reduced
the growth of carcinomas in rabbits and Lewis
lung carcinoma in mice.3>* In 1999, thalidomide
therapy was shown to be active in humans against
advanced multiple myeloma.>>> Thirty-two per-
cent of patients treated with thalidomide had a
positive response, as assessed by reduction of the
serum levels of myeloma protein and urine levels
of Bence Jones protein. These findings have been
confirmed by other studies.>>® Thalidomide is
now being tested in numerous clinical trials in the
United States (>160 clinical trials in >70 medical
centers in the United States [Celgene Corp., War-
ren, NJ, January 2001]), and also in Europe for
the treatment of a variety of solid tumors and has
become one of the most effective drugs for mul-
tiple myeloma, either as first line therapy or for
the treatment of disease resistant to conventional
chemotherapy.

Mechanism of Action. Thalidomide treat-
ment suppresses production of tumor necrosis
factor (TNF)-o, which has been reported to be
angiogenic. However, other, more potent
inhibitors of TNF-o such as pentoxifylline or
dexamethasone have little or no activity against
corneal angiogenesis.?? Ibuprofen, which
inhibits angiogenesis, actually increases serum
levels of TNF-o. in mice.?>? Furthermore, TNF-o
inhibitors are not effective in animal models of
myeloma or in patients. TNF-o. suppression
therefore does not appear to be a major part of
thalidomide’s antiangiogenic activity.

Thalidomide does have a direct antiprolifer-
ative effect on multiple myeloma cells in vitro,
although very high concentrations of thalido-
mide (up to 100 uM) are required.’>® Neverthe-
less, this drug might be able to target both can-
cer cells and vascular endothelial cells. In
patients with multiple myeloma, or myelodys-
plastic syndromes, plasma levels of the proan-
giogenic proteins, VEGF and bFGF were signif-
icantly decreased compared to pretreatment
levels. This decrease correlated with efficacy of
thalidomide therapy.!38

Surrogate markers of efficacy in patients.
In the original clinical reports of the antitumor
effects of thalidomide against multiple myeloma,
decreased microvessel density was not associ-
ated with disease remission.”> This created a
question of whether the clinical efficacy of
thalidomide was mediated entirely or even partly
by its antiangiogenic features.>>’ The problem is
an assumption that because microvessel density
(measured by the method of Weidner and col-
leagues) can determine cancer prognosis, it
should also be useful for determining therapeutic
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efficacy.>® While increased microvessel density
in bone marrow is associated with relapse in
multiple myeloma or with untreated multiple
myeloma in virtually all reports to date,
microvessel density has not been an effective
measure of therapeutic response in many
patients with multiple myeloma. For example,
some studies reported that increased microvessel
density persists in patients who have undergone
a complete response to thalidomide or to stem
cell transplantation.>>>->3 Microvessel density
also remains elevated in patients who have
undergone remission after chemotherapy for
acute lymphoblastic leukemia.’% Therefore,
microvessel density may not be a useful indica-
tor of efficacy in solid tumors, even though it has
continued to be a valid prognostic indicator for
predicting future mortality and metastasis.37-32

As a substitute for microvessel density, other
surrogate markers of efficacy of antiangiogenic
therapy are being studied. Circulating bone mar-
row-derived endothelial cells showed a 10-fold
reduction and returned to normal values after
thalidomide treatment.!38 Decreased circulating
levels of VEGF correlated with thalidomide’s
therapeutic efficacy in multiple myeloma and
other hematologic diseases.!3® However, serum
VEGF alone has not been a predictable marker of
angiogenesis in other tumors, in part because of
the high VEGF content of platelets, and because
circulating angiogenesis inhibitors are not taken
into account.38

PRINCIPLES OF ANGIOGENESIS IMPORTANT FOR
CLINICAL TRANSLATION Antiangiogenic
chemotherapy In some clinical trials angio-
genesis inhibitors are also being administered
in combination with conventional chemother-
apy. Chemotherapeutic agents have in fact been
shown to have antiangiogenic properties in ani-
mal models, in addition to their ability to
induce direct cancer cell death. Paclitaxel,
which inhibits microtubule polymerization,
inhibits vascular endothelial cell proliferation,
motility and invasiveness in a dose-dependent
manner in vitro and tumor angiogenesis in
vivo.>%2 Secondary effects such as these could
contribute to the antitumor efficacy of
chemotherapy in vivo and might delay or
prevent the acquisition of drug-resistance by
cancer cells.

Antiangiogenic chemotherapy Browder
and colleagues proposed that the traditional dose
schedule regimen for chemotherapeutic agents
cannot, however, provide the sustained blockade
of angiogenesis achieved by angiogenesis
inhibitors.>®3 This could be because chemother-
apy is usually administered at the maximum
tolerated dose, followed by a treatment-free inter-
val to allow recovery of bone marrow and gas-
trointestinal tract cells. During the treatment-free
interval, microvascular endothelial cells in the
tumor bed can resume their proliferation and sup-
port tumor regrowth.’%3 Browder and colleagues
experimented with changing scheduling and
dose of a cytotoxic agent to augment its antien-
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dothelial activity, an approach called ‘antiangio-
genic chemotherapy’ (metronomic therapy).

Antiangiogenic chemotherapy was first
shown to be effective in tumor-bearing mice. %
Administration of cyclophosphamide at more
frequent intervals at an overall lower dose with a
brief treatment-free interval induced sustained
apoptosis of endothelial cells in the vascular bed
of the tumors, and more effectively controlled
growth of drug-resistant tumors. This protocol
also reduced side-effects and avoided bone mar-
row suppression, These results indicated that
antitumor efficacy of cytotoxic drugs may be
improved by changing the schedule and dose to
provide optimum cytotoxic targeting of the
microvascular endothelial cells in the tumor bed.

These results might also help to explain why
some patients who receive long-term maintenance
or even palliative chemotherapy have stable dis-
ease beyond the time that the tumor would have
been expected to develop drug resistance. Patients
with slow-growing cancers who are on antiangio-
genic scheduling of chemotherapy involving con-
tinuous infusion 5-fluorouracil, weekly paclitaxel,
or daily oral etoposide have shown an improved
outcome despite the fact that in some of these
patients the tumors had already become drug
resistant to conventional chemotherapy.>%+>57!1

Antiangiogenic chemotherapy has also been
called ‘metronomic’ therapy, but the two terms
do not have precisely the same meaning. Antian-
giogenic chemotherapy signifies that the target
of the chemotherapy is microvascular endothe-
lium in the tumor bed.>’? Metronomic therapy
indicates that the schedule of administration is at
very regular intervals.

Combinations of antiangiogenic therapy
and standard chemotherapy Clinical trials of
antiangiogenic chemotherapy are underway at
present.73->74 These trials usually combine very
low-dose chemotherapy at frequent intervals with
one or more angiogenesis inhibitors. For example,
a current clinical trial at the Dana Farber Cancer
Center, developed by Mark Kieran, combines
celecoxib, very low-dose cyclophosphamide, and
thalidomide. Every 3 weeks, low-dose etoposide
is substituted for cyclophosphamide. In other clin-
ical trials, angiogenesis inhibitors have been
added to high-dose conventional chemotherapy.
Millar however, has cautioned about possible lim-
itations of combining standard chemotherapy
with antiangiogenic therapy or, alternatively, with
an oncogene signaling inhibitor that has antian-
giogenic activity.#¢ Unexpected toxicities may
occur, or at the least, lack of increased efficacy.
However, we and subsequently others have
reported that angiogenesis inhibitors can be com-
bined with chemotherapeutic drugs which are
administered on an ‘antiangiogenic’ or ‘metro-
nomic’ dose and schedule; ie, that is more fre-
quently than most conventional schedules, and at
significantly lower than maximum tolerated
doses 37-303:372.575-577  Administration ~ of
chemotherapeutic drugs in this manner is
designed to maximize their antiangiogenic activ-
ity while reducing the severe and acute toxicities

often associated with conventional regimens of
maximum tolerated dose.’’® Clinical trials of
antiangiogenic chemotherapy (metronomic) are
currently underway.>73-74

Clinical patterns of metastasis may be gov-
erned by angiogenic mechanisms Metastases
may present at least four common clinical pat-
terns (see Table 11-1): (1) a primary tumor such
as a colon carcinoma is removed, but within a
few months metastases appear; (2) metastases
are already present when the primary tumor is
first detected; (3) metastases appear first, and the
primary remains occult; and (4) the primary is
removed (or treated by other therapy), and
metastases do not appear until years later (eg,
5-10 years). A fifth and rare pattern is that
metastases disappear after removal of the pri-
mary tumor (eg, a few cases of renal cell carci-
noma). These patterns of metastatic presentation
are well recognized, but their biologic basis has
been poorly understood.

New experimental evidence suggests that the
majority of the presenting patterns of metastases
may be dictated by the intensity of angiogenesis
in their vascular bed. The essential role that
angiogenesis plays in the metastatic cascade can
be appreciated by examining animal models that
have been developed for each of the common
presenting patterns of metastases in cancer
patients (see Table 11-1). These five patterns can
be explained by a unifying angiogenic mecha-
nism and will depend mainly upon whether or
not a primary tumor generates an angiogenesis
inhibitor(s) (eg, angiostatin, endostatin), which
circulate and suppress angiogenesis in remote
metastases.”’

Hematologic malignancies are angiogenic
Although solid tumors are known to be angio-

Normal

genesis dependent, it was assumed until 1993
that leukemias and other hematologic malignan-
cies did not induce angiogenesis to promote
their own survival.5”® In 1993, Brunner and col-
leagues observed that bFGF was expressed by
human bone marrow and peripheral blood cells,
and the following year Nguyen and coworkers
reported that bFGF was elevated in the urine of
newly diagnosed leukemic patients to higher
levels than most other malignancies.!7%-380 Bone
marrow angiogenesis was subsequently found to
correlate with multiple myeloma progression,
and was also observed in lymph nodes of B cell
non-Hodgkin lymphoma patients and in bone
marrow biopsies from children with newly diag-
nosed untreated acute lymphoblastic
leukemia.>61-381-584 By 1999, cellular levels of
another angiogenic protein, VEGF, were
reported to predict outcome of patients with
multiple myeloma (Figure 11-15).58>

Angiogenesis inhibitors might therefore be
useful in treating hematologic malignancies. A
recent study reports that the retroviral gene trans-
fer of a vector encoding the direct angiogenesis
inhibitors angiostatin and endostatin inhibits
bone marrow angiogenesis and tumor growth in
a mouse model of leukemia.3”> This therapy was
shown to directly inhibit endothelial prolifera-
tion in vitro, but to have no effect on leukemia
cell proliferation. Mice inoculated with B-cell, T-
cell or myelogenous leukemias and treated with
recombinant endostatin have also been observed
to live significantly longer and experience fewer
toxic side effects than with conventional
chemotherapy (T. Browder, et al., unpublished
observation).

Host angiogenic response may be geneti-
cally controlled A recent finding is that differ-

Leukemia (ALL)

Figure 11-15 Leukemia in human bone marrow. Comparison of normal vs. leukemic bone marrow, with blood vessels
shown in red. Confocal microscopic sections of bone marrow biopsies stained with antibody to von Willebrand factor to
highlight blood vessels. In the left panel, normal bone marrow (from a child with a non-neoplastic disease) shows nor-
mal microvasculature of uniform sized vessels. In the right panel, a bone marrow biopsy from a child with newly diag-
nosed acute lymphoblastic leukemia reveals intense neovascularization, with microvessels of variable diameter.30 (Four-

color version of figure on CD-ROM)



ent strains of inbred mice have an approximately
10-fold range of response to a constant dose of
angiogenic stimulation (bFGF) in the corneal
micropocket assay.’%¢ Furthermore, the in vitro
migratory activity of endothelial cells from aor-
tic rings of selected strains correlates with the in
vivo responsiveness. Also, high angiogenesis
responders require higher doses of an angiogen-
esis inhibitor to achieve the same suppression of
angiogenesis as a low dose of inhibitor in a low
angiogenesis responder. If this early work trans-
lates to humans, one can speculate that a low
angiogenic host response would decrease the
probability of in situ carcinomas switching to the
angiogenic phenotype, that tumors that did
become angiogenic would grow slowly or be
indolent (eg, indolent prostate cancer) and that
relatively low doses of angiogenesis inhibitors
would be necessary to achieve effective therapy.
In contrast, a high angiogenic host response
would predict a higher frequency of in situ
switching to the angiogenic phenotype, faster
growing tumors, and significantly higher doses
of antiangiogenic therapy would be required.

P53 normally suppresses angiogenesis
p53 mutations also allow tumor cells to become
resistant to apoptosis under conditions of
hypoxia.>®’ In mice, p53 mutations decrease the
response of cancer cells to antiangiogenic thera-
pies.>8® Wild-type p53 normally suppresses
tumor angiogenesis by upregulating throm-
bospondin-1, inducing degradation of HIF-1a.,
suppressing transcription of VEGFE, and down-
regulating bFGF-binding protein expres-
sion.”>-161.233 The increased neovascularization
that occurs following loss of p53 function, how-
ever, can be overcome by increasing the dose of
antiangiogenic therapy. For example, in mice
bearing a mutant p53-associated human pancre-
atic tumor, there was a dose-dependent response
to a single angiogenesis inhibitor, varying from
33% inhibition to 97% inhibition of tumor
growth with tumor regression.”%389

It remains to be seen whether this result can
be translated to those patients with tumors that
possess p53 mutations. Therefore, in contrast to
the maximum tolerated doses of chemotherapy,
antiangiogenic therapy dosing may be optimized
by titrating against the total angiogenic output of
a tumor, analogous to the titration of insulin
against blood sugar or Coumadin against pro-
thrombin levels. There is currently, however, no
quantitative method for determining the total
angiogenic output of a patient’s tumor burden, so
surrogate markers such as circulating progenitor
endothelial cells are being studied.!3’

Slowly growing indolent tumors Rapidly
growing tumors are generally more sensitive to
conventional cytotoxic chemotherapy than slowly
growing, indolent tumors. In fact, the most slowly
growing tumors (such as neurofibromas and
indolent prostate carcinomas) are virtually unre-
sponsive to chemotherapy. It has been assumed
by some oncologists that slowly growing tumors
would be as unresponsive to antiangiogenic ther-
apy as they are to chemotherapy.>®® However,

when two types of human bladder cancers, a
rapidly growing highly vascularized tumor and a
slowly growing poorly vascularized tumor were
implanted into immunodeficient mice, growth of
both tumor types was inhibited by angiogenesis
inhibitors. For a given dose of angiogenesis
inhibitor, the slower the tumor was growing, the
more effective the inhibitor.>*° In carcinogen-
treated mice, breast cancers that arose sponta-
neously and grew very slowly were inhibited
and/or regressed by treatment with mouse endo-
statin.28% Spontaneously arising carcinomas of
the pancreatic beta cells in transgenic mice grew
very slowly compared to most transplantable
tumors, but retained a high degree of sensitivity
to angiogenesis inhibitors.*4?

Poorly vascularized tumors Another
common misconception about antiangiogenic
therapy is that it is only effective in highly vas-
cularized tumors. Some cancer patients who
have failed conventional therapy lament that
their physician told them they were not candi-
dates for antiangiogenic therapy because their
tumor was not vascularized. It is sometimes
assumed by surgeons that a tumor that appears to
be white and avascular (eg, pancreatic cancer) is
not a candidate for antiangiogenic therapy. Based
on these assumptions, some angiogenesis
inhibitor clinical trials currently require a pre-
treatment biopsy for microvessel density to
exclude patients whose tumor microvessel den-
sity is too low. Another clinical trial for a new
angiogenesis inhibitor is restricted to renal cell
carcinoma and other highly vascularized tumors.

There are several flaws in these assumptions.
First, virtually any tumor that is large enough to
be visible or palpable has already undergone
neovascularization to attain that size. Second,
intensity of neovascularization cannot be deter-
mined by gross inspection of a tumor. A white
neurofibrosarcoma of one or more cubic cen-
timeters may have a microvessel density by
microscopy that is similar to the microvessel
density of a reddish hepatic carcinoma of similar
size, except in the whitish tumor, the vessels are
more compressed. Third, the lower the vascular-
ity of a tumor, the more susceptible it appears to
be to antiangiogenic therapy.>? Highly vascular-
ized tumors may require higher doses of an
angiogenesis inhibitor or combinations of angio-
genesis inhibitors to achieve a tumor response.

Predicting efficacy of antiangiogenic ther-
apy: is microvessel density helpful? In 1972,
a quantitative method for histologic grading of
tumor angiogenesis was developed that corre-
lated the amount of neovascularization with
tumor grade in human brain tumors.’*! Addi-
tional methods for quantifying grade of tumor
vascularization were developed, and followed by
the first report of the use of tumor vascularity as
a  prognostic marker for cutaneous
melanoma.193:592 In 1991, Weidner and col-
leagues used antiendothelial cell antibodies to
identify tumor vasculature and showed that
microvessel density was a useful prognostic
marker for human breast cancer.®” Microvessel
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density measures the relative intensity of angio-
genesis in angiogenic clones from one tumor to
another. In the past 10 years, microvessel density
quantification has become a reproducible prog-
nostic factor for risk of metastasis. The most
plausible explanation for this correlation is that
most human tumors contain angiogenic and
nonangiogenic cells, both of which enter the cir-
culation, but only the angiogenic cells can form
detectable metastases.? Although there are a few
reports in which microvessel density did not cor-
relate with risk of metastasis or mortality, this
could be due to technical or biologic causes. For
example, if a primary tumor that was the source
of a biopsy for quantification of microvessel
density, generated a high level of circulating
angiogenesis inhibitor(s), which suppressed
growth of distant metastases, the prognostic
value of this test could be negated. For a review
of more than 50 publications of microvessel den-
sity quantified in more than 8,000 patients as a
prognostic indicator of future metastasis or mor-
tality, see Gasparini et al.561-558.593

Although microvessel density is a useful
prognostic marker of metastatic risk, it is not a
good indicator of therapeutic efficacy for several
reasons. In normal tissues, degree of vascular-
ization and oxygen/nutrient demand are tightly
coupled. In tumors, however, degree of vascular-
ization and tumor growth are loosely coupled, or
even uncoupled. This may be because in tumor
cells, expression of angiogenic factors, such as
VEGEF, are no longer regulated by oxygen con-
centration. During tumor regression under
antiangiogenic therapy, microvessel density may
decrease if capillary dropout exceeds tumor cell
dropout (autolysis), increase if tumor cell
dropout exceeds capillary dropout, or, remain
the same if disappearance of capillaries and
tumor cells parallel each other (Figure 11-16).
Figure 11-16 shows osteosarcomas taken from
mice treated with endostatin until there was more
than a 50% inhibition of growth.252 Despite the
fact that this drug inhibited growth of both
treated tumors depicted, the intensity of vascu-
larization after treatment differed significantly
between the tumors. Microvascular density was
quantified over the entire histological section
rather than over vascular hotspots, in order to
avoid the effects of heterogeneity of vasculariza-
tion in the tissue sample. Microvascular density
dropped sharply in one treated tumor but rose
slightly in the second, yet both tumors were
equivalently reduced in size by the treatment rel-
ative to control. Thus, detection of a decrease in
microvessel density during treatment with an
angiogenesis inhibitor, suggests that the agent is
active. However, the absence of a decrease in
microvessel density does not indicate that the
agent is ineffective.>8

Antiangiogenic activity of interferon-a:
lessons for other angiogenesis inhibitors
Interferon-o. has been widely used as an antiviral
agent to treat chronic hepatitis, but also as a cyto-
toxic agent to treat certain leukemias and some
bladder cancers.?>® The first evidence that inter-
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Figure 11-16 Microvessel density may not predict efficacy of an angiogenesis inhibitor. Human osteosarcoma xenografts were treated with the angiogenic
inhibitor endostatin. Shown are tumor size, vascularization as detected by an antibody to CD34, and vascular density quantified by digitized imaging for a
control and two endostatin-treated tumors. Endostatin significantly inhibited tumor growth in treated tumors. Despite the fact that endostatin inhibited both
treated tumors, the post-treatment level of vascularization of the two tumors varies considerably. Entire tumor sections were scored for microvascular den-
sity rather than just vascular hotspots, thereby avoiding effects of heterogeneity in vascularization over the sample. Sections were scored by imaging as many
microscope fields at 200X as it took to cover the entire sections. Vascular density was found to drop sharply in one treated tumor (left), yet actually rose
slightly in the second (right). The mechanism of this disparity, based on the relative rates of capillary dropout vs. dropout of tumor cells in the perivascular
cuff, is explained in the text.23% (Four-color version of figure on CD-ROM)

feron-o. had antiangiogenic activity was reported
in 1980 when it was found to inhibit motility of
vascular endothelial cells in vitro in a dose-depen-
dent and reversible manner, and subsequently
found to inhibit angiogenesis in vivo.244.269:270
Experimental studies in mice demonstrate that the
antiangiogenic efficacy of interferon-o. is optimal
at low doses and declines at higher doses.*332 New
blood vessel growth in proliferating hemangiomas
has been associated with increased expression of
bFGE, and interferon-o. has been shown to down-
regulate bFGF expression in human cancer
cells.239:240,243,594,595

The first use of antiangiogenic therapy in a
human was in 1988, when pulmonary heman-
giomatosis in a 12-year old boy was successfully
treated with low dose interferon-o therapy (3 mil-
lion units/m?).3%6397 Subsequently, infants with
life-threatening or sight-threatening hemangiomas
were successfully treated with the same low-dose
interferon-o..7°8%° Durable complete regressions
have been achieved with low-dose interferon-o.
therapy in patients with solid tumors such as
angioblastomas and giant cell tumors, where
tumor angiogenesis was mediated mainly by
bFGF.2%-24! Interferon-o. at low doses has also
been used to successfully treat hemangioendothe-
lioma with or without metastases.%90-692 In a
recent report, Kaban and colleagues treated recur-
rent high-grade giant cell tumors of the maxilla or
mandible by simple surgical enucleation to spare
nerves and teeth, and after 48 hours, patients

received interferon-o., 3 million units/day subcuta-
neously for up to 8 months.241:242 All 8 of 8
patients had complete and durable regressions
without recurrence for follow-up for up to 6 years.

Clinical signs and symptoms in cancer
patients that may be based on angiogenesis
Certain clinical signs and symptoms from tumor
neovascularization are associated with specific
tumor types. For example, retinoblastomas in the
posterior eye induce iris neovascularization in
the anterior chamber. Certain brain tumors
induce angiogenesis in remote areas of the brain.
Bone pain in metastatic prostate cancer may be
related in part to neovascularization. A problem
in the diagnosis of a primary bone tumor is that
if the biopsy specimen contains only the neovas-
cular response at the periphery of the tumor, it
may be mistaken for granulation tissue or
inflammation.

A variety of cancer syndromes, such as inap-
propriate hormonal activity, hypercoagulation,
and cachexia, are secondary to the presence of
biologically active peptides released into the cir-
culation from vascularized tumors. Therefore, it
might be predicted that an early therapeutic
effect of antiangiogenic therapy would be
increased appetite, weight gain, and disappear-
ance of certain cancer syndromes. This early
therapeutic effect would be most apparent with
those angiogenesis inhibitors that had the least
side effects. The angiogenesis induced by cervi-
cal cancer may be observed by colposcopy; the

appearance of telangiectasia or “vascular spi-
ders” in a mastectomy scar may herald local
recurrence of tumor; color Doppler imaging can
demonstrate neovascularization in breast cancer
and other tumors; bladder carcinoma is detected
by cystoscopy based, in part, on its neovascular-
ization; and mammography often reveals the vas-
cularized rim of a breast tumor.?2*%5 In fact, a
wide range of radiologic signs of cancer are
based on “enhancement” of lesions by
radiopaque dyes trapped in the neovasculature of
a tumor. Moreover, in some tumors, large central
areas cannot be penetrated by radiopaque dyes
because of vascular compression, a situation that
is unusual in prevascular tumors.

Future directions There are currently so
many clinical trials of angiogenesis inhibitors in
the United States and other countries that space
does not allow a summary of these trials. How-
ever, two recent reports validate the efficacy of
antiangiogenic therapy for recurrent tumors
when conventional therapy has failed. Kaban and
colleagues report complete and durable regres-
sion of recurrent high grade giant cell tumors of
the maxilla and mandible in adults and children
by low-dose daily o-interferon for eight months,
initiated 48 hours after simple enucleation
surgery.?4! Aiello and colleagues report the first
case of treatment of an ocular hemangioblastoma
with an angiogenesis inhibitor that blocks the
receptor for VEGF.2!3 In this patient there was
rapid and durable return of vision. The rapidity



of return of eyesight was at the outset due to inhi-
bition of increased permeability of the tumor by
the antiVEGF regimen.

Need for surrogate markers of anitangio-
genic efficacy  As translation of antiangiogenic
therapy for cancer continues in clinical trials,
there are several important challenges ahead.
There is a need for surrogate markers of antian-
giogenic efficacy. Maximum tolerated dose is
not a useful indicator for antiangiogenic therapy.
Administration of antiangiogenic therapy may be
more analogous to insulin therapy than to
chemotherapy. However, there is as yet no way to
titrate dosing of angiogenesis inhibitors to the
output of proangiogenic activity of the patient’s
tumor burden. Microvessel density, although
useful as a prognostic indicator, is not as useful
to determine efficacy of therapy. Quantification
of proangiogenic factors such as VEGE, although
correlative with prognosis in a few reports, may
not measure all of the positive and negative reg-
ulators of angiogenesis generated in a tumor bed.
Preliminary data indicates that quantification of
circulating endothelial cells may become a
promising surrogate marker of efficacy of
antiangiogenic therapy, but much work remains
to be done. Detection of novel circulating molec-
ular markers of ongoing angiogenesis is a wide
open opportunity for molecular biologists.

Combinations of angiogenesis inhibitors
Combinations of angiogenesis inhibitors will
need to be tested in the future, as single angiogen-
esis inhibitors are approved for use in cancer. For
example, it will be important to know whether bis-
phosphonates are synergistic with certain natural
angiogenesis inhibitors such as angiostatin, endo-
statin, thrombospondin, or tumstatin.

Preventative antiangiogenic therapy Pre-
ventive antiangiogenic therapy may also be pos-
sible in the future. Because antiangiogenic ther-
apy is generally less toxic and less susceptible to
induction of acquired drug resistance, it is possi-
ble that angiogenesis inhibitors could be used as
prophylactic therapy in patients who have a high
risk for cancer or for recurrence of cancer. An
experimental study of spontaneous carcinogen-
induced breast cancer in rats revealed that endo-
statin prevented the onset of breast cancer and
also prolonged survival, compared with
untreated controls.**> Another example of pre-
ventive antiangiogenic therapy would be therapy
guided by a molecular marker even before a
tumor is visible. For example, in medullary car-
cinoma of the thyroid after surgical removal of
the primary tumor, secondary tumors sometimes
appear in the mediastinum and other sites.
Because tumor recurrence can be preceded by
rising serum calcitonin as early as 1 year or more
before the recurrent tumor itself is detectable, it
may in the future be feasible to give antiangio-
genic therapy and follow the decline in calitonin
level analgous to the treatment of high grade
giant cell tumors with low-dose interferon,
where bFGF is the marker that is followed.?3?

Antiangiogenic foods 1t is also possible that
in the future, foods that have high levels of antian-

giogenic substances may be studied in clinical tri-
als for prevention of cancer or its recurrence.
Recently, there has been a summary of foods
reported to contain antiangiogenic substances.®02

Antiangiogenic gene therapy Finally, in
the long-term, antiangiogenic gene therapy may
be useful, especially for the endogenous angio-
genesis inhibitors that are proteins. For example,
would it be possible to achieve slightly elevated
levels of endostatin in the blood similar to the lev-
els in patients with Down syndrome? The ques-
tion could then be addressed as to whether this
would benefit patients at high risk of new tumors
such as women with the breast cancer gene, or
with a high risk of tumor recurrence after treat-
ment of the initial primary tumor.
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