
Angiogenesis, the growth of new capillary blood vessels, is central
to the growth of cancer. An understanding of the cellular and molecu-
lar 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 cancer.* 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 under-
lie 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, someday, there will be molecular solutions to the cancer
problem. However, in virtually all scenarios of current or future ther-
apy, the target is the cancer cell.

Experimental evidence indicates that it is prudent to develop can-
cer therapies against another target, the vascular endothelial cell, with-
out implying that the two targets are mutually exclusive.

Consider a cancer cell that has progressed through a series of muta-
tions so that by activation of certain oncogenes and by loss of specific
suppressor genes, it has become self-sufficient in growth signals, insen-
sitive to antigrowth signals, unresponsive to apoptotic signals, capable
of limitless replicative potential, and tumorigenic.1 Are these neoplastic
properties necessary and sufficient for such a cell to expand into a pop-
ulation that is clinically detectable, symptomatic, or lethal? Current evi-
dence argues that the answer may be no. These neoplastic properties
may only be necessary but not sufficient for the cancer cell to be lethal.
The reported studies suggest that the microvascular endothelial cell dic-
tates 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 phenotype, it must first recruit and sustain1 its own
private blood supply, a process called tumor angiogenesis. 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 a mouse,
a nonangiogenic tumor is often called “no-take.”

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 angiogenesis, including neovascular-
ization in exercised muscle, is tightly regulated.2–4

A variety of circulating and sequestered inhibitors suppress prolif-
eration 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 approximately 6 billion cell divisions
per hour. During angiogenesis, microvascular endothelial cells can
proliferate as rapidly as bone marrow cells. Furthermore, endothelial
proliferation is not the only event necessary for development of a new
capillary blood vessel. Endothelial cells must degrade their own base-
ment membrane, develop sprouts from preexisting microvessels,
invade the extracellular matrix, form tubes, and connect the tips of
these tubes to create loops capable of handling blood flow.5,6 Even in
the absence of endothelial DNA synthesis in tissue that has been heav-

ily irradiated, new capillary blood vessels and their branches still
develop for a few days.7

A hallmark of pathologic angiogenesis is persistent growth of
blood vessels (i.e., sustained neovascularization). Angiogenesis that
continues for months or years supports the progression of many neo-
plastic and non-neoplastic diseases.8 However, both physiologic and
pathologic angiogenesis are usually focal. An angiogenic focus
appears as only a tiny fraction or a small “hot spot” of proliferating 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 approxi-
mately 2500 millimeters of capillary blood vessels, (as determined by
stereologic methods).3 The fundamental objective of all antiangio-
genic 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 vas-
cular than normal tissues.9 This tumor hyperemia observed during
surgery was explained by simple dilation of existing host blood ves-
sels.10 Vasodilation was generally thought to be a side effect of metabo-
lites or of necrotic tumor products escaping from the tumor. Three
reports, although largely overlooked, suggested that tumor hyperemia
could be related to new blood vessel growth—that is, to neovasculariza-
tion—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,11 a tumor implant in the
chamber was associated with accelerated growth of new capillary blood
vessels. The other reports, in 1945 and 1947, demonstrated that new ves-
sels in the neighborhood of a tumor implant arose from host vessels and
not from the tumor itself.12,13 These papers notwithstanding, debate
continued in the literature for two more decades about whether a tumor
could expand to a large size (centimeters) by simply living on preex-
isting vessels.14 Even among the few investigators who accepted the
concept of tumor-induced neovascularization, it was generally
assumed that this vascular response was an inflammatory reaction, a
side effect of tumor growth, not a requirement for tumor growth.15

DEPENDENCE OF TUMORS ON ANGIOGENESIS:
THE BEGINNING OF THE FIELD OF ANGIOGENESIS
RESEARCH

A HYPOTHESIS IS ADVANCED THAT TUMOR GROWTH IS ANGIOGENESIS

DEPENDENT In 1971, I proposed a new view of the role of blood ves-
sels in tumor growth in the form of a hypothesis that tumor growth is
angiogenesis dependent.16 I 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 signal from
tumor cells. An additional speculation was that angiogenesis could be
a relevant target for tumor therapy (i.e., antiangiogenic therapy).
Because of the existing confusion between inflammation and angio-
genesis, I attempted to distinguish between the two processes. These
ideas arose from experiments in my laboratory in the early 1960s,
which revealed that tumor growth in isolated perfused organs was
severely restricted in the absence of vascularization of the tumors.17–22

These concepts were not accepted at the time. Although a few
investigators in the early 1970s perceived that tumors could actually
induce neovascularization, the belief persisted that such neovascular-
ization was an inflammatory host response to necrotic tumor cells and
likely even a host defense response detrimental to the tumor.23 Another
obstacle to research on tumor angiogenesis was the conventional wis-
dom at that time that any new vessels induced by a tumor, like new ves-
sels in a wound, would become “established” and thus could not invo-
lute. 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 pessimistic atmosphere,
it was not an easy task to produce compelling evidence that tumor
growth depended on neovascularization. Eventual acceptance of the
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1971 hypothesis was slow because it would be 2 more years before the
first vascular endothelial cells were successfully cultured in vitro,24,25 8
years before it was possible to grow capillary endothelial cells in vitro,26

11 years before the discovery of the first angiogenesis inhibitor,27 and
13 years before the purification of the first angiogenic protein.28

Throughout the 1970s, laboratory studies were devoted to demon-
strating that: tumor vessels were new proliferating capillaries; the
sequential steps of the angiogenic process; that qualitative and quanti-
tative bioassays for angiogenesis could be developed29; that viable
tumor cells released diffusible angiogenic factors which stimulated new
capillary growth and endothelial mitosis in vivo,30–32 despite the arrest
of tumor cell proliferation by irradiation33; that necrotic tumor products
were not angiogenic per se (reviewed in Folkman and Cotran34); and
whether angiogenesis could be inhibited, if at all. These efforts were
designed to provide supporting evidence that tumor growth was angio-
genesis dependent. The field of angiogenesis research thus began as a
laboratory effort to understand tumor angiogenesis. Today, however, 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, from cardiology to ophthalmology.
EXPERIMENTAL EVIDENCE THAT TUMOR GROWTH IS ANGIOGENESIS

DEPENDENT Indirect 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 fur-
ther increase in tumor cell population must be preceded by an increase
in new capillaries which converge upon the tumor”.31 The hypothesis
predicted that if angiogenesis could be completely inhibited, tumors
would become dormant at a small, possibly microscopic size.20 It fore-
cast that whereas the presence of neovascularization would be neces-
sary but not sufficient for expansion of a tumor, the absence of neo-
vascularization would prevent expansion of a primary tumor mass
beyond 1 to 2 mm3 and restrict a metastasis to a microscopic dormant
lesion. Most non-neovascularized tumors are not clinically detectable,
with the exception of surface lesions on the skin or the external
mucous membranes.

The evidence for these predictions was mostly indirect because it
was based on in vitro studies of tumor spheroids, measurements of the
prevascular stage of tumors in vivo, and mechanical separation of
tumors from their vascular bed. Direct experimental evidence did not
become available until the late 1980s. Both types of evidence are
summarized below because they provide, in part, the scientific basis
for current clinical trials of different types of angiogenesis inhibitors
(for review see Folkman35): 

1. In two-dimensional flat cultures, a population of tumor cells
expands indefinitely as long as fresh medium is added and unlim-
ited cell-free surface is provided (i.e., 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 diam-
eter of a few millimeters, despite repeated passage of the spheroids
to fresh media.36 In these “steady-state” spheroids, cell prolifera-
tion is balanced by cell death.37–39 This in vitro model is analogous
to a dormant micrometastasis in which angiogenesis is blocked.40

2. Tumors implanted into subcutaneous transparent chambers grow
slowly before vascularization, and tumor volume increases lin-
early. After vascularization, tumor growth is rapid and tumor vol-
ume may increase exponentially.13

3. Tumor growth in the avascular rabbit cornea proceeds slowly 
and at a linear rate but converts to exponential growth after 
vascularization.41

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 mm3). 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 pushed
against the proliferating iris vessels, the tumor is neovascularized and
can enlarge up to 16,000 times its original volume within 2 weeks.42

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.43 Cross-sectional his-
tology of the avascular tumors reveals proliferating cells at the
periphery of the tumor and necrotic tumor cells in its center.

6. Human retinoblastomas that have metastasized to the vitreous are
viable and avascular and tumor expansion is restricted.44

7. Within a solid tumor, the H3-thymidine labeling index of tumor
cells decreases with increasing distance from the nearest open cap-
illary vessel.45 The tissue oxygen tension also decreases with
increasing distance of a tumor cell from the center of a capillary
vessel. Because the oxygen diffusion distance is 100 to 200
microns, tumor cells that exceed these distances from a capillary
vessel become anoxic (as determined by infrared spectroscopy of
tumors in transparent skin chambers in mice).46

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.47

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.48

10. Human ovarian carcinoma may metastasize to the peritoneal mem-
brane 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 (Catherine Chen, unpublished data and
personal communication).

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.49

12. Neoplastic cells injected subcutaneously develop into tumors,
which become vascularized at about 0.4 mm3. As tumor size
increases, blood vessels continue to proliferate and are enveloped
by tumor cells that appear to grow toward and around the new ves-
sels. The vessels eventually occupy up to 1.5% of the tumor vol-
ume. This is a 400% increase in vascular density over normal sub-
cutaneous tissue.50 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. In colon carcinomas arising in rats after carcinogen 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.51 This stage is similar to “cooption”
of blood vessels recently reported.52 Subsequently, new capillary
vessels sprout and proliferate (angiogenesis), which leads to
increasing microvessel density and rapid tumor growth. 

Direct Evidence. It did not become possible to inhibit tumor
angiogenesis by biochemical and molecular methods until the late
1980s and early 1990s. These experiments were based on (1) adminis-
tration of molecules that inhibited angiogenesis specifically or selec-
tively, (2) blockade of tumor-derived angiogenic factors, (3) transfec-
tion of dominant-negative receptors for an angiogenic factor into
endothelial cells in the tumor bed, (4) transfection of angiogenesis
inhibitor proteins into tumor cells, and (5) the development of sponta-
neous tumors in transgenic mice. Examples of such are listed below.

1. An angiogenesis inhibitor, TNP-470 (AGM-1470), a synthetic
analogue of fumagillin, selectively inhibited proliferating endothe-
lial cells in vitro and in vivo.53 It potently inhibited tumor growth
in vivo but did not inhibit tumor cells in vitro. At this writing, there
are more than 60 reports from different laboratories of inhibition
of 33 different types of human, mouse, rat, hamster, and rabbit pri-
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134 SECTION 1  /  Cancer Biology proportional to suppression of angiogenesis. Tumor growth was
inhibited up to 100% (i.e., microscopic dormant tumor or no
tumor) when angiogenesis was suppressed completely. Tumor cell
proliferation was independent of level of TSP-1 or TSP-2 produc-
tion.68 (Fig. 9.1).

10. Id1 and Id3 are helix-loop-helix proteins that may control differ-
entiation by interfering with DNA binding of transcription factors.
After targeted disruption of one allele of Id1 and two alleles of Id3,
three different types of implanted tumors failed to induce angio-
genesis, their growth was severely restricted, and they did not
metastasize.69 These mice, genetically engineered so that tumors
cannot induce angiogenesis, provide compelling evidence that
tumors are angiogenesis dependent. 

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 successfully,
it must breach several barriers and be able to respond to specific
growth factors.70–74 Thus, tumor cells must gain access to the vascu-
lature in the primary tumor, survive the circulation, arrest in the
microvasculature of the target organ72,75 exit from this vasculature,76

grow in the target organ, and induce angiogenesis.77,78 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 cir-
culation before a primary tumor is vascularized, but they can appear in
the circulation continuously after neovascularization.79,80 The number
of cells shed from the primary tumor correlates with the density of
tumor blood vessels as well as with the number of lung metastases
observed later. Tumor cells can enter the circulation by penetrating
through proliferating capillaries that have fragmented basement mem-
branes and are leaky.80,81 Further, angiogenic factors from tumors
such as bFGF and VPF/VEGF induce increased production of plas-
minogen activator and collagenases in proliferating endothelial cells,
thus further contributing to degradation of basement membranes.82–84

These degradative enzymes may facilitate the entry of tumor cells into
the circulation. Tumor cells that have successfully metastasized may
not immediately become neovascularized after reaching the target
organ. Such a metastasis lacking angiogenic activity for any of a vari-
ety of reasons may remain as a microscopic tumor of 100 to 200 µm
diameter indefinitely.61,85,86 It is generally assumed that in human dor-
mant micrometastases (e.g., metastases appearing 5–10 years after
removal of a breast cancer), tumor cells are not cycling or are in G0.
Increasing experimental evidence, however, indicates that
micrometastases can be held dormant by blocked angiogenesis that
results in a balance of tumor cell proliferation and apoptosis.40,85

Finally, experimental metastases are as susceptible as primary tumors
to control by specific angiogenesis inhibitors.62,87,88 For these
inhibitors, the microvascular endothelial cell is the only target; tumor
cells are not directly affected in vitro.

In many types of human cancer, microvessel density in a histologic
section of the tumor is an independent prognostic indicator of the risk
of future metastases77 (see Clinical Applications, below). Since the
report of Weidner and colleagues in 1991,77 there have been 25 differ-
ent reports (up to 1998) that in human breast cancer there is a positive
association between tumor angiogenesis and metastatic risk in a total
of 3475 patients.89 Because of the clonal origin of metastases,78,87 a
primary tumor containing a high proportion of angiogenic malignant
cells is more likely to generate metastases that are already angiogenic
when they arrive at the target tissue. In contrast, there were seven
reports of no association between tumor angiogenesis and metastatic
risk in 771 patients (for review see Folkman89 and Gasparini and Har-
ris90). Several reports that show that microvessel density is not a prog-
nostic marker for metastatic risk may be due to technical problems or
to subjective variation because counting vessels that have been high-
lighted in a histologic section introduces subjective error. However,
there is also the possibility that a primary tumor whose tumor cells
generate high levels of a circulating angiogenesis inhibitor40 could
produce metastases that inhibit their own angiogenesis long after the
primary tumor is controlled.

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 inhibited at an aver-
age of 65% with a range of 43 to 100% (i.e., complete regression).
Complete regression was observed in seven tumor types in mice.
These included human neurofibrosarcoma, neurofibroma, breast
cancer, gastric cancer, and choriocarcinoma, as well as mouse
reticulum sarcoma and gastric carcinoma.54 Because TNP-470
inhibited microvascular endothelial cells and not tumor cells, these
studies provided the first clue that angiogenesis inhibitors could be
broad spectrum anticancer agents that were not dependent on
tumor types. The appearance of different therapeutic responses by
different tumor types (e.g., 43 to 100%) was more adequately
explained by the total angiogenic output of each tumor type
matched against a fixed dose of angiogenesis inhibitor.

2. In another experiment, the cDNA for human basic fibroblast
growth factor (bFGF) hybridized to a signal sequence was trans-
fected into normal mouse fibroblasts.55 The transfected fibroblasts
became tumorigenic, exported bFGF, and were also highly angio-
genic. They formed large lethal tumors when implanted into mice.
The angiogenesis was mediated solely by the bFGF released from
these tumors. Furthermore, the structure of the bFGF had been
modified by site-specific mutagenesis so that two serines had been
substituted for cysteines. Thus, the bFGF released by the tumor
could be neutralized by a specific antibody that had no effect on
natural bFGF. When this antibody was administered to the tumor-
bearing mice, there was dramatic reduction in neovascularization
and in tumor volume.

3. In an analogous experiment, a neutralizing antibody to another
angiogenic protein, vascular endothelial growth factor (VEGF),
was administered to mice bearing tumors that induced angiogene-
sis solely by VEGF.56 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 vascular endothelial cells.57

4. The growth of brain tumors in nude mice was significantly inhibited
or prevented when tumor angiogenesis was suppressed by a strategy
in which a dominant-negative mutant of the receptor (Flk-1) for the
angiogenic 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 endothe-
lial cells and prevented the formation of new capillary blood vessels
in response to VEGF released by the tumor.58

5. Transformed cells were not tumorigenic until after they had
become angiogenic.59

6. Specific immunologic inhibition of overexpression of the integrin
αVß3 on capillary endothelial cells resulted in apoptosis of prolif-
erating endothelial cells, blocked neovascularization, and induc-
tion of tumor regression.60

7. Angiostatin, a 38 kD internal fragment of plasminogen (generated
by Lewis lung carcinoma),61,62 endostatin, a 20 kD internal frag-
ment of collagen XVIII63 (generated from a murine hemangioen-
dothelioma),63–65 and a 53 kD conformationally changed frag-
ment of antithrombin III (generated from human small cell lung
cancer),66 are the first specific inhibitors of endothelial prolifer-
ation and of angiogenesis. They do not inhibit proliferation of
resting confluent endothelial cells, epithelial cells, smooth-mus-
cle 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 is achieved without toxicity or
drug resistance.65

8. 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.67

9. When tumors were transfected with the secretable antiangiogenic
protein thrombospondin-2 (TSP-2), tumor growth was directly



THE 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 millime-
ters. 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. Experimental 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. However, the pre-
vascular tumor reaches a steady state in which generation of new tumor
cells is balanced by a high rate of tumor cell death, or apoptosis.49

When the prevascular phase of bladder cancer,91 cervical can-
cer,92,93 or cutaneous melanoma94 is first detected, these lesions are
usually thin, slowly growing, stable for months to years, asymp-
tomatic, and rarely metastatic. 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, carcino-
mas in situ can be observed before and after neovascularization in the
same specimen.77,95,96

The size limits of experimental tumors when angiogenesis is
blocked or absent are between approximately 0.2 mm diameter (e.g.,
for lung metastases in mice40) and 2 mm (e.g., for vascular chon-
drosarcomas in rats,97 having a tumor population of 105–106 cells).
The differences in size of avascular preangiogenic tumors may be due
in part to the capacity of tumor cells to survive under differing degrees
of hypoxia.46 However, if cancer cells are already angiogenic at the
time of implantation, they can initiate angiogenesis before the tumor
population would have reached the limiting size of a non-neovascular-
ized tumor (i.e., 0.2 – 2 mm). The evidence for this conclusion is from
a recent experiment in which only 20 to 30 angiogenic mammary
tumor cells were implanted into a transparent skin chamber in a
mouse.98,99 The cells elongated by day 2, migrated toward the nearest
microvessels in a parallel orientation by day 4, divided unidirection-
ally, induced vascular dilation and tortuosity in the neighboring
microvessels by day 6, and stimulated new vascular sprouts with inter-
mittent blood flow by day 8. By this time, a microscopic colony of up
to 300 to 400 cells was visible. Tumor cells preferentially grew con-
tiguous to the microvessel sprouts, and by day 20 the tumor was filled
with a newly formed vasculature. When a truncated soluble receptor
(ex-Flk1) for vascular endothelial growth factor (VEGF) was injected
into the chamber, some tumor cells underwent apoptosis and micro-
scopic tumors regressed or became dormant within 5 days (i.e., before
the appearance of neovascular sprouts). Whereas the soluble receptor
had no effect on tumor cells in vitro, it potently inhibited endothelial
cell proliferation. This result provides compelling evidence for the
operation of a two-way paracrine exchange of growth factors and sur-
vival factors between tumor cells and neighboring vascular endothelial
cells (see below). In this model, tumor cells secrete angiogenic pro-
teins that activate endothelial cells to elaborate chemoattractants for
tumor cells. Simultaneously, the activated endothelium is preparing to
send new sprouts toward the tumor. Vascular endothelial cells can pro-
duce at least 20 mitogens and antiapoptotic factors.100 Many of these
proteins, such as basic fibroblast growth factor (bFGF) and heparin-
binding epithelial growth factor (HB-EGF), are stored in the extracel-
lular matrix and could be mobilized by VEGF stimulation of endothe-
lial cells to secrete proteases.101

It is also possible that VEGF elaborated from the tumor cells
increases the permeability of local microvessels so that the tumor
microcolony is bathed in nutrients even before neovascularization
begins. The diffusion of nutrients (and oxygen) into the tumor bed
would also be facilitated by loss of pericytes from microvessels due to
endothelial elaboration of angiopoietin-2.102 Endothelial cells upregu-
late expression of angiopoietin-2 in the presence of tumor cells by an
unknown mechanism. The discovery of a tumor-derived “angiopoi-
etin-2 inducing factor,” would have important clinical implications.
Further, plasma and fibrin leakage from the microvessels could facil-
itate chemotaxis and alignment of tumor cells,103 as well as subse-
quent migration of endothelial cells.104 VEGF also up-regulates syn-
thesis of nitric oxide in vascular endothelium.105–107 Vasodilation and
vessel tortuosity permit endothelial elongation and thus may be a pre-
requisite for endothelial cells to undergo mitosis and migration in

response to angiogenic factors like VEGF.107 Even highly transformed
neoplastic cells respond more efficiently to mitogens when the cells
are elongated or spread than when they are rounded.108,109 Further-
more, when well-vascularized tumors in mice were treated with anti-
VEGF monoclonal antibodies, there was a dramatic reduction in diam-
eter, tortuosity, and vascular permeability in the tumor vessels.110

In summary, when a microscopic population of tumor cells
emerges in avascular epidermis or mucosa—before becoming angio-
genic—it may remain dormant as an in situ carcinoma separated from
its vascular bed by a basement membrane111 (Plate 3, Figs. 9.2A and
9.2B). If a nonangiogenic tumor emerges in vascularized tissue (i.e., an
islet cell carcinoma111) or a metastasis,40,86 it may form an in situ dor-
mant microcylinder of tumor cells around capillary vessels (also
called cooption52). In all of these situations, the preangiogenic tumor
is restricted in size to a range of approximately 0.2 mm40 to 2 mm
diameter.97 In contrast, a microscopic population of angiogenic tumor
cells will begin to modify microvessels in the neighborhood by induc-
ing an increase in vascular permeability, dilation, and tortuosity even
before the induction of new vascular sprouts.100

HUMAN TUMORS AND SPONTANEOUS ANIMAL TUMORS SWITCH TO AN

ANGIOGENIC PHENOTYPE Mechanisms of the Angiogenic Switch.
Normal cells that have been transformed to neoplastic cells are not usu-
ally angiogenic at the outset. Experimental studies of spontaneous
tumors in transgenic mice reveal that the angiogenic switch is a discrete
event that develops during progressive stages of tumorigenesis, begin-
ning with the premalignant stage in these mouse models.111–113 By the
time most human tumors are detected, for example, by a positive mam-
mogram, neovascularization has already occurred. However, most
human tumors arise without angiogenic activity, exist in situ without
neovascularization for months to years, and then switch to an angio-
genic phenotype.113 Therefore, the angiogenic phenotype appears after
the expression of the malignant phenotype in the majority of primary
tumors. However, for certain human tumors such as carcinoma of the
cervix, the preneoplastic stage of dysplasia becomes neovascularized
before the malignant tumor appears.93 This sequence of events also
occurs in certain spontaneously arising tumors in animals.115 At least
four mechanisms of the angiogenic switch have been identified in both
human tumors and spontaneous tumors in mice (Table 9.1).

Avascular 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 epidermal layer or in a mucosal layer, sep-
arated by a basement membrane from underlying vasculature in the
dermis or submucosa, respectively. Once neovascularization has been
stimulated by tumor cells, the basement membrane may not be imme-
diately breached. In microscopic ductules of breast or prostate con-

Figure 9.1. Squamous cell carcinoma cells transfected with throm-
bospondin-1 and or thrombospondin-2 and implanted into syngeneic mice.
Different tumor growth rates are proportional to the extent of neovascular-
ization of the tumor and are independent of tumor cell proliferation rate.
(Modified from Streit et al.68 with permission of the publisher.)
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136 SECTION 1  /  Cancer Biology problem is how bFGF is exported from tumor cells in the absence of a
signal sequence. In spontaneous tumors that arise in transgenic mice,
aFGF and bFGF are exported into conditioned medium by angiogenic
tumor cells but not by preangiogenic cells in earlier stages of tumor pro-
gression.49,112 Recent work on identification of an FGF-binding protein
secreted by tumors into the extracellular matrix may illuminate a mech-
anism of tumor mobilization of stored FGFs.141,142 bFGF is not a spe-
cific endothelial mitogen but has several cell targets including fibrob-
lasts, smooth-muscle cells, and neurons. Therefore, it is puzzling why
experimental tumors transfected with bFGF containing an engineered
signal sequence55,143 stimulate mainly endothelial proliferation almost
to the exclusion of smooth muscle and fibroblast proliferation.55 Could
this be explained by the ability of endothelial-derived angiopoietin-2 to
repel smooth muscle?144 (See Angiopoietins below.)

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.145–147

Abnormally elevated levels of bFGF are found in the serum and
urine of cancer patients148 and in the cerebrospinal fluid of patients
with different types of brain tumors.149 High bFGF levels in renal car-
cinoma correlated with a poor outcome.150 Also, bFGF levels in the
urine of children with Wilms’ tumor correlated with stage of disease
and tumor grade.151

Vascular Endothelial Growth Factor/Vascular Permeability Fac-
tor. Dvorak first proposed that tumor angiogenesis is associated with
increased microvascular permeability.152 This led to the identification
of vascular permeability factor (VPF).153 VPF was subsequently
sequenced by Ferrara and shown to be a specific inducer of angiogen-
esis called vascular endothelial growth factor.154–156 Since then, at
least 15 angiogenic inducers have been identified, most of them as
tumor products (Table 9.2).157

VEGF is an endothelial cell mitogen and motogen that is angio-
genic in vivo.158–160 Its expression correlates with blood vessel growth
during embryogenesis,161–164 with angiogenesis in the female repro-
ductive tract,165 and in tumors.166 VEGF is a 40 to 45 kDa homod-
imeric protein with a signal sequence secreted by a wide variety of
cells and the majority of tumor cells. VEGF exists as five different iso-
forms of 121, 145, 165, 189, and 206 amino acids, of which (VEGF165

is the predominant molecular species produced by a variety of normal
and neoplastic cells. Two receptors for VEGF are found mainly on vas-
cular endothelial cells, the 180 kDa fms-like tyrosine kinase (Flt-1)167

and the 200 kDa human kinase insert domain-containing receptor
(KDR) and its mouse homolog, Flk-1.168 VEGF binds to both recep-
tors, but KDR/Flk-1 transduces the signals for endothelial prolifera-
tion and chemotaxis (reviewed in Klagsbrun and Moses6; See also ref-
erences 169–172). Other structural homologues of the VEGF family
have recently been identified, including VEGF-B, VEGF-C, VEGF-D,
and VEGF-E.172,173 VEGF-C binds to Flt-4, which is preferentially
expressed on lymphatic endothelium.174 Neuropilin-1, a neuronal
guidance molecule, is a recently discovered receptor for VEGF165, but
not for VEGF121.175 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. Sur-
face-bound VEGF could make endothelial cells chemotactic to
endothelial cells, or it could act in a juxtacrine manner to mediate
cooption52 of microvessels by tumor cells (see Fig. 9.2 f, g, h).

VEGF is up-regulated by hypoxia176–178 and is often elevated near
areas of tumor necrosis.179,180 Hypoxia activates a hypoxia inducible
factor-1 (HIF-1)-binding sequence in the VEGF promoter, which leads
to VEGF mRNA transcription and stability178 (reviewed in Klagsbrun
and Moses6). 

VEGF expression is also up-regulated by the ras oncogene. The
farnesyl transferase inhibitors inhibit ras expression. It has been sug-
gested that at least one mechanism of their antitumor effect may be to
inhibit angiogenesis by inhibiting VEGF expression.181

VEGF expression is inhibited by the von Hippel Landau (VHL)
protein.182 The VHL tumor suppressor gene is inactivated in patients
with VHL disease and in most sporadic clear-cell renal carcino-
mas.183,184 The VHL gene negatively regulates a series of hypoxia-
inducible genes, including the VEGF, platelet-derived growth factor B,

taining in situ carcinoma that has switched to the angiogenic pheno-
type, but before the basement membrane has been breached, 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 (see Figure 9.2A and 9.2B). After the base-
ment membrane has been breached, new microvessels converge
toward the tumor and become enveloped by tumor cells.

Circulating Endothelial Stem Cells. Recently, circulating
endothelial cells, apparently derived from bone marrow, have been
found to incorporate themselves into microvessels of neovascular foci.
Thus, once a tumor angiogenic focus has been established, circulating
endothelial precursors may home to it and enhance neovascularization
at the site.118–124 Furthermore, circulating endothelial cells may be a
target of angiostatin.125

Stimulation of Host Cells. In addition to stimulating vascular
endothelium in the host, certain tumors may also trigger host fibrob-
lasts in the tumor bed to overexpress the angiogenic protein VEGF.
This is another mechanism of amplification of the angiogenic pheno-
type once it has been initiated.126

Vessel Cooption. In certain metastases, for example, in 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 neighboring vessels. This process, called “cooption,”
may represent an intermediate or alternative step in the switch to the
angiogenic phenotype.52

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.

Molecular Components of the Angiogenic Switch. The first
proteins that positively or negatively regulate angiogenesis were dis-
covered in the early 1980s.

Promoters of Angiogenesis. The observation in the 1970s that
tumors implanted into the avascular cornea or onto the vascularized
chick chorioallantoic membrane induced an ingrowth of new capillar-
ies indicated that tumors released diffusible angiogenic factors.111

This result motivated the development of in vitro and in vivo bioassays
to guide the search for tumor-derived angiogenic factors.127,128

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),28 followed shortly by acidic FGF (aFGF or FGF-
1) (for review see Christofori,129 Friesel and Maciag,130 and Folkman
and Shing).131 There is extensive literature on the FGFs and their recep-
tors (reviewed in Almaric and colleagues132). Acidic and bFGFs stimu-
late endothelial cell mitosis and migration in vitro and are among the
most potent angiogenic proteins in vivo. They have high affinity for hep-
arin and heparan sulfate, are stored in extracellular matrix,133 but lack a
signal sequence for secretion. The expression of bFGF receptors is very
low. Although many different cells synthesize bFGF, including tumor
cells of the central nervous system, sarcomas,37,134–136 genitourinary
tumors,137 and even endothelial cells in the tumor vasculature,114 it is
not clear how bFGFs released or mobilized, unless proteinases or hep-
aranases mediate release of FGF from extracellular matrix.133,138 Fur-
thermore, some tumors recruit macrophages139 and activate them to
secrete bFGF,114,140 whereas others attract mast cells, which, because of
their high content of heparin, could sequester bFGF.140 An unsolved

Table 9.1. Types of Angiogenesis Switching*

1. Avascular tumors recruit their own blood supply.16,113

2. Circulating endothelial stem cells can incorporate into an angiogenic 
focus.118–124

3. Tumors can stimulate host cells.125

4. Preexisting vessel can be coopted by tumor cells.52

*A recent publication raises the question of whether certain tumors can make their own

vascular channels for a short distance before they attach these to host vessels (e.g., “vas-

cular mimicry”).116 This suggestion has provoked considerable controversy117 and remains

unresolved.



and the glucose transporter GLUT1 genes182 (reviewed in Ferrara185).
When VHL is mutated or deleted, these genes are overexpressed even
under normoxic conditions.

VEGF also induces fenestrations in endothelium of small venules
and capillaries and even in tissues where microvessels are not nor-
mally fenestrated (reviewed in Ferrara185).186 The increased perme-
ability of tumor vessels as revealed, for example, by the edema of brain
tumors, may be partly mediated by VEGF-induced fenestrations.

It is possible that certain other positive regulators 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 observations. First, bFGF induces the
expression of VEGF.187 Second, the two endothelial mitogens act syner-
gistically187–190 to stimulate capillary tube formation in vitro. Third, sys-
temic administration of a soluble receptor for VEGF (Flk-1) completely
blocks cornea angiogenesis induced by implanted bFGF (Robert D’Am-
ato and Calvin Kuo; personal communication). Another positive regula-
tor of angiogenesis, transforming growth factor beta (TGFß), may also
be dependent on VEGF. VEGF mRNA and protein are induced in
fibroblasts and epithelial cells by (TGFß).191 In contrast, mRNA for pla-
cental growth factor, an angiogenic protein related to VEGF, is not
induced by TGFß. These recent findings suggest that the angiogenic
effect of TGFß is mediated partly by its induction of VEGF in tissues. A
clinical implication of these studies is that angiogenesis inhibitors that
block VEGF may inhibit other angiogenic promoters as well.

Angiopoietins. Angiopoietin-1 is a 70 kD ligand that binds to a
specific tyrosine kinase expressed only on endothelial cells, called
Tie2 (also called Tek).192–196 (A ligand for Tie1 has not been eluci-
dated.) 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 peri-
cytes and smooth-muscle cells to become incorporated in the vessel
wall. Pericyte and smooth muscle recruitment are mediated by
endothelial production of PDGF-BB (and probably other factors)
when Tie2 is activated by angiopoietin-1.197 In mice that overexpress
angiopoietin-1 in the skin there is increased vascularization.195 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 der-
mal vessels of mice overexpressing VEGF. In double transgenic mice
expressing both angiopoietin-1 and VEGF in the skin, dermal angio-
genesis is increased in an additive manner, but the vessels do not
leak.198 This model closely approximates angiogenesis in healing
wounds (i.e., relatively nonleaky vessels with pericytes and some
perivascular smooth-muscle cells contained in the vascular wall). In
contrast, tumor vessels are leaky and thin-walled with a paucity of per-
icytes. Angiopoietin-2 blocks the Tie-2 receptor196 and acts to repel
pericytes and smooth muscle. It is produced by vascular endothelium
in a tumor bed, but it is unclear how tumor cells mediate this. Never-
theless, tumor vessels remain thin “endothelial-lined tubes” even
though some of these microvessels reach the diameter of venules (see
Fig. 9.2 f, g, h). 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.198

These provocative results have important clinical implications.
Angiogenesis inhibitors that block VEGF or its receptor may be capa-
ble of regressing a tumor if administered at an optimum schedule. The
differences between wound healing angiogenesis and tumor angiogen-
esis suggest that tumor angiogenesis may be more vulnerable to cer-
tain angiogenesis inhibitors than wound angiogenesis. In a recent
study, endostatin (see below) inhibited tumor growth, but did not delay
wound healing in mice (J. Marler, personal communication).

Angiogenesis Inhibitors. At least three general categories of
angiogenesis inhibitors have been reported to date: (1) synthetic
inhibitors, peptides, or antibodies designed to interfere with various
steps in the angiogenic process (e.g., antagonists of the integrin
αvß3)60; inhibitors of metalloproteinases,215,216 or inhibitors of VEGF
and other angiogenic promoters; (2) low molecular weight compounds
(e.g., TNP-470,53) thalidomide,217–219 angiostatic steroids including

tetrahydrocortisol,220 2-methoxyestradiol217,221 squalamine222; and
(3) endogenous (natural) proteins that generally prevent vascular
endothelial cells from responding to a wide spectrum of angiogenic
promoters (e.g., interferon-alpha,223 interleukin-12,224 platelet factor
4,27,225 thrombospondin-1,226 angiostatin,61 endostatin,63 PEX,227

pigment epithelium-derived factor,228 and antiangiogenic antithrom-
bin (an internal fragment of antithrombin IIII, named aaAT).66

Angiostatin, endostatin, and aaAT are specific angiogenesis
inhibitors. The rationale that led to their discovery is discussed here in
detail because (1) these proteins have profoundly changed our think-
ing 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 that normally prevent angiogenesis or limit physio-
logic angiogenesis, and (3) endostatin is currently in Phase I clinical
trial and angiostatin and aaAT are candidates for future clinical trials. 

The first clue to the existence of endogenous angiogenesis inhibitors
came from the discovery that interferon-alpha/beta inhibited endothelial
cell migration229,230 and that platelet factor-4 inhibited endothelial pro-
liferation.27,231,232 Both were subsequently shown to inhibit angiogene-
sis.233,234 However, Rastinejad and colleagues were the first to show that
a tumor could generate an angiogenesis inhibitor.226 They subsequently
proposed that the angiogenic phenotype was the result of a net balance
of endogenous inhibitors and stimulators of angiogenesis.235,236 A non-
tumorigenic hamster cell line became tumorigenic in association with
the loss of a suppressor gene and concomitant with the onset of angio-
genic activity. The nontumorigenic line secreted high levels of an angio-
genesis inhibitor, a truncated form of thrombospondin-1 (TSP-1), that
decreased by about 96% in the tumorigenic cells.237 TSP-1 was shown
to be regulated by the wild-type tumor suppressor p53 in fibroblasts59

and in mammary epithelial cells.238 Loss of p53 function in the trans-
formed derivatives of these cells dramatically decreased the level of
angiogenesis inhibitor. Restoration of p53 up-regulated TSP-1 and
raised the antiangiogenic activity of the tumor cells. 

The demonstration by Rastinejad et al. that the switch to an angio-
genic phenotype involved a negative regulator of angiogenesis gener-
ated by the tumor per se immediately suggested to me a unifying
angiogenic mechanism to explain a well-recognized but unsolved clin-
ical phenomenon that had previously been mysterious: the inhibition
of tumor growth by tumor mass. A description of this phenomenon is
quoted from the introduction of our paper61: “The removal of certain
tumors e.g., breast carcinomas, colon carcinomas, and osteogenic sar-
comas can be followed by rapid growth of distant metastases.”239–242

Postoperative chemotherapy was introduced mainly to prevent or delay
the growth of secondary metastases. Several studies in terminally ill
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Table 9.2. Endogenous Angiogenesis Promoters

Molecular 

Protein weight (kDa) Year Reference

Basic fibroblast growth factor (FGF-2) 18 1984 28
Acidic fibroblast growth factor (FGF-1) 16.4 1984 199

1985 200
Angiogenin 14.1 1985 201 
Transforming growth factor alpha 5.5 1986 202
Transforming growth factor beta 25 1986 203
Tumor necrosis factor alpha 17 1987 189, 204
Vascular endothelial growth factor 40–45 1983 153

(VPF/VEGF) 1989 154, 
205, 206

Platelet-derived endothelial growth factor 45 1989 207
Granulocyte colony-stimulating factor 17 1991 208
Placental growth factor 25 1991 209
Interleukin-8 40 1992 210
Hepatocyte growth factor 92 1993 211, 212
Proliferin 35 1994 213
Angiopoietin-1 70 1996 192
Leptin 16 1998 214



138 SECTION 1  /  Cancer Biology angiogenesis in its own vascular bed, could possibly inhibit angiogen-
esis in the vascular bed of a distant metastasis. However, at least two
conditions would be necessary: first, the primary tumor (i.e., 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 laboratory in the sum-
mer of 1991, Michael O’Reilly validated this hypothesis275 by discov-
ering angiostatin, endostatin, and antiangiogenic antithrombin over
the next 8 years.61–63,65,66

Angiostatin. Angiostatin is a 38 kD internal fragment of plas-
minogen (Fig. 9.3A) that was purified from serum and urine of mice
bearing a subcutaneous Lewis lung carcinoma that suppressed growth
of its lung metastases by inhibiting their angiogenesis61 (Plate 4, Fig.
9.4A). Lung metastases remained microscopic and did not grow
beyond approximately 200 µm diameter. They were not neovascular-
ized and usually formed a microcylinder around a single microvessel.
In these dormant metastases, 38% of the tumor cells were proliferat-
ing (DNA synthesis determined by bromodeoxyuridine) and 7 to 8%
were undergoing apoptosis.40 The presence of a circulating angiogen-
esis inhibitor was evidenced by the almost complete inhibition of
bFGF-stimulated corneal neovascularization in these mice (see exam-
ple in Fig. 9.4D). Further, serum from these tumor-bearing mice
specifically inhibited capillary endothelial cell proliferation in vitro by
>70% (but not fibroblast, smooth-muscle cell, epithelial cell or tumor
cell proliferation). The tumor-bearing serum also inhibited angiogen-
esis on the chick chorioallantoic membrane compared to serum from
mice without tumors (which stimulated endothelial cells). After
removal of the primary tumor, serum endothelial inhibitory activity
disappear by 6 days (half-maximal 2.5 days), lung metastases were
neovascularized by 5 days (see Fig. 9.4C), and by 15 days the mice
were dying of large vascularized metastases (see Fig. 9.4B, bottom
panel). There was no change in tumor cell proliferation (approximately
38% bromodeoxyuridine [BrdU] labelled cells), but tumor cell apop-

patients demonstrate the suppression of a secondary tumor by a pri-
mary tumor.136,243–245 A primary tumor can suppress metastasis from
a different type of tumor (e.g., a breast cancer can inhibit melanoma
metastases). In melanoma, partial spontaneous regression of the pri-
mary tumor may be followed by rapid growth of metastases. Regres-
sion of small-cell lung cancer by ionizing radiation may be followed
by rapid growth of distant metastases.66 If one portion of a primary
tumor is removed (e.g., cytoreductive surgery for testicular cancer),
the residual tumor increases its rate of expansion.246 The same phe-
nomenon is observed in several different animal tumors, that is, that
some primary tumors may inhibit the growth but not the number of
their metastases.247–254 Partial removal of a primary tumor increases
growth rate of the residual tumors similar to humans.255,256 Further-
more, metastatic growth can suppress the growth of a primary
tumor257 (analogous to the occult primary in a cancer patient). Many
primary tumors can suppress the growth of a second tumor inocula-
tion.258–265 This “resistance” to a second tumor challenge is inversely
proportional to the size of the tumor inoculum and directly propor-
tional to the size of the first tumor. A threshold size is necessary for
the inhibitory effect to occur, and some primary tumors can inhibit a
secondary tumor of a different type.263,264,266

At least three hypotheses have been advanced to explain these
diverse observations and experiments: (1) “concomitant immunity”—
a primary tumor induces an immunologic response against a sec-
ondary tumor or a metastasis in the same host,259,264,267 (2) depletion
of nutrients by the primary tumor, or (3) production of antimitotic fac-
tors from the primary tumor that directly inhibit the proliferation of the
secondary tumor.268–274 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 demon-
strated that a tumor could generate a negative regulator of angiogene-
sis,226 then it became clear that a primary tumor, while stimulating

Figure 9.3. Amino acid sequences of A, angiostatin, B, endostatin, and C, 53 kD fragment of antithrombin III. D, Crystal structure of human endostatin.
(References are in text.)
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tosis fell to 2%. Systemic administration of angiostatin purified from
mouse urine significantly inhibited angiogenesis in lung metastases
and restricted their growth to a microscopic dormant size,61 and
recombinant angiostatin potently inhibited growth of other tumor
types.62 Again, tumor cell proliferation remained as high as in the
tumor-bearing mice, and apoptosis was significantly reduced.40

Angiogenesis inhibitor in the urine of tumor-bearing mice was com-
pletely 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. VEGF, the major angiogenic
promoter in Lewis lung carcinoma, 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 circulating plasminogen by a series of enzymes
released from the tumor cells. At least one of these tumor-derived
enzymes, uPA, converts plasminogen to plasmin, while a phosphoglyc-
erate kinase276 from hypoxic tumor cells then reduces the plasmin so
that it can be converted to angiostatin by one of several different metal-
loproteinases (Fig. 9.5). Other types of tumors have since been reported
to generate angiostatin (e.g., human prostate cancer).277–279 Human
prostate carcinoma cells express enzymatic activity that converts human
plasminogen to the angiogenesis inhibitor angiostatin.276 Prostate-spe-
cific antigen generates angiostatin-like fragments from plasminogen.280

Furthermore, when murine fibrosarcoma cells were transfected
with angiostatin, primary subcutaneous tumors formed whose growth
was slowed in proportion to increased levels of angiostatin production
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.67

It should be emphasized that the rate of tumor growth (expansion of
tumor mass) was directly proportional to total angiogenic output of the
tumor, inversely proportional to angiostatin production and to tumor
cell apoptosis, and virtually independent of tumor cell proliferation. In
a similar recent experiment, growth of squamous carcinomas in mice
was dramatically inhibited when tumor cells were transfected with the
angiogenesis inhibitors thrombospondin-1 and/or thrombospondin-
2.68 Tumor growth was directly proportional to angiogenic output of
the tumor, as quantified by microvessel density, inversely proportional
to production of the angiogenesis inhibitor, and independent of prolif-
eration rate (as determined by staining for the proliferating cell nuclear
antigen [PCNA]) (see Fig. 9.1). In these studies, transfected throm-
bospondin was secreted by the tumor cells. 

Angiostatin and its isoforms induce cell arrest and apoptosis of
endothelial cells281–286; inhibit endothelial migration287,288; inhibit
angiogenesis in vitro289; inhibit angiogenesis in the quail chorioallan-
toic membrane, which provides a quantitative bioassay290; can be gen-
erated by different enzymes and by other cell types276–278,291–297; can
inhibit other tumor types298–303; decrease activity of the mitogen-
activated protein kinase ERK-1 and ERK-2 in endothelial cells304; up-
regulate E-selectin in proliferating endothelial cells305; can be deliv-
ered in vivo by gene therapy278,306; bind specifically to ATP-synthase,
a transmembrane protein expressed by vascular endothelial cells307;
bind to a fragment of vitronectin308; and potentiate radiation therapy
of experimental tumors.309,310

A potential molecular mechanism of angiostatin has been demon-
strated most recently in my laboratory by Debra Chao. In the presence
of angiostatin, hyperphosphorylation of retinoblastoma (Rb) protein
and the kinase activity of cyclin-dependent kinase CDK2 were sup-
pressed after cells were released from quiescence by adding bFGF and
serum. Importantly, angiostatin-treated endothelial cells had increased
levels of the CDK inhibitor p21Cip1 but not p27Kip1, suggesting that
angiostatin may regulate specific cell-cycle mediators(s) to control the
growth of endothelium.311

A provocative recent finding is that proliferation of circulating
precursor endothelial cells are inhibited at significantly lower concen-
trations of angiostatin than are endothelial cells isolated from tis-
sues.125 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 subpopulation of endothelium, and that
these cells may be employed as a sensitive bioassay for identification
of novel antiangiogenic molecules.125

When a strategy similar to the one that uncovered angiostatin (e.g.,
suppression of a tumor growth by tumor mass), was employed by
O’Reilly with murine hemangioendothelioma and human small-cell
lung cancer, endostatin63 and antiangiogenic antithrombin (aaAT)66

were discovered. Both endostatin and aaAT are generated from larger
parent proteins by enzymes released by the tumor cells. 

Endostatin. Endostatin63,65 is a 20-22 kDa internal fragment of
collagen XVIII312,313 (see Fig. 9.3B). It was isolated and sequenced
from conditioned medium of murine hemangioendothelioma314 based
on the same strategy employed for the discovery of angiostatin (i.e.,
hemangioendothelioma suppressed secondary tumors). It is a specific
inhibitor of endothelial cell proliferation and migration like angiostatin.
The crystal structures for mouse endostatin315 and for human (see Fig.
9.3D) endostatin have been elucidated.316 At this writing, one of the
enzymes produced from medium conditioned by hemangioendothe-
lioma cells has been identified as an elastase.317 Endostatin is present in
basement membranes and vessel walls and is especially rich in elastic
fibers of the aorta and sparse elastic fibers of veins.318 Some, but not all,
capillaries or arterioles show weak labelling for endostatin. Within the
elastic fibers, endostatin is co-localized with fibulin-2, fibulin-1, and
nidogen-2 and binds to these components of the elastic fibers. Tumors
rarely invade or grow in the walls of large arteries. This could possibly
be related to the high endostatin content of these vessels. It remains to
be demonstrated whether endostatin plays a role in limiting plaque
angiogenesis in coronary or carotid arteries under normal conditions.319

Systemic administration of endostatin can inhibit or regress dif-
ferent tumors. When endostatin was administered for prolonged peri-
ods 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.65 This was not due to an immunologic mechanism but to some
type of unknown modification of the local tumor bed that rendered the
tumor unable to mount an angiogenesis response. Wounding the tumor
site or moving the tumor to another site in the same mouse initiated
tumor neovascularization and growth. We have observed this same
dormancy after 40 days of endostatin therapy of rat mammary cancer
induced by oral carcinogen. Yamaguchi and colleagues reported that
endostatin administered into a tumor will inhibit tumor growth at sig-
nificantly lower doses than systemic administration.320 In our experi-
ence, complete removal of zinc from endostatin almost completely
inactivates its tumor-inhibiting activity when administered systemi-
cally,321 but zinc appears to be unnecessary for intratumoral adminis-
tration. The reason for this difference is unclear but may possibly
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Figure 9.5. Current model of angiostatin formation. Urokinase plasmino-
gen activator from a tumor cleaves plasminogen to plasmin. Plasmin in this
state is still relatively resistant to further proteolysis until it is subsequently
reduced by a phosphoglycerate kinase that is generated by hypoxic tumor
cells.276 Reduced plasmin can be further cleaved to angiostatin (kringle 1– 4.5)
either by a tumor-derived serine proteinase,277 or by autoproteolysis. Smaller
forms of angiostatin (e.g., Kringle 1–3) can then be generated by metallo-
proteinases, such as metalloproteinases 7 and 9,115 metalloproteinase-12,278

or metalloproteinase-2.279



140 SECTION 1  /  Cancer Biology and metastases do not appear until years later (e.g., 5–10 years). A fifth
and rare pattern is that metastases disappear after removal of the pri-
mary tumor (e.g., a few cases of renal cell carcinoma). 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 pre-
senting patterns of metastases may be dictated by the intensity of angio-
genesis in their vascular bed. The essential role that angiogenesis plays
in the metastatic cascade can be appreciated by examining animal mod-
els that have been developed for each of the common presenting patterns
of metastases in cancer patients. The patient whose metastases appear
within a few months after removal of the primary tumor (metastatic pat-
tern I in Table 9.3) is analogous to a mouse model of Lewis lung carci-
noma in which lung metastases remain microscopic while the primary is
present but grow rapidly a few days after the primary tumor is removed.
In this model, the primary tumor directly inhibits angiogenesis in the bed
of the lung metastases. The metastases remain unvascularized and
restricted to a radius of approximately 150 µm.61 Angiogenesis in the
primary tumor is mediated mainly by VEGF, which is presumably pre-
sent at higher concentrations than local angiostatin. Because of up-reg-
ulation of VEGF receptors on endothelial cells in hypoxic areas,57,177 it
is also possible that VEGF is retained in the vascular bed of the primary
tumor. The half-life of VEGF in the circulation is approximately 3 min-
utes (N. Ferrara, personal communication). This rapid clearance would
prevent VEGF from accumulating in the plasma. In contrast, the half-
life of the anti-mitogenic activity (against endothelial cells in vitro) of
serum from mice bearing an angiostatin-generating tumor is approxi-
mately 2.5 days.61 Also, it appears to accumulate in the serum with
increasing size of the primary tumor.61

The patient whose metastases are already present when the pri-
mary tumor is first diagnosed (metastatic pattern II in Table 9.3) is
analogous to a mouse model of a subclone of Lewis lung carcinoma in
which the primary tumor does not suppress its lung metastases and
does not generate detectable levels of angiostatin in the circulation.61

The patient who presents with metastases in the absence of a
detectable primary tumor (metastatic pattern III in Table 9.3 called the
“occult primary”) is similar to a mouse model in which metastatic cells
inhibit the growth of the primary tumor (although it has not been
ascertained whether the inhibition was mediated by a circulating
angiostatic protein).257 We speculate that if metastases in a patient are
shed from a small primary tumor soon after it becomes neovascular-
ized, the tumor may not be large enough to suppress angiogenesis in
remote metastases. In mice with angiostatin-generating tumors, the
primary tumor had to be at least 0.6 to 1.0 cm3 before angiostatin could
be detected in the circulation.61 Further, if the metastases have a
slightly faster proliferation rate than the primary tumor, they could
increase their total mass faster than the primary tumor. At this point
they produce sufficient quantities of circulating angiogenesis inhibitor
and suppress the primary tumor—an example of a secondary tumor
inhibiting its primary lesion.

The patient whose metastases do not appear until years after
removal of the primary tumor (metastatic pattern IV in Table 9.3) is
analogous to a mouse model of B-16 melanoma in our laboratory in

depend on stability of the protein in the circulation. For recent reports
on methods of production of endostatin and studies of its mechanism
of action on endothelial cells and its storage in the vessel wall, see ref-
erences 318, 320, and 322 to 331. Endostatin gene therapy has been
used in tumor-bearing mice.332 Although endostatin is an internal frag-
ment of collagen XVIII, a novel angiogenesis inhibitor has recently
been isolated from collagen XV called restin.333 Taken together, these
findings suggest that extracellular matrix may be a storehouse of
antiangiogenic peptides.

Human endostatin produced in yeast entered Phase I clinical trial
in October 1999, for patients with advanced cancer, just as this chap-
ter was being finalized.

Antiangiogenic Conformation of Antithrombin III. A human
small-cell lung carcinoma suppressed angiogenesis and tumor growth
at remote sites in immunodeficient mice (see Fig. 9.4, F, G). These
cells generated an enzyme in vitro that converted the 58 kD confor-
mation of circulating antithrombin III to a 53 kD form of the protein
in which the externally configured stressed loop of antithrombin was
retracted into the body of the molecule66 (see Fig. 9.3 C). The 53 kD
“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 kD cleaved antiangio-
genic antithrombin (Steven Pirie-Shepherd, Oliver Kisker, and J. Folk-
man, unpublished data).

Tropinin I. A novel protein, troponin I, was purified from carti-
lage during an attempt to find the inhibitors responsible for the avas-
cularity of cartilage.334 It is a 22 kD subunit of the troponin complex
that, along with tropomysin, is responsible for the calcium-dependent
regulation of striated muscle contraction. It is a specific inhibitor of
endothelial cell proliferation and of angiogenesis in the mouse cornea
and chick embryo. It inhibits growth of primary tumor and metastases.

Other Endogenous Angiogenesis Inhibitors. In addition to the
specific angiogenesis inhibitors 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. However,
because so many inhibitors have been identified to date suggests the
existence of a machinery dedicated to the physiologic suppression of
angiogenesis. An analogy may be drawn to the more than 40 proteins of
the clotting system, many of which function to prevent coagulation
under normal conditions (see below). Endogenous angiogenesis
inhibitors include interferon beta,335 platelet factor 4,225,336

fibronectin,337,338 thrombospondin-1,226,235,237,339–341 tissue inhibitors
of metalloproteinases (TIMPS),215,216,342,343 certain angiostatic steroids
such as tetrahydrocortisol,220 a nonglucocorticoid, nonmineralocorti-
coid metabolite of cortisol, and 2-methoxyestradiol,344 and interleukin-
12.224 (In addition to its cytotoxic properties, mediated by T-cell activa-
tion, interleukin-12 also induces the up-regulation of interferon gamma,
which itself up-regulates inducible protein 10 (IP-10), recently shown to
be an angiogenesis inhibitor.345 Certain cryptic antiangiogenic protein
fragments are contained 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 plasma346 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. The hemostatic system,
like the extracellular matrix, also appears to store certain angiogenesis
inhibitors, which may be needed during wound healing angiogenesis
(for review see Browder and colleagues347).
CLINICAL PATTERNS OF METASTASIS MAY BE GOVERNED BY ANGIO-
GENIC MECHANISMS Cancer metastases may present at least four
common clinical patterns (Table 9.3): (I) a primary tumor such as a
colon carcinoma is removed, but within a few months metastases
appear; (II) metastases are already present when the primary tumor is
first detected; (III) metastases appear first, and the primary remains
occult; and (IV) the primary is removed (or treated by other therapy),

Table 9.3. Metastatic Patterns in Cancer Patients



which dormant but viable nonangiogenic lung metastases of less
than 0.1 to 0.2 mm diameter were found months to a year after
removal of the primary tumor (M. O’Reilly, unpublished data). The
mice were healthy.

There are rare reports of regression of metastases after removal of
a primary renal cell carcinoma (metastatic pattern V in Table 9.3). The
animal model that most closely resembles this clinical pattern is V2
carcinoma in the rabbit. Lung metastases grow as long as a primary
tumor is growing in the thigh. However, surgical removal of the thigh
tumor is followed by regression of the metastases (H. Verheul and R.
D’Amato, unpublished data). This does not appear to be an immune
reaction because fresh tumor can be successfully grown in the same
rabbit. One can speculate that the metastases may have been dependent
on high production of circulating angiogenic factors and possibly
other growth factors from the primary tumor.85 In human renal cell
carcinomas, high tissue levels of bFGF correlate with high mortal-
ity.150 In fact, in our own study of bFGF in serum and urine, 10% of a
group of patients with a wide spectrum of malignancies had abnor-
mally elevated levels of the angiogenic polypeptide bFGF in their
serum and 37% of 950 patients had abnormally elevated levels of
bFGF in their urine.148

The similarity of such animal models to human patterns of
metastatic presentation does not prove that angiogenic control of
metastatic growth is a central mechanism of dormancy, nor does it mean
that the human patterns are all based on angiogenic mechanisms. These
models are described here because they offer a plausible unifying mech-
anism to explain the different patterns of metastasis presentation in can-
cer patients. The detailed experimental evidence is developed elsewhere
by Holmgren and colleagues.40 Further attempts to uncover evidence
that supports or refutes the hypothesis may be fruitful. Finally, to the
extent that angiogenic processes are operating in human primary tumors
and metastases, then it may be prudent to include this in thinking about
the design of clinical trials of angiogenesis inhibitors.

A fundamental principle underlying these clinical patterns is that
the dormant tumor in all of these patients may depend on blocked
angiogenesis leading to a microscopic tumor with high replication and
high death rate of its tumor cells. This is an alternative hypothesis to
the widely held assumption that tumor cells in a dormant microscopic
tumor are not cycling and remain in G0. 

Leukemia is Angiogenesis Dependent. Because free floating
leukemic cells appear in the peripheral circulation, leukemia and other
malignant hematologic diseases have traditionally been regarded as
“liquid tumors.” Therefore, it has been widely assumed that leukemia
does not require angiogenesis for its growth. However, when bone
marrow biopsies from children with newly diagnosed untreated acute
lymphoblastic leukemia were evaluated for angiogenesis by immuno-
histochemical staining of microvessels with antibody to von Wille-
brand factor,348 there was a six- to seven-fold increase in microvessel
density in the leukemic marrows in contrast to control bone marrows
from children undergoing staging evaluations at the time of diagnosis
of solid tumor349 (Plate 5, Fig. 9.6). When three-dimensional 50-µm-
thick confocal microscopic sections of the bone marrows are com-
pared with thin 4-µm histologic cross-sections, the leukemic cells are
observed to be clustered around new vessels like grapes on a vine. This
configuration of neoplastic cells and vascular endothelial cells is sim-
ilar to solid tumors. Urinary levels of the angiogenic protein bFGF
were also approximately seven-fold higher in the leukemic children
than in controls. In adults with acute myeloid leukemia, cellular levels
of the angiogenic factor VEGF are abnormally elevated and provide an
independent predictor of outcome.350 The bone marrow in multiple
myeloma is also highly neovascularized.352–354,382

The myeloproliferative diseases, polycythemia vera, chronic mye-
locytic leukemia, and myelofibrosis, also have significantly increased
neovascularity (Jan Palmblad, unpublished data, personal communica-
tion). Further, human hematopoietic cells express high levels of bFGF,
a potent endothelial cell mitogen.355 Release of bFGF from bone mar-
row cultures has also been reported.356 Moreover, vascular endothelial
cells can release G-CSF (a mitogen for marrow cells).357 However, to
demonstrate that leukemia is angiogenesis dependent, Timothy Brow-
der in my laboratory has shown that endostatin, a specific angiogene-

sis inhibitor, can significantly prolong survival or cure either B-cell, T-
cell, or myelogenous leukemias in mice (T. Browder, personal com-
munication, unpublished data). These observations provide a concep-
tual basis for the future use of angiogenesis inhibitors in leukemia,
perhaps first in patients in whom all conventional therapy has failed
and later as an adjunct to conventional therapy. 

The Host Angiogenic Response May be Genetically Controlled.
A recent finding is that different strains of inbred mice have an approx-
imately 10-fold range of response to a constant dose of angiogenic
stimulation (bFGF) in the corneal micropocket assay.358 Furthermore,
the in vitro migratory activity of endothelial cells from aortic rings of
selected strains correlates with the in vivo responsiveness. Also, high
angiogenesis responders require higher doses of an angiogenesis
inhibitor to achieve the same suppression of angiogenesis as a low
dose of inhibitor in a low angiogenesis responder. If this early work
translates to humans, one can speculate that a low angiogenic host
response would decrease the probability of in situ carcinomas switch-
ing to the angiogenic phenotype, that tumors that did become angio-
genic would grow slowly or be indolent (e.g., indolent prostate can-
cer), 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 to achieve efficacy.
CLINICAL TRANSLATION OF ANGIOGENESIS RESEARCH Clinical Tri-
als of Angiogenesis Inhibitors. At this writing, 19 angiogenesis
inhibitors produced by the biotechnology and pharmaceutical industry
are in clinical trial for patients with advanced metastatic cancer—5 are
in Phase III (Table 9.4). These inhibitors have been developed by the
following strategies: (1) identification of a target molecule and devel-
opment of an antibody or a synthetic inhibitor to counteract it (e.g., an
antibody to VEGF), (2) discovery that an old drug has antiangiogenic
activity (e.g., thalidomide, interferon alpha), and (3) discovery of spe-
cific endogenous angiogenesis inhibitors (e.g., endostatin). The
inhibitors operate by quite different mechanisms, which reveal that
multiple pathways in the angiogenic process are vulnerable to attack.
Metalloproteinase inhibitors can block proteolytic activity initiated by
endothelial cells as they invade tissue (e.g., Marimastat). Blockade of
endothelial adhesion to specific integrins (e.g., αvß3) in the extracel-
lular matrix leads to apoptosis of proliferating endothelial cells (e.g.,
Vitaxin). Direct antagonists of angiogenic stimulators usually block
one angiogenic factor such as VEGF. However, SU6668 is an example
of a small molecule that blocks receptor signalling for VEGF, FGF, and
EGF. Certain inhibitors operate by an indirect mechanism that up-
regulates an endogenous angiogenesis inhibitor. For example, inter-
leukin-12 up-regulates inducible protein 10 [IP10], which is a direct
angiogenesis inhibitor. Angiostatin and endostatin block endothelial
cells from responding to a wide variety of endothelial mitogens and
angiogenic inducers. For other angiogenesis inhibitors, there is as yet
no known mechanism (e.g., thalidomide and TNP-470).359 It is not yet
possible to predict which, if any, of the angiogenesis inhibitors cur-
rently in clinical trial will eventually receive FDA approval for clinical
use. Nevertheless, it is becoming clear that there will be a continuing
need for a variety of different angiogenesis inhibitors. In the coming
years, it may be important to develop clinical protocols in which
angiogenesis inhibitors are added to conventional chemotherapy or to
radiotherapy, or to other modalities such as immunotherapy or gene
therapy. Furthermore, it may be possible to treat cancer at earlier
stages with combinations of angiogenesis inhibitors and also to use
antiangiogenic therapy as maintenance therapy to prevent recurrences.

Antiangiogenic Scheduling of Cytotoxic Chemotherapy. If
conventional cytotoxic chemotherapy must traverse vascular endothe-
lium before reaching tumor cells, why don’t cytotoxic agents behave
as angiogenesis inhibitors? One possibility is that the usual dose-
schedule regimen for chemotherapeutic agents is not conducive to sus-
tained blockade of angiogenesis. Conventional chemotherapy is usu-
ally administered at maximum tolerated doses up-front followed by an
extended treatment-free interval to permit recovery of normal host
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cannot regress Lewis lung carcinoma. Furthermore, both the
cyclophosphamide and the TNP-470 are targeting only endothelial
cells; the tumor cells are completely resistant to cyclophosphamide
(and continue to proliferate at rates similar to untreated tumor cells),
and TNP-470 has no effect on tumor cells. Thus, a cytotoxic
chemotherapeutic agent administered in an antiangiogenic dose-
schedule can more effectively control tumor growth in mice, whether
or not its tumor cells are drug resistant—an advance based on using
new logic for an old drug. 

There are certain important implications of this work. It confirms an
earlier hypothesis by Kerbel that antiangiogenic therapy would be a
strategy to circumvent acquired drug resistance.360 Furthermore, certain
cytotoxic agents such as paclitaxel already have significant antiangio-
genic activity,361,362 and it may be possible to take advantage of this
property in patients who have become “paclitaxel resistant.” These
results in mice may help to explain why some patients who are receiv-
ing long-term maintenance or even palliative chemotherapy continue to
have stable disease beyond the time that the tumor cells would have been
expected to develop drug resistance. These data also suggest that other
modifications in delivery or schedule of cytotoxic chemotherapeutic
agents may increase antiangiogenic activity. For example, extremely low
concentrations of doxorubicin conjugated to vascular integrin-binding
peptides can be targeted to the angiogenic vessels in a tumor, leading to
significant tumor suppression without side effects on host tissues.363–365

Antiangiogenic Activity of Interferon Alpha: Lessons for Other
Angiogenesis Inhibitors. During the 1980s, it was demonstrated that
interferon alpha was an angiogenesis inhibitor,229,230,366 although rela-
tively weak and nonspecific compared to the inhibitors available today
(e.g., angiostatin or endostatin). Interferon alpha appears to act by
inhibiting overproduction of bFGF by tumor cells.335 Nevertheless,
over the past 10 years, interferon alpha has been useful for the treatment
of sight-threatening or life-threatening hemangiomas of infancy that
have failed to respond to all other therapy (i.e., hemangiomas in the
brain, airway, heart, and liver, which have failed to respond to all con-
ventional therapy, e.g., corticosteroids [for review see Folkman and col-
leagues223]). Hemangiomas are tumors of host blood vessels and rep-
resent a form of relatively pure angiogenesis. The first use of interferon
alpha as an angiogenesis inhibitor was in 1988 in a child with pul-
monary hemangiomatosis.367,368 The disease underwent accelerated
regression. This was the first antiangiogenic therapy in a human. Such
accelerated regression of life-threatening hemangiomas was also
observed in subsequent patients,190,369–377 and it has been especially
useful for airway hemangiomas beyond the reach of laser therapy.374

Interferon alfa-2a (or 2b) has been used at doses of 3 million units/m2

and treatment has been for 6 to 12 months. Urine levels of bFGF have
been a useful guideline to determine when to discontinue therapy. In
most normal infants, urine bFGF is up to 4000 picograms per liter. In
children with proliferating hemangioma, urine bFGF may range from
25,000 to 50,000 picograms per liter. Unless the hemangioma is begin-
ning to involute and the urine bFGF is decreasing toward normal, dis-
continuation of interferon alfa-2a may be premature and the heman-
gioma will resume growth. A few patients remain refractory to either
steroid or interferon alpha, and the majority of these refractory lesions
are Kaposi’s hemangioendothelioma (KHE). We advise neurologic-
developmental evaluation before beginning interferon therapy and peri-
odic assessments during and after therapy because infants under 1 year
are susceptible to neurotoxic side effects (increased motor tone of the
lower extremities [spastic diplegia] and delayed walking,333,378

although this is almost always reversible if the interferon is discontin-
ued at the first sign of spasticity and is rare in older children.379

Following a 10-year experience of treating 74 infants with inter-
feron alfa whose life-threatening hemangiomas had failed to respond
to all conventional therapy including high-dose steroids, we were pre-
sented with a 5-year-old girl with a baseball-sized giant cell tumor of
the mandible that recurred three times after surgical resection (includ-
ing radical mandibulectomy). Radiotherapy was recommended, but
because of the potentially severe complications of stunted facial
growth, the possibility of antiangiogenic therapy was suggested. A uri-
nary bFGF level was abnormally elevated. Therefore, a trial of inter-
feron alpha was begun at 1 million units per m2 and increased to 4.4

cells such as rapidly growing hematopoietic progenitors and gastroin-
testinal tract mucosa. However, during this treatment-free interval,
microvascular endothelial cells in the tumor bed may also resume
growth and support regrowth of tumor cells. This could increase the
risk of emergence of drug-resistance tumor cells. Timothy Browder in
my laboratory has demonstrated that a standard cytotoxic agent,
cyclophosphamide, can be administered at a dose and schedule that is
optimized for more sustained apoptosis of endothelial cells but not of
tumor cells, called the antiangiogenic schedule. It consists of a lower
dose administered every 6 days in contrast to the conventional sched-
ule, which is a maximum tolerated dose administered every 21 days. A
drug-sensitive murine tumor, Lewis lung carcinoma, became drug
resistant on the conventional schedule and killed all mice but was erad-
icated on the antiangiogenic schedule. When the tumor was made drug
resistant before therapy, the antiangiogenic schedule suppressed tumor
growth three-fold more effectively than the conventional schedule, and
when combined with TNP-470, an angiogenesis inhibitor, eradicated
drug-resistant tumors (Browder, personal communication, submitted
for publication). This is a provocative finding because TNP-470 alone
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million units per m2 at 6 months, and briefly to 6.16 units per m2.
After 1 year of therapy, the tumor had completely regressed. Surpris-
ingly, the mandible healed completely. Tumor regression coincided
with a decrease in urine bFGF to normal. She has been tumor-free 3
years off therapy.380 We have seen similar results in (1) a 2-month-old
boy with an angioblastoma of the hand that destroyed the 5th
metacarpal bone and that completely regressed after 11 months on
interferon alfa-2a (again with bone healing); (2) in an angioblastoma
of the palate that recurred after radical resection in a 10-month-old
boy, which completely regressed after 1 year on interferon alfa-2a. The
drug was then continued for a total of 3.5 years before discontinuing
therapy; and (3) a giant cell tumor that filled the pelvis of a 17-year-
old girl and recurred after radiotherapy but at this writing has under-
gone more than a 90% regression on interferon alfa-2a at 3 million
units/day (J. Folkman and J. Marler, unpublished data). 

From this experience, it is clear that long-term antiangiogenic
therapy can be administered successfully even with a single relatively
weak angiogenesis inhibitor, if the tumor under treatment employs
bFGF as its major or sole angiogenic mediator and does not undergo
mutations that up-regulate additional angiogenic proteins over time
(as, for example, occurs with breast cancer).381 Second, the dose of
angiogenesis inhibitor was titrated to the output of angiogenic activity
(in this case bFGF) by the tumor. Third, stable disease occurs for a pro-
longed period before tumor regression takes place. Therefore, this pat-
tern of tumor response resembles tamoxifen more than it does cyto-
toxic chemotherapy. No patients had any evidence of toxicity or other
side effects, except for the usual elevation of liver enzymes seen in all
patients on interferon alfa-2a.

Thalidomide. Thalidomide, a sedative with anti-inflammatory
activity, was recently discovered to inhibit angiogenesis when admin-
istered orally to rabbits.217 In this study, the antiangiogenic activity
appeared to be independent of the TNF-alpha suppressing activity of
thalidomide. The antiangiogenic activity suggests a possible explana-
tion for thalidomide’s teratogenic effects in early pregnancy. Thalido-
mide is currently in Phase II clinical trials for the treatment of recur-
rent brain tumors, other solid tumors, and multiple myeloma. In a
recent study, “84 previously treated patients with refractory myeloma
(76 with relapse after high-dose chemotherapy), received oral thalido-
mide as a single agent for a median of 80 days (2–465).382 The start-
ing dose was 200 mg daily, and the dose was increased every 2 weeks
until it reached 800 mg per day. Response was assessed on the basis of
a reduction of the myeloma protein in serum or Bence Jones protein in
urine that lasted for at least 6 weeks. The serum or urine levels of para-
protein were reduced by at least 90% in eight patients (two had com-
plete remission), at least 75% in six patients, at least 50% in seven
patients, and at least 25% in six patients, for a total rate of response of
32%. Reductions in the paraprotein levels were apparent within 2
months in 78% of the patients with a response and were associated
with decreased numbers of plasma cells in bone marrow and increased
hemoglobin levels. At least one-third of patients had mild or moderate
constipation, weakness or fatigue, or somnolence. After 12 months of
follow-up, Kaplan-Meier estimates of the mean (±SE) rates of event-
free survival and overall survival for all patients were 22 ± 5% and 58
± 5%, respectively. Thus, thalidomide can induce marked and durable
responses in some patients with multiple myeloma, including those
who relapse after high-dose chemotherapy.”

Antitumor Effect of Ionizing Radiation is Potentiated by
Angiogenesis Inhibitors. Experimental studies in mice demonstrate
that angiogenesis inhibitors combined with ionizing radiation produce
a synergistic antitumor effect without increasing collateral damage to
normal host tissues. When TNP-470 was administered together with
radiotherapy, intratumoral oxygen, tumor response, and cure rates all
significantly increased.383 When angiostatin was combined with
radiotherapy, one-tenth of the effective antitumor dose of angiostatin
reduced tumor volumes in mice by 16%, radiotherapy alone by 18%,
but radiotherapy plus angiostatin by 64% (p = .001).310,384 Angiostatin
behaves as a radiosensitizer that focuses radiotherapy on the microvas-
cular endothelial compartment in the tumor bed but does not sensitize
other tissues. Angiostatin may specifically prevent repair of radiation
damage in proliferating endothelial cells. For example, ionizing irra-

diation of a tumor increases production of VEGF, which protects
tumor vessels from radiation-mediated cytotoxicity. However, block-
ade of VEGF by neutralizing antibody increased the antitumor effects
of ionizing radiation.384 Because approximately 50% of cancer
patients are treated with radiotherapy, it will be important to determine
in future clinical trials whether angiogenesis inhibitors will enhance
radiotherapy of human tumors as it does in animal tumors.

Misperceptions About Tumor Angiogenesis in The Clinical Set-
ting. Because the field of angiogenesis research is so extensive, it is
difficult for clinicians to keep up with the rapidly moving basic science
literature. Certain misperceptions persist. These are discussed below
because they may otherwise interfere with design of clinical protocols.

The presence of angiogenesis does not distinguish between a
benign and a malignant tumor.385 Adrenal adenomas are benign
tumors that are highly neovascularized but appear to lack the growth
potential to take advantage of the new blood vessels they have induced.
Thus, the onset of angiogenesis permits expansion of a tumor mass but
does not guarantee it. In fact, the switch to the angiogenic phenotype
occurs independently of other events in tumorigenesis. In most
tumors, angiogenesis appears after the expression of the malignant
phenotype. However, in carcinoma of the cervix, the preneoplastic
stage of dysplasia becomes neovascularized before the malignant
tumor appears.93 This sequence of events also occurs in certain spon-
taneously arising tumors in animals.113,385

Angiogenesis may not be necessary for certain tumor cells that can
grow as a flat sheet between membranes (e.g., gliomatosis in the
meninges).

It is still assumed by some oncologists that the blood vessels of a
large tumor are “established.” Proponents of this idea argue, therefore,
that antiangiogenic therapy could never reduce tumor size or cause
tumor regression because “established” vessels would by definition be
refractory to such treatment. Antiangiogenic therapy, however, can cause
growing blood vessels to involute369 and can bring about regression of
growing tumors.65,387,388 Further, the replication rate of endothelial cells
in tumor capillary vessels is significantly greater than in the endothelial
cells of normal tissue.389 A few feeder vessels, usually arteries, may be
observed in the midst of a histologic cross-section of a tumor and could
be considered as established. However, tumor cells depend on thin-
walled microvessels for diffusion of nutrients, growth factors, and oxy-
gen, and these vessels continue to undergo high turnover rates even in a
large, slowly growing, or indolent tumor. These microvessels require the
continuous presence of endothelial growth factors such as VEGF. With-
drawal or blockade of VEGF leads to endothelial apoptosis and regres-
sion of microvessels (see section on angiopoietins above).

It is commonly stated that tumors “outgrow their blood supply.”
This is inaccurate. Growing tumors can gradually compress their
blood supply because of increasing interstitial pressure. These com-
pressed areas become ischemic, but they are not avascular. Necrosis
follows. Vessel compression also interferes with the optimal delivery
of therapeutic agents.390 Paradoxically, antiangiogenic therapy can
decrease ischemia, apparently because of its effect of decreasing inter-
stitial pressure.

Rapidly growing tumors in mice are more responsive to conven-
tional cytotoxic agents than slowly growing tumors are, and adult human
tumors are less responsive to cytotoxic agents than mouse tumors are.
Therefore, it has been assumed by many colleagues that angiogenesis
inhibitors will follow the same pattern and be less effective against more
slowly growing human tumors than against rapidly growing mouse
tumors.391 In fact, we have found just the opposite. Slowly growing
mouse tumors respond more effectively to angiogenesis inhibitors
(TNP-470 or angiostatin) than rapidly growing tumors (Wolf Dietrich
Beecken, unpublished data, personal communication). Rapidly grow-
ing tumors require higher doses of angiogenesis inhibitors to suppress
their growth to the same extent as slowly growing tumors. 

Patients are often told by their physicians that they would not be a
candidate for antiangiogenic therapy because their particular tumor is
not highly vascularized. This misperception comes from trying to esti-
mate the angiogenic activity of a tumor by looking at an angiogram or a
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144 SECTION 1  /  Cancer Biology First, antiangiogenic therapy is directed mainly at a small focus of
migrating and proliferating capillary endothelial cells in a tumor bed
or in metastatic sites. Therefore, a specific angiogenesis inhibitor is
not likely to cause bone marrow suppression, gastrointestinal symp-
toms, or hair loss. This is not to say that such drugs would have no
other actions and would not produce side effects.

Second, optimal antiangiogenic therapy appears to require treat-
ment for months to a year or more, without a break. Angiogenesis
inhibitors generally down-regulate neovascularization by inhibiting
endothelial cell proliferation and migration, not by a cytotoxic effect
on endothelial cells. Regression or involution of a vigorously growing
capillary bed is a slower process than lysis of tumor cells. Thus, in the
design of clinical trials, antiangiogenic therapy may need to be admin-
istered over longer periods (without a break) than conventional cyto-
toxic agents. Conventional chemotherapy usually requires treatment-
free periods to permit recovery of normal host cells in the bone
marrow and gastrointestinal tract. Treatment-free periods are not only
unnecessary during antiangiogenic therapy but may be counterpro-
ductive. Experimental studies with endostatin in tumor-bearing mice
reveal an accumulative effect, so that the longer the inhibitor is admin-
istered, the more likely it is that tumors will not recur after discontin-
uation of the drug.65 Premature discontinuation of the inhibitor may be
followed by rapid tumor growth. This phenomenon may not be limited
to endostatin but was observed in tumor-bearing mice treated by
Sugen’s SU6668, a synthetic inhibitor of the receptors for FGF, VEGF,
and EGF (Julie Cherrington, personal communication). 

Third, resistance to angiogenesis inhibitors has not been a major
problem in long-term animal studies447 or in clinical trials to date.
Babies with large hemangiomas of the mediastinum or liver who were
treated with interferon alfa-2a daily for up to a year did not develop
drug resistance. Antiangiogenic therapy was proposed as a strategy to
circumvent acquired resistance to anticancer agents360 and this idea
has been validated by endostatin-treated mice.65

Fourth, a combination of antiangiogenic and cytotoxic therapy
may be more effective than either type of therapy alone. In tumor-bear-
ing animals, such combinations can be curative, whereas either agent
alone is only inhibitory.88,448,449 An angiogenesis inhibitor such as
AGM-1470 (TNP-470) can significantly decrease DNA synthesis in
endothelial cells in a tumor bed, whereas cytotoxic agents such as adri-
amycin and cisplatin do not.450 These results suggest that therapy
directed against both the endothelial cell population and the tumor cell
population of a tumor is more effective than therapy directed only
against its tumor cells. Radiotherapy is also potentiated by antiangio-
genic therapy in tumor-bearing animals, in part by decreasing tumor
hypoxia.310,448 Furthermore, antiangiogenic therapy could be used in
combination with other anticancer modalities including immunother-
apy or gene therapy. Finally, combinations of angiogenesis inhibitors
may provide a form of cancer therapy that is the least toxic and carries
the least risk of acquired drug resistance.

SUMMARY AND FUTURE DIRECTIONS

An important lesson from angiogenesis research is to think about a
tumor as containing two cell compartments that stimulate each other: the
endothelial cell compartment and the tumor cell compartment. Anti-
cancer therapy may be more efficacious if each compartment is treated
by drugs that selectively target each cell type. The mutational rate is high
in the tumor cell compartment and low in the endothelial cell compart-
ment. This is why it may be possible to employ antiangiogenic therapy
for the long term, either alone or together with conventional chemother-
apy, and subsequently in the postchemotherapy period.

The heuristic value of a tumor model in which the endothelial cell
and tumor cell compartments interact with each other is best summa-
rized by Hahnfeldt and colleagues:451

Conventional cancer treatment includes many modalities, all
having the same basic intent: to directly kill tumor cells or pre-
vent their proliferation. Accordingly, kinetic understanding of
tumor control has focused on the elucidation of tumor cell pro-
liferation and sensitivity characteristics. However, a tumor pop-
ulation is far from stable, manifesting with its genetic, epige-

gross tumor specimen. An angiogram of a tumor can have a large, dark,
unstained area in which vessels do not fill with radiopaque dye. This is
often interpreted as “avascular” tumor, but at the microscopic level, his-
tologic sections reveal high microvessel density. The “avascular”
angiogram is likely the result of poor perfusion due to high interstitial
tissue pressure. A large tumor observed at the operating table, such as a
neurofibrosarcoma, may be a hard white mass and assumed to be
“poorly vascularized” when in fact the histologic microsections show
high neovascularization. At a recent international meeting, a distin-
guished surgeon predicted that pancreatic cancer would never respond
to antiangiogenic therapy because it is a poorly vascularized tumor.

Prognostic Significance of Tumor Vascularity. In 1972, Steven
Brem in my laboratory reported the first quantitative method for histo-
logic grading of tumor angiogenesis. He correlated neovascularization
in human brain tumors with tumor grade.392 In the 1980s, there was an
additional report of a method for quantitating grade of tumor vascular-
ization393 followed by the first report of the use of tumor vascularity as
a prognostic marker (cutaneous melanoma).94 In 1991, Noel Weidner
and I used specific antiendothelial antibodies to highlight tumor vascu-
lature to demonstrate that microvessel density was a prognostic marker
for human breast cancer.77 Since then, the majority of reports have con-
firmed that microvessel density is a powerful and often an independent
prognostic indicator for many different types of human cancer. How-
ever, a few other reports fail to show that microvessel density is a prog-
nostic indicator, especially for certain types of tumors. Many of the
negative reports may be due to critical differences in methodologies,
whereas others may be due to important biologic differences that are as
yet unclear, for example, the coexistence of angiogenesis inhibitors and
stimulators in certain tumors. Gasparini and Harris have analyzed the
variables in quantitation of tumor angiogenesis in histologic sections
and have summarized the reports up to 1999.90 These reports are
assembled in Table 9.5.23,95,96,394–444

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 neovascular-
ization in the anterior chamber. Certain brain tumors induce angio-
genesis 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 con-
tains only the neovascular response at the periphery of the tumor, it
may be mistaken for granulation tissue or inflammation. A variety of
cancer syndromes, such as inappropriate hormonal activity, hyperco-
agulation, and cachexia, are secondary to the presence of biologically
active peptides released into the circulation from vascularized tumors.
Therefore, it might be predicted that an early therapeutic effect of
antiangiogenic therapy would be increased appetite, weight gain, and
disappearance 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 cervical cancer
may be observed by colposcopy92; the appearance of telangiectasia or
“vascular spiders” in a mastectomy scar may herald local recurrence
of tumor; color Doppler imaging can demonstrate neovascularization
in breast cancer445 and other tumors; bladder carcinoma is detected by
cystoscopy based, in part, on its neovascularization; and mammogra-
phy often reveals the vascularized rim of a breast tumor. 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.

Antiangiogenic Therapy Requires Different Management
Than Cytotoxic Chemotherapy. Preclinical studies in mice, rats,
rabbits, and monkeys, early clinical trials of antiangiogenic therapy,
and 10 years of clinical experience with interferon treatment for life-
threatening hemangioma point to important principles of antiangio-
genic therapy that may be useful in the future management of patients
with cancer (for review see Eckhardt).446



netic and microenvironmental heterogeneity a constantly evolv-
ing spectrum of tumor cell expressions and behaviors. This
raises the concern that current therapeutic attempts to target the
expanding array of tumor expressions with customized molecu-
lar attacks may be overascribing durable and exploitable mech-
anistic bases to what are, in fact, largely temporal and hyper-
variable events. By contrast, therapy directed against tumor
vasculature [i.e., the microvascular endothelial cell population
in the tumor bed] does not exploit tumor cell sensitivities, rely-
ing instead on tumor suppression consequent to inhibition of
associated vasculature. By providing a means to control an
exceptionally heterogenous, unconstrained tumor population
via a relatively homogenous and constrained endothelial popu-
lation, antiangiogenic therapy allows one to disregard a vast
array of spatial and temporal details of tumor expression.

The field of angiogenesis research, which began as an inquiry into
the mechanisms by which tumors induce a new blood supply, has now
broadened to include a diverse group of disciplines. For example, the
development of the vascular system itself is being explored. Genes
that turn angiogenesis on or that suppress angiogenic activity are being
elucidated. Angiogenic molecules are being employed to accelerate
the cardiac angiogenesis in ischemic heart disease. Angiogenesis
inhibitors intended for eventual anticancer therapy are also being stud-
ied for their potential use in ocular angiogenesis, arthritis, and other
non-neoplastic diseases.

These developments in fields parallel to oncology may bring new
information to bear on the problem of tumor angiogenesis. We need to
understand how tumors become angiogenic and what angiogenic
molecules they employ. It will be important to know how these
molecules are released, whether specific angiogenic molecules are
produced by certain types of tumors, and how angiogenesis suppres-
sor activity is down-regulated during tumor progression. It is still not
clear what percentage of tumor-induced angiogenesis must be blocked
before tumor growth is inhibited, nor is it known if endothelial cells
can become “resistant” to angiogenesis inhibitors. Beyond these con-
siderations lie more fundamental questions. Can the onset of angio-
genic activity be detected in the blood or other body fluids for use in

Table 9.5. Tumor Vascularity as a Prognostic Indicator

Breast Cancer-Intratumoral Vascularization and Prognosis

Number of Median Relapse-free

Authors Patients Follow-up (yr) Survival

Weidner et al.95 165 4.0 <0.001
Bosari et al.394 180 9.0 <0.03
Visscher et al.395 58 5.1 NS
Obermair et al.396 64 4.1 <0.01
Ogawa et al.397 155 7.0 <0.002
Fox et al.398 211 3.5 ND
Toi et al.399 125 5.1 <0.01
Toi et al.400 328 4.6 <0.0001
Simpson et al.401 178 6.0 0.002
Gasparini et al.402 531 6.3 <0.001
Bevilacqua et al.403 211 6.6 <0.0001
Obermair et al.404 230 4.6 ND
Fox et al.405 109 2.0 0.04
Heimann et al.406 167 20.0 0.04
Barbareschi et al.407 91 5.5 0.006
Gasparini et al.408 191 5.5 <0.01
Gasparini et al.409 178 5.2 <0.01
Hall et al.410 87 9.5; 1.5 NS
Axelsson et al.411 220 11.5 NS
Van Hoef et al.412 93 13.0 NS

Published positive studies. ND = not done; NS = not significant.

Prognostic Value of Microvessel Density in Breast Cancer Patients
Treated with Adjuvant Therapy

Number of Median Adjuvant Relapse-free 

Authors Patients Follow-up (yr) Treatment Survival

Weidner et al.95 82 4.0 Heterogeneous <0.001
Toi et al.400 198 4.6 Heterogeneous <0.001
Gasparini et al.408 191 5.5 CD31 <0.001
Gasparini et al.409 178 5.2 CD31 <0.001
Macaulay et al.413 88 2.5 Tamoxifen ND

ND =  not done.

Prognostic Value of Microvessel Density in Non–Small Cell Lung Cancers

Number Median Prognostic 

Authors of Patients Follow-up (mo) Value

Macchiarini et al.414 87 60 Yes
Yamazaki et al.415 42 71 Yes
Fontanini et al.416 253 24 Yes
Giatromanolaki et al.417 107 36 Yes
Angeletti et al.418 96 24 Yes
Apolinario et al.419 116 60 Yes

(stage II only)
Fontanini et al.420 470 29 Yes
Fontanini et al.421 73 47 Yes

Prognostic Value of Microvessel Density in Genitourinary Cancers

Authors Number of Patients Prognostic Value

Testicular germinal cell tumor
Olivarex et al.422 65 Yes

Prostatic cancer
Wakui et al.423 101 Yes
Fregene et al.424 34 Yes
Weidner96 74 Yes
Vesalainen et al.425 88 Yes
Brawer et al.426 37 Yes
Silberman et al.427 109 Yes
Barth et al.428 41 Yes
Rogatsch et al.429 46 Yes

Bladder cancer
Dickensen et al.430 45 Yes
Bochner et al.431 164 Yes
Grossfeld et al.432 163 Yes

ND = not done.

Prognostic Value of Microvessel Density in Esophageal and 
Gastrointestinal Tumors

Number Median Prognostic 

Authors of Patients Follow-up (mo) Value

Esophageal cancer
Tanigawa et al.433 43 3.1 Yes

Gastric cancer
Maeda et al.434 124 >5 Yes
Tanigawa et al.435 181 4.1 Yes

Colorectal cancer
Saclarides et al.436 48 4.4 Yes
Tomisaki et al.437 175 5.0 Yes
Takebayashi et al.438 166 6.3 Yes
Bossi439 178 5.0 No
Lindmark et al.440 212 4.5 Yes

High vascularity associated with good prognosis.

Prognostic Value of Microvessel Density in Malignant Melanoma

Number Median Thickness Prognostic

Authors of Patients Follow-up (mo) (mm) Value

Srivastava et al.94 20 >5 0.76–4.00 Yes
Fallowfield and Cook23 64 ND 0.48–18.5 Yes
Carnochan et al.441 107 >5 0.85–1.25 No
Busam et al.442 120 8.9 Invasive No
Graham et al.443 37 >10 0.76 Yes
Vlaykova et al.444 31 >3 0.76 Yes

ND = not done.



146 SECTION 1  /  Cancer Biology 34. Folkman J, Cotran RS. Relation of vascular proliferation to tumor growth. Int Rev
Exp Pathol 1976;16:207–248.

35. Folkman J. What is the evidence that tumors are angiogenesis dependent? J Natl
Cancer Inst 1990;82:4–6.

36. Folkman J, Hochberg M. Self-regulation of growth in three dimensions. J Exp Med
1973;138:745–753.

37. Adam JA, Maggelakis AA. Diffusion of regulated growth characteristics of a spher-
ical prevascular carcinoma. Bull Math Biol 1990;52:549–582.

38. Sutherland RM. Cell and environment interactions in tumor microregions: the mul-
ticell spheroid model. Science 1988;240:177–184.

39. Sutherland RM, McCredie JA, Inch WR. Growth of multicell spheroids in tissue
culture as a model of nodular carcinomas. J Natl Cancer Inst 1971;46:113–120.

40. Holmgren L, O’Reilly MS, Folkman J. Dormancy of micrometastases: balanced
proliferation and apoptosis in the presence of angiogenesis suppression. Nature
Med 1995;1:149–153.

41. Gimbrone MA Jr, Cotran R, Leapman S, Folkman J. Tumor growth and neovascu-
larization: an experimental model using rabbit cornea. J Natl Cancer Inst
1974;52:413–427.

42. Gimbrone MA Jr, Leapman S, Cotran RS, Folkman J. Tumor dormancy in vivo by
prevention of neovascularization. J Exp Med 1972;136:261–276.

43. Brem S, Brem H, Folkman J, et al. Prolonged tumor dormancy by prevention of neo-
vascularization in the vitreous. Cancer Res 1976;36:2807–2812.

44. Folkman J. Tumor angiogenesis factor. Cancer Res 1974;34:2109–2113.
45. Tannock IF. Population kinetics of carcinoma cells, capillary endothelial cells, and

fibroblasts in a transplanted mouse mammary tumor. Cancer Res 1970;30:
2470–2476.

46. Helmlinger G, Yuan F, Dellian M, Jain RK. Interstitial pH and pO2 gradients in solid
tumors in vivo: high-resolution measurements reveal a lack of correlation.
Nature Med 1997;3:177–182.

47. Knighton D, Ausprunk D, Tapper D, Folkman J. Avascular and vascular phases of
tumour growth in the chick embryo. Br J Cancer 1977;35:347–356.

48. Lien W, Ackerman NB. The blood supply of experimental liver metastases. II. A
microcirculatory study of normal and tumor vessels of the liver with the use of
perfused silicone rubber. Surgery 1970;68:334–340.

49. Folkman J, Watson K, Ingber D, Hanahan D. Induction of angiogenesis during the
transition from hyperplasia to neoplasia. Nature 1989;339:58–61.

50. Thompson WD, Shiach KJ, Fraser RA, et al. Tumors acquire their vasculature by
vessel incorporation, not vessel ingrowth. J Pathol 1987;151:323–332.

51. Skinner SA, Tutton PJ, O’Brien PE. Microvascular architecture of experimental
colon tumors in the rat. Cancer Res 1990;50:2411–2417.

52. Holash J, Maisonpierre PC, Compton D, et al. Vessel cooption, regression, and growth
in tumors mediated by angiopoietins and VEGF. Science 1999;284:1994–1998.

53. Ingber DM, Fujita T, Kishimoto S, et al. Synthetic analogues of fumagillin that
inhibit angiogenesis and suppress tumour growth. Nature 1990;348:555–557.

54. Folkman J. Tumor angiogenesis. In: Accomplishments in Cancer Research. Wells
SA Jr, Sharp PA, editors. Pennsylvania: JB Lippincott Williams and Wilkins, 1998,
p. 32–44. 

55. Hori A, Sasada R, Matsutani E, et al. Suppression of solid tumor growth by immuno-
neutralizing monoclonal antibody against human basic fibroblast growth factor.
Cancer Res 1991;51:6180–6184.

56. Kim KJ, Li B, Winer J, et al. Inhibition of vascular endothelial growth factor-
induced angiogenesis suppresses tumour growth in vivo. Nature 1993;362:
841–844.

57. Plate KH, Breier G, Millauer B, et al. Up-regulation of vascular endothelial growth
factor and its cognate receptors in a rat glioma model of tumor angiogenesis.
Cancer Res 1993;53:5822–5827.

58. Millauer B, Shawver LK, Plate KH, et al. Glioblastoma growth inhibited in vivo by
a dominant-negative Flk-1 mutant. Nature 1994;367:576–579.

59. Dameron KM, Volpert OV, Tainsky MA, Bouck N. Control of angiogenesis in
fibroblasts by p53 regulation of thrombospondin-1. Science 1994;265:1582–
1584.

60. Brooks PC, Montgomery AMP, Rosenfeld M, et al. Integrin αvβ3 antagonists pro-
mote tumor regression by inducing apoptosis of angiogenic blood vessels. Cell
1994;79:1157–1164.

61. O’Reilly MS, Holmgren L, Shing Y, et al. Angiostatin: a novel angiogenesis
inhibitor that mediates the suppression of metastases by a Lewis lung carcinoma.
Cell 1994;79:315–328.

62. O’Reilly MS, Holmgren L, Chen C, Folkman J. Angiostatin induces and sustains
dormancy of human primary tumors in mice. Nature Med 1996;2:689–692.

63. O’Reilly MS, Boehm T, Shing Y, et al. Endostatin: an endogenous inhibitor of angio-
genesis and tumor growth. Cell 1997;88:277–285.

64. O’Reilly MS, Brem H, Folkman J. Treatment of murine hemangioendotheliomas
with the angiogenesis inhibitor AGM-1470. J Pediatr Surg 1994;30:325–330.

65. Boehm T, Folkman J, Browder T, O’Reilly MS. Antiangiogenic therapy of experi-
mental cancer does not induce acquired drug resistance. Nature 1997;390:
404–407.

66. O’Reilly MS, Pirie-Shepherd S, Lane WS, Folkman J. Antiangiogenic activity of the
cleaved conformation of the serpin antithrombin. Science 1999;285:1926–1928.

67. Cao Y, O’Reilly MS, Marshall B, et al. Expression of angiostatin cDNA in a murine
fibrosarcoma suppresses primary tumor growth and produces long-term dor-
mancy of metastases. J Clin Invest 1998;101:1055–1063. 

68. Streit M, Riccardi L, Velasco P, et al. Thrombospondin-2: a potent endogenous
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