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Clinical Experience With Angiogenesis
Signaling Inhibitors: Focus on Vascular
Endothelial Growth Factor (VEGF) Blockers
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Angiogenesis is required for tumor growth and metastasis and, therefore, represents an exciting target for
cancer treatment. Angiogenesis is a complex process that is tightly regulated by pro- and anti-angiogenic
growth factors. Physiologic angiogenesis takes place during tissue growth and repair, during the female
reproductive cycle, and during fetal development. Pathologic angiogenesis is characterized by either excessive
(eg, cancer) or inadequate (eg, coronary artery disease) neovascularization. Angiogenesis occurs in a series of
complex and interrelated steps that involve the release of pro-angiogenic growth factors, such as vascular
endothelial growth factor (VEGF). VEGF regulates both vascular proliferation and permeability, and functions
as an anti-apoptotic factor for newly formed blood vessels. The biological effects of VEGF are mediated by two
receptors, VEGF-1 and VEGF-2, whose expression is largely limited to the vascular endothelium. VEGF is often
expressed in tumors at substantially increased levels. It is expressed in response to hypoxia, oncogenes, and
other cytokines, and its expression is associated with poor prognosis in several types of cancer. Several different
strategies have been used to inhibit VEGF, including anti-VEGF monoclonal antibodies (eg, bevacizumab) and
agents that inhibit the VEGF receptor (eg, SU5416). Both types of agents have tolerable side effects and have
shown promise when evaluated in a wide range of tumor types. Angiogenesis, the role of VEGF in angiogenesis
and malignancy, and strategies for cancer treatment with VEGF inhibitors are discussed.

Introduction

From the UCLA Jonsson Cancer Center, Los Angeles, California. Angiogenesis, the development of new blood ves-
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functions in adults.** Compensatory angiogenesis is
demonstrated in the formation of collateral blood
vessels when there is oxygen or nutrient deprivation
in normal tissues.> Angiogenesis also takes place in
some pathologic conditions, such as rheumatoid arthri-
tis, age-related macular degeneration, proliferative
retinopathies, and psoriasis, as well as tumor growth
and metastasis.!?

The potential to treat tumors with anti-angiogenic
therapy was first suggested more than 30 years ago.®
Tumors require a supply of blood to nourish growth
and facilitate metastasis. Therefore, neovascularization
is essential for the growth of small tumors into larger
ones that can continue to metastasize,%” and angiogen-
esis represents an exciting potential target in cancer
treatment.

Angiogenesis

Angiogenesis is a complex process that is tightly
regulated by pro- and anti-angiogenic growth factors

(Table 1). Some of these factors are highly specific for
the endothelium (eg, vascular endothelial growth factor
or VEGF), while others have a wide range of activities
(eg, matrix metalloproteinases or MMPs).8

A variety of physiologic and pathologic stimuli can
induce production of angiogenic growth factors. Phys-
iologic angiogenesis takes place during tissue growth
and repair, during the female reproductive cycle, and
during fetal development. In some diseases, the body
loses the ability to control angiogenesis and new blood
vessel growth is either excessive (eg, cancer) or inade-
quate (eg, coronary artery disease).®

Angiogenesis occurs in a series of complex and
interrelated steps (Fig 1). First, diseased or injured cells
release pro-angiogenic growth factors, such as VEGK
FGF, or PDGF, into the surrounding tissue. Angiogenic
growth factors are released in response to secreted pro-
teins in the microenvironment (eg, epidermal growth
factor, fibroblast growth factor, insulin-like growth fac-
tor, interleukins, platelet-derived growth factor),®!3
hypoxia,* hypoglycemia,’> mechanical stress (eg,

Table 1. — Pro-angiogenic and Anti-angiogenic Factors®

Pro-angiogenic Factors*

Angiogenin

Angiopoetin-1

Del-1

Fibroblast growth factor, acidic (aFGF)
Fibroblast growth factor, basic (bFGF)
Follistatin

Granulocyte colony-stimulating factor (G-CSF)
Hepatocyte growth factor (HGF)*

Interleukin-8 (IL-8)

Leptin

Midkine

Placental growth factor (PiGF)
Platelet-derived endothelial cell growth factor (PD-ECGF)
Platelet-derived growth factor-BB (PDGF-BB)
Pleiotrophin (PTN)

Proliferin

Transforming growth factor-alpha (TGF-alpha)
Transforming growth factor-beta (TGF-beta)
Tumor necrosis factor-alpha (TNF-a)
Vascular endothelial growth factor (VEGF)*

* Factors known to activate endothelial cell growth and movement.
T Also known as scatter factor (SF).
# Also known as vascular permeability factor (VPF).

Anti-angiogenic Factors

Angiostatin (plasminogen fragment)
Antiangiogenic antithrombin 111
Cartilage-derived inhibitor (CDI)
CD59 complement fragment
Endostatin (collagen XVIII fragment)
Fibronectin fragment

Gro-beta

Heparinases

Heparin hexasaccharide fragment
Human chorionic gonadotropin (hCG)
Interferon alpha, beta, gamma
Interferon inducible protein (IP-10)
Interleukin-12 (IL-12)

Kringle 5 (plasminogen fragment)
Tissue inhibitors of metalloproteinases (TIMPS)
2-Methoxyestradiol

Placental ribonuclease inhibitor
Plasminogen activator inhibitor
Platelet factor 4 (PF4)

Prolactin 16kD fragment

Retinoids

Tetrahydrocortisol-S
Thrombospondin-1 (TSP-1)
Transforming growth factor beta (TGF-3)
Vasculostatin

Vasostatin (calreticulin fragment)
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increased pressure caused by proliferating tumor
cells),¢ release of inflammatory proteins (eg, cyclooxy-
genase-2, prostaglandins, mast cell activation),”*° and
genetic alterations.?>?! The released growth factors
bind to, thereby activating, endothelial cells that form
the walls of nearby blood vessels.?223

Activated endothelial cells signal their nucleus to
produce enzymes, such as MMPs. These enzymes
break down the extracellular matrix of the blood ves-
sel,allowing endothelial cells to invade the matrix and
to divide in response to tumor-derived growth factors.
The proliferating endothelial cells migrate through
the holes made by the enzymes toward the growth
factor stimulus. Adhesion molecules or integrins

mediate the migration of the new endothelial cells
toward the growth factor stimulus and additional
enzymes are released to dissolve the surrounding tis-
sue. The adhesion receptor integrin a,f3;, present on
the surface of activated endothelial cells, is required
for the differentiation, maturation, and survival of
blood vessels.?224

Strings of new endothelial cells organize into hol-
low tubes, thus creating new blood vessels, and indi-
vidual blood vessels connect to form vessel loops or
networks that allow blood to circulate. Structural sup-
port is provided to the new blood vessels by peri-
cytes. The vessels are then ready to carry blood to the
tissue that initially released the pro-angiogenic growth
factors.?223.25

The Role of Vascular Endothelial
Growth Factor (VEGF) in Angiogenesis

VEGF regulates both vascular proliferation and per-
meability. Also known as vascular permeability factor
(VPF), it is unique among pro-angiogenic factors
because of its specificity for vascular endothelium and
potency.?® It also functions as an anti-apoptotic factor
for endothelial cells in newly formed vessels.?” VEGF is
expressed in tumor cells, macrophages, T cells, smooth
muscle cells, kidney cells, mesangial cells, ker-
atinocytes, astrocytes, and osteoblasts.?®
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Fig 1. — Angiogenesis: the formation of new blood vessels. Source: The Angiogenesis Foundation (www.angio.org).
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There are currently six known members of the
VEGF family: VEGF placental growth factor, VEGF-B,
VEGF-C, VEGF-D, and VEGF-E.?® VEGF is a diffusable
endothelial cell-specific mitogen and pro-angiogenic fac-
tor that increases vascular permeability. VEGF mitogenic
activity is demonstrated in arteries, veins, and lymphat-
ics, but not to an appreciable extent in other cell types.®

Survival of endothelial cells in newly formed ves-
sels is VEGF-dependent.?:3132  Knocking out just one
allele of the VEGF gene in mice leads to embryonic
death, suggesting an essential role for VEGF in vascular
development.s!

It has been proposed that an increase in vascular
permeability is essential to angiogenesis in tumors and
wounds and that a major function of VEGF is the induc-
tion of plasma protein leakage, resulting in the forma-
tion of an extravascular fibrin gel. This fibrin gel serves
as the substrate for endothelial and tumor cell
growth.®® VEGF increases permeability by inducing
pores or fenestrations in the endothelium.?6.34

Several mechanisms may regulate VEGF gene
expression, the most important of which may be
hypoxia. Other factors shown to up-regulate VEGF
mMRNA expression include cytokines, such as epidermal
growth factor, TGF-3, or keratinocyte growth factor, cell
differentiation, and oncogenes.3035

The biological effects of VEGF are mediated by two
receptor tyrosine kinases (RTKs),VEGFR-1 (FIt-1 or fms-
like-tyrosine kinase) and VEGFR-2 (FIk-1/KDR).?®6 The
expression of these receptors is largely restricted to the
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Fig 2. — The VEFG pathway. This diagram shows a cross-sectional view of an endothe-
lial cell and depicts the VEGF pathway in angiogenesis. Binding of VEGF to is receptor
VEGFR-2 results in dimerization and activation of the receptor molecule. Activation of
the receptor molecule initiates a cascade of cellular events, leading to proliferation,

migration, and differentiation of endothelial cells.
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vascular endothelium®3¢ and it is assumed, but not
proven, that all of the effects of VEGF on vascular
endothelium are mediated by these receptors. VEGFR-
2 is thought to be the dominant signal transduction
pathway regulating angiogenesis.?® When VEGF binds
to its receptor, the pro-angiogenic signal is transmitted
by the RTK to downstream proteins, initiating a signal
cascade (Fig 2).%8

The Role of VEGF in Malignancy

Tumors require angiogenesis to grow beyond 1 to
2 mm? in size! and to facilitate metastasis.®” VEGF plays
a central role in tumor angiogenesis; it is expressed in
most tumors, often at substantially increased levels.
VEGF expression in tumor cells is stimulated by hypox-
ial4 and by oncogenes such as ras or by inactivation of
tumor suppressor genes, and by other cytokines.30:353°

There are two phases in tumor neovascularization
— the pre-vascular phase (also called the “angiogenic
switch”) and the vascular phase.*® Tumor cells that
undergo the phenotypic switch are able to induce phe-
notypic changes in endothelial cells, leading to angio-
genesis.*t  Tumor cells and infiltrating cells such as
macrophages and fibroblasts activate the endothelial
cells, thus initiating angiogenesis by expressing factors
such as VEGF and bFGE Once neovascularization
occurs, the tumor experiences rapid growth and an
increased metastatic potential.394243

VEGF mRNA is markedly up-regulated in most
human tumors. Whereas VEGF mRNA is up-regulated in
tumor cells but not in endothelial cells, Flt-1
MRNA and KDR mRNA are up-regulated in the
endothelial cells associated with the tumor.*°

There is a correlation between tumors with
higher densities of blood vessels and metastasis
and poorer clinical outcome. Expression of
VEGF is associated with tumor growth, angio-
genesis, and metastasis and anti-VEGF antibod-
ies inhibit tumor growth in vivo in a nude
mouse model.#* In an animal model of mam-
mary cancer, overexpression of VEGF and the
FIk-1 receptor are correlated with high Ki-67
reactivity, suggesting that VEGF may have an
autocrine regulatory role mediated through Flk-
1 in breast cancer.®

VEGF levels appear to have prognostic sig-
nificance in human tumors.#44658 Expression of
VEGF is associated with poor prognosis in
acute myeloid leukemia,®® breast cancer,5062
colon cancer,568364 hepatocellular carcinoma,s®
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non-small cell lung cancer,%6” and ovarian cancer.5® In
a study conducted in patients with primary lung can-
cer, median survival was 151 months in patients with
low VEGF levels compared with 8 months in patients
with high VEGF levels.®® In immunohistochemical
analysis of archival specimens of human colon cancers
and adenomas, expression of VEGF and KDR was high-
er in metastatic compared with nonmetastatic neo-
plasms and was directly correlated with extent of pro-
liferation and neovascularization.5®

VEGF expression in tumors and cytosols has
been correlated with outcome in women with breast
cancer4361627074 and may be useful in making treat-
ment decisions and in assessing treatment response.
In women with node-negative breast cancer, there is
a significant association between VEGF expression,
estrogen receptor status, progesterone receptor sta-
tus, and tumor size. Patients with a higher VEGF
expression have significantly reduced relapse-free
survival and overall survival.t6272 In women with
node-positive breast cancer, VEGF expression also
can predict relapse-free survival and overall sur-
vival.’? Using multivariate analysis, VEGF expression
was shown to be an independent predictor of overall
survival in women with primary breast cancer.
Patients with p53 positivity and high VEGF expres-
sion had an increased relative risk for poorer overall
survival of 2.7 compared with 1.7 for patients with
only one of these risk factors.™

A correlation has been demonstrated between
VEGF levels and menopausal status. In normal breast
tissue, VEGF levels are significantly higher in pre-
menopausal women compared with postmenopausal
women and are inversely correlated with age. This sug-
gests that the ovarian steroids (ie, estrogens and prog-
estins) may be involved in VEGF regulation. However,
the hormonal regulation of VEGF seems to disappear in
women with breast cancer; there is no correlation
between menopausal status and VEGF levels in breast
cancer tissue.”™

Cancer Treatment Through
VEGF Inhibition

VEGF and its receptors are good targets for cancer
therapy because VEGF receptors are highly specific for
VEGF and are expressed in increased numbers primar-
ily during periods of tumor growth.®” Several different
strategies have been used to inhibit VEGF, including
anti-VEGF monoclonal antibodies,”®”” coupling a toxin
to VEGF™ soluble VEGF receptors,”# peptides that
interfere with VEGF binding,’! and agents that block
VEGF receptor signaling.8286
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VEGF inhibitors differ from traditional cytotoxic
chemotherapy in many ways; therefore, the strategies
used with the cytotoxic agents may not apply to VEGF
inhibitors. While traditional chemotherapy targets can-
cer cells, VEGF-inhibitors target normal endothelial
cells. Regulatory agencies insist on objective measure-
ments of activity. That approach may not be appropri-
ate for anti-angiogenic agents such as VEGF inhibitors,
because they do not kill tumor cells but instead hold
them in check. Cytostatic agents such as VEGF
inhibitors may be more appropriately evaluated based
on their effect on time to tumor progression (TTP) or
survival. Moreover, cytostatic agents may need to be
dosed for chronic administration, not with the intent of
achieving the maximum tolerated dose.®”

Angiogenesis inhibitors may be most effective
when combined with traditional cytotoxic chemother-
apy. There are several reasons to support this hypothe-
sis. The cellular target for the angiogenesis inhibitors
differs from that of cytotoxic agents; therefore, com-
bined use should lead to reduced tumor burden with-
out overlap in patterns of resistance. In fact, since
angiogenesis inhibitors target normal, genetically stable
endothelial cells, resistance to these agents may not
develop.88 The side effect profiles of cytostatic and
cytotoxic agents can be very different. For example,
angiogenesis inhibitors often do not cause myelosup-
pression and, therefore, should allow for administration
of the maximal dose of the cytotoxic agent without fear
of additive toxicity.®” There is extensive experience
with combination therapy in many animal models.®

The development of ascites and pleural effusions
(PEs) is associated with various malignancies.
Although these processes have traditionally been
thought to be a result of insufficient lymph drainage,®
there is evidence to suggest that VEGF may play a role.
Ascites and PE fluid contain very high levels of biolog-
ically active VEGF®9% suggesting a role for VEGF
inhibitors in the treatment of these conditions.
Whether systemic administration of the angiogenesis
inhibitor is sufficient or direct administration into the
affected cavity is required will be the subject of future
clinical investigation.

SU5416

SU5416 (Semaxanib; SUGEN, Inc, South San Francis-
co, Calif) is a small molecule inhibitor of VEGFR-2, Flt-1,
and c-kit that has provided promising clinical results.8
SU5416 is a competitive inhibitor, with regard to ATP,
inhibiting the activity of FIk-1/KDR receptor kinase.® It
also exhibits some activity against platelet-derived
growth factor (PDGF) receptor, Flt-1, Flt-4, and c-kit.%
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In in vitro studies, SU5416 exerted a potent and
rapid antiproliferative effect on endothelial cells with-
out directly affecting tumor cell growth in culture.
When administered to mice, it inhibited the growth of
tumor cells in a variety of tumor models.8* The direct
effect of SU5416 on tumor angiogenesis was assessed
by implanting C6 rat glioma cells into the dorsal skin-
fold chamber of athymic mice who were then treated
with SU5416. The newly formed microvasculature
within (intratumoral) and around (peritumoral) the
tumor was evaluated. Increased angiogenic activity
and vascular density were noted in peritumoral cells
compared with intratumoral cells. By 22 days post-
implantation, there was up to a 92% decrease in tumor
growth. A reduction in the total and functional vascu-
lar density and vascular leakage was also reported.®®
Tumor growth inhibition has been found to be similar
regardless of whether treatment with SU5416 is start-
ed one day after implantation or after the tumor has
grown to measurable size (100 mm3).%°7 In mice,
SU5416 has been shown to reverse tumor resistance to
radiotherapy® and in a mouse metastasis model, to
inhibit the growth of metastases.*®

In human tumor xenograft models, SU5416 admin-
istration once or twice weekly was as effective as daily
administration, despite the fact that its half-life is only
30 minutes. Three-hour exposure to 5 pM SU5416,
which approximately mimics plasma levels obtained in
patients, produces activity for at least 72 hours in vitro.
The durability of response is attributed to the concen-
tration of SU5416 in cells, allowing for long-term inhi-
bition of VEGF-dependent phosphorylation of Flk-
1/KDR and subsequent downstream signaling.

In a phase I study, SU5416 doses were administered
twice weekly based on these preclinical observations;
doses ranged from 4.4 to 190 mg/m?. A total of 69
patients with advanced malignancies were treated. The
dose-limiting toxicities were reversible grade 3
headaches, nausea, and grade 1V vomiting, lasting about
1-2 days; high doses of narcotics and antiemetics were
ineffective in controlling these symptoms.8310!  Based
on data from this phase | study, the maximum tolerated
dose is 145 mg/m? intravenously twice weekly and is
associated with tolerable side effects, including
headache, nausea, phlebitis, urine color change, diar-
rhea, and vomiting.1%

SU5416 also has been tested in patients with AIDS-
related Kaposi’s sarcoma. Among 18 evaluable patients
with stable or progressive disease enrolled in a dose-
escalating study, 61% had improvement (ie, flattening,
shrinkage, or dissolution of lesions, reduction or disso-
lution of edema), 22% had stable disease, and 17% had
progressive disease after twice weekly intravenous
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SU5416 for up to 4 cycles of therapy (29 days per
cycle). Responding patients reported reduced pain and
increased mobility.1%

Clinical trials using SU5416 alone or in combina-
tion with cytotoxic chemotherapy are being conducted
in a variety of tumor types.

Bevacizumab

The RhuMAb-VEGF bevacizumab (Avastin, Genen-
tech, South San Francisco, Calif) also shows promise
in cancer treatment. In in vivo and in vitro models,
RhuMADb-VEGF has been shown to reduce VEGF lev-
els.104 Selective inhibition of VEGF receptor 2 (KDR/
FIk-1) using a RhuMAb-VEGF (2C3) blocks tumor
growth in mice.1%

In phase | studies in patients with advanced can-
cer, bevacizumab has been safely administered alone
and in combination with chemotherapy.”®1% Beva-
cizumab efficacy was subsequently evaluated in a
phase Il study enrolling 104 patients with previously
untreated metastatic colon cancer. Patients were ran-
domized to treatment with standard chemotherapy
alone (5-fluorouracil 500 mg/m? plus leucovorin 500
mg/m? weekly for the first 6 weeks of an 8-week cycle),
the same chemotherapy in combination with a low
dose of bevacizumab (5 mg/kg every 2 weeks), or the
same chemotherapy in combination with a high dose
of bevacizumab (10 mg/kg every 2 weeks).1%7

In this phase |1 study, the response rate was 40% in
the low-dose group, 24% in the high-dose group, and
17% in the chemotherapy-alone group. Time to disease
progression was 9.0 months in the low-dose group, 7.2
months in the high-dose group, and 5.2 months in the
chemotherapy-alone group. Median survival was not
yet reached in the low-dose group at a follow-up of 17.3
months, but was 16.1 months in the high-dose group
and 13.6 months in the chemotherapy only group.
Treatment was generally well tolerated; fever, chills,
headache, hypertension, infection, rash, and nosebleeds
were more common in patients treated with the
MAD.1°7 Others have also reported promising results
with RhuMADbs to VEGF.106.108.109

Discussion and Conclusions

The pro-angiogenic factor VEGF and its receptors
are expressed in a wide range of human tumors. Angio-
genesis is involved in nearly every stage of cancer, from
the first stage of cancer formation to the final stage of
distant metastasis.
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Angiogenesis involves a series of steps, including
endothelial cell proliferation, differentiation, migration,
and organization to form tubules.?® Because of this
stepwise process, anti-angiogenic therapy can be
developed against any of several steps in the process.
Angiogenesis is a rate-limiting factor in tumor growth
and metastasis and increased vascularization has been
directly linked to poor prognosis.** Moreover, there is
compelling evidence that circulating VEGF levels are

of prognostic significance in a variety of tumor
types_44,46-58,61,62,69,72

VEGF inhibition can be an attractive therapeutic
strategy because it is highly specific and may be less
toxic than cytotoxic therapy. VEGF inhibitors offer a
means to control a heterogeneous tumor population
by influencing a relatively homogeneous endothelial
population. Theoretically, VEGF inhibitors should con-
trol tumor growth independent of specific tumor
details and induce a dormant state in which pro-angio-
genic and anti-angiogenic factors come back into bal-
ance and tumor growth is controlled. Because anti-
angiogenesis agents will likely stabilize tumor growth
but not reduce tumor burden, they may be best suited
for long-term therapy.

The best method for selection of patients for VEGF
inhibitor administration and for assessment of drug effi-
cacy must still be developed. The most common meas-
ure of tumor angiogenesis is microvessel density, but
this is not a convenient treatment end point because
measurement would require serial biopsies and the
results are, at best, subjective. Surrogate markers of
angiogenesis under study include VEGF or bFGF levels,
which can be measured in the blood or urine.?

An important consideration in the use of VEGF
inhibitors is whether protective functions of the
cytokine might be inhibited by its use, resulting in
delayed toxicity. Autocrine VEGF production serves a
protective role against endothelial cell damage, includ-
ing that caused by cytotoxic agents.!*® Anti-angiogene-
sis agents may affect wound healing, physiologic repro-
ductive angiogenesis in women, and prenatal and
neonatal growth. However, the use of highly specific
agents may permit the avoidance of effects on physio-
logic angiogenesis? since there is probably redundancy
in many of the physiologic angiogenesis processes.'t
However, this same redundancy could render a VEGF
inhibitor ineffective, hence the need to observe pat-
terns of failure as well as patterns of success.

Trials are currently underway to evaluate several
anti-angiogenesis agents, including SU5416, bevacizum-
ab, TNP-470, thalidomide, SU6668, ZD4190, ZD6474,
and PTK787. SU5416 and bevacizumab are among the
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first VEGF inhibitors to be tested in clinical trials. Initial
results are promising but need to be validated in larger
studies. Short-term toxicities appear to be tolerable,
and there is no evidence of long-term toxicities based
on limited use. Ongoing clinical trials are assessing effi-
cacy alone and in combination with cytotoxic agents in
various advanced malignancies.

References

1. Folkman J. What is the evidence that tumors are angiogene-
sis dependent? J Natl Cancer Inst. 1990;82:4-6.

2. Folkman J, Klagsbrun M. Angiogenic factors. Science. 1987;
235:442-447.

3. Hamilton WJ, Boyd JD, Mossman HW, eds. Human Embryol-
ogy; Prenatal Development of Form and Function. 3rd ed. Balti-
more, Md: Williams and Wilkins Co; 1962.

4. Gilbert SE Developmental Biology. Sunderland, Mass: Sin-
auer Associates; 1988.

5. DorY, Keshet E. Ischemia-driven angiogenesis. Trends Car-
diovasc Med. 1997;7:289-294.

6. Folkman J. Tumor angiogenesis: therapeutic implications. N
Engl J Med. 1971;285:1182-1186.

7. Liotta LA, Kleinerman J, Saidel GM. Quantitative relationships
of intravascular tumor cells, tumor vessels, and pulmonary metastases
following tumor implantation. Cancer Res. 1974;34:997-1004.

8. Gordon MS. Vascular endothelial growth factor as a target for
antiangiogenic therapy. J Clin Oncol. 2000;18:45S-6S.

9. Tsai JC, Goldman CK, Gillespie GY. Vascular endothelial
growth factor in human glioma cell lines: induced secretion by EGF,
PDGF-BB, and bFGF. J Neurosurg. 1995;82:864-873.

10. Akagi Y, Liu W, Zebrowski B, et al. Regulation of vascular
endothelial growth factor expression in human colon cancer by
insulin-like growth factor-l. Cancer Res. 1998;58:4008-4014.

11. AkagiY,LiuW, Xie K, et al. Regulation of vascular endothelial
growth factor expression in human colon cancer by interleukin-
1beta. BrJ Cancer. 1999;80:1506-1511.

12. CohenT, Nahari D, Cerem LW, et al. Interleukin 6 induces the
expression of vascular endothelial growth factor. J Biol Chem.
1996;271:736-41.

13. Potapova O, Fakhrai H, Baird S, et al. Platelet-derived growth
factor-B/v-sis confers a tumorigenic and metastatic phenotype to
human T98G glioblastoma cells. Cancer Res. 1996;56:280-286.

14. Shweiki D, Itin A, Soffer D, et al. Vascular endothelial cell
growth factor induced by hypoxia may mediate hypoxia-initiated
angiogenesis. Nature. 1992;359:843-845.

15. Shweiki D, Neeman M, Itin A, et al. Induction of vascular
endothelial growth factor expression by hypoxia and by glucose defi-
ciency in multicell spheroids: implications for tumor angiogenesis.
Proc Natl Acad Sci U SA. 1995;92:768-772.

16. Carmeliet P, Jain RK. Angiogenesis in cancer and other dis-
eases. Nature. 2000;407:249-257.

17. Tsujii M, Kawano S, Tsuji S, et al. Cyclooxygenase regulates
angiogenesis induced by colon cancer cells. Cell. 1998;93:705-716.

18. Form DM, Auerbach R. PGE2 and angiogenesis. Proc Soc Exp
Biol Med. 1983;172:214-218.

19. Coussens LM, Raymond WW, Bergers G, et al. Inflammatory
mast cells up-regulate angiogenesis during squamous epithelial car-
cinogenesis. Genes Dev. 1999;13:1382-1397.

20. Grugel S, Finkenzeller G,Weindel K, et al. Both v-Ha-Ras and
v-Raf stimulate expression of the vascular endothelial growth factor
in NIH 3T3 cells. J Biol Chem. 1995;270:25915-25919.

21. Kieser A,Welch HA, Brandner G, et al. Mutant p53 potentiates
protein kinase C induction of vascular endothelial growth factor
expression. Oncogene. 1994;9:963-969.

22. Murota SI, Onodera M, Morita . Regulation of angiogenesis
by controlling VEGF receptor. Ann N'Y Acad Sci. 2000;902:208-212;
discussion 212-213.

23. Eatock MM, Schatzlein A, Kaye SB. Tumour vasculature as a
target for anticancer therapy. Cancer Treat Rev. 2000;26:191-204.

24. Drake CJ, Cheresh DA, Little CD. An antagonist of integrin

March/April 2002, Vol.9, No.2 Supplement



alpha v beta 3 prevents maturation of blood vessels during embryon-
ic neovascularization. J Cell Sci. 1995;108:2655-2661.

25. Angiogenesis Foundation. Understanding angiogenesis.
Available at: http://www.angio.org/understanding/content_
understanding.html. Accessed April 4,2002.

26. Dvorak HF, Brown LF, Detmar M, et al. Vascular permeability
factor/vascular endothelial growth factor, microvascular hyperper-
meability, and angiogenesis. Am J Pathol. 1995;146:1029-1039.

27. AlonT,Hemo I, Itin A, et al. Vascular endothelial growth fac-
tor acts as a survival factor for newly formed retinal vessels and has
implications for retinopathy of prematurity. Nat Med. 1995;1:1024-
1028.

28. Klagsbrun M, D’Amore PA. Vascular endothelial growth fac-
tor and its receptors. Cytokine Growth Factor Rev. 1996;7:259-270.

29. McMahon G. VEGF receptor signaling in tumor angiogenesis.
Oncologist. 2000;5(suppl 1):3-10.

30. Ferrara N, Davis-Smyth T. The biology of vascular endothelial
growth factor. Endocr Rev. 1997;18:4-25.

31. Carmeliet P, FerreiraV, Breier G, et al. Abnormal blood vessel
development and lethality in embryos lacking a single VEGF allele.
Nature. 1996;380:435-439.

32. Drake CJ, Little CD. Exogenous vascular endothelial growth
factor induces malformed and hyperfused vessels during embryonic
neovascularization. Proc Natl Acad Sci U S A. 1995;92:7657-7661.

33. Dvorak HE Tumors: wounds that do not heal. Similarity
between tumor stroma generation and wound healing. N Engl J Med.
1986;315:1650-1659.

34. Roberts WG, Palade GE. Increased microvascular permeabili-
ty and endothelial fenestration induced by vascular endothelial
growth factor. J Cell Sci. 1995;108:2369-2379.

35. Neufeld G, Cohen T, Gengrinovitch S, et al. Vascular endothe-
lial growth factor (VEGF) and its receptors. FASEB J. 1999;13:9-22.

36. Kanno S, Oda N,Abe M, et al. Roles of two VEGF receptors,
FIt-1 and KDR, in the signal transduction of VEGF effects in human
vascular endothelial cells. Oncogene. 2000;19:2138-2146.

37. Cherrington JM, Strawn LM, Shawver LK. New paradigms for
the treatment of cancer: the role of anti-angiogenesis agents. Adv
Cancer Res. 2000;79:1-38.

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

39. Poon RT, Fan ST,Wong J. Clinical implications of circulating
angiogenic factors in cancer patients. J Clin Oncol. 2001;19:1207-
1225.

40. Hanahan D, Folkman J. Patterns and emerging mechanisms of
the angiogenic switch during tumorigenesis. Cell. 1996;86:353-364.

41. Polverini PJ. How the extracellular matrix and macrophages
contribute to angiogenesis-dependent diseases. Eur J Cancer. 1996;
32A:2430-2437.

42. Mattern J, Koomagi R, Volm M. Association of vascular
endothelial growth factor expression with intratumoral microvessel
density and tumour cell proliferation in human epidermoid lung car-
cinoma. Br J Cancer. 1996;73:931-934.

43. Toi M, Hoshina S, Takayanagi T, et al. Association of vascular
endothelial growth factor expression with tumor angiogenesis and
with early relapse in primary breast cancer. Jpn J Cancer Res.
1994;85:1045-1049.

44. Salven P, Perhoniemi V, Tykka H, et al. Serum VEGF levels in
women with a benign breast tumor or breast cancer. Breast Cancer
Res Treat. 1999;53:161-166.

45. Xie B, Tam NN, Tsao SW, et al. Co-expression of vascular
endothelial growth factor (VEGF) and its receptors (flk-1 and flt-1) in
hormone-induced mammary cancer in the Noble rat. Br J Cancer.
1999;81:1335-1343.

46. Bian XW,Du LL, Shi JQ, et al. Correlation of bFGF, FGFR-1 and
VEGF expression with vascularity and malignancy of human astrocy-
tomas. Anal Quant Cytol Histol. 2000;22:267-274.

47. Broll R, Erdmann H, Duchrow M, et al. Vascular endothelial
growth factor (VEGF)—a valuable serum tumour marker in patients
with colorectal cancer? Eur J Surg Oncol. 2001;27:37-42.

48. Hirai M, Nakagawara A, Oosaki T, et al. Expression of vascular
endothelial growth factors (VEGF-A/VEGF-1 and VEGF-C/VEGF-2) in
postmenopausal uterine endometrial carcinoma. Gynecol Oncol.
2001;80:181-188.

March/April 2002, Vol.9, No.2 Supplement

49. Eggert A, lkegaki N, Kwiatkowski J, et al. High-level expres-
sion of angiogenic factors is associated with advanced tumor stage in
human neuroblastomas. Clin Cancer Res. 1900;6:1900-1908.

50. Adams J, Carder PJ, Downey S, et al. Vascular endothelial
growth factor (VEGF) in breast cancer: comparison of plasma, serum,
and tissue VEGF and microvessel density and effects of tamoxifen.
Cancer Res. 2000;60:2898-2905.

51. Valtola R, Salven P, Heikkila P, et al. VEGFR-3 and its ligand
VEGF-C are associated with angiogenesis in breast cancer. Am J
Pathol. 1999;154:1381-1390.

52. Yoshikawa T, Tsuburaya A, Kobayashi O, et al. Plasma concen-
trations of VEGF and bFGF in patients with gastric carcinoma. Can-
cer Lett. 2000;153:7-12.

53. Stockhammer G, Obwegeser A, Kostron H, et al. Vascular
endothelial growth factor (VEGF) is elevated in brain tumor cysts and
correlates with tumor progression. Acta Neuropathol (Berl).
2000;100:101-105.

54. Loncaster JA, Cooper RA, Logue JP, et al. Vascular endothelial
growth factor (VEGF) expression is a prognostic factor for radiother-
apy outcome in advanced carcinoma of the cervix. Br J Cancer.
2000;83:620-625.

55. Mineta H, Miura K, Ogino T, et al. Prognostic value of vascu-
lar endothelial growth factor (VEGF) in head and neck squamous cell
carcinomas. BrJ Cancer. 2000;83:775-781.

56. Takahashi Y, Kitadai Y, Bucana CD, et al. Expression of vascu-
lar endothelial growth factor and its receptor, KDR, correlates with
vascularity, metastasis, and proliferation of human colon cancer. Can-
cer Res. 1995;55:3964-3968.

57. Weidner N, Carroll PR, Flax J, et al. Tumor angiogenesis cor-
relates with metastasis in invasive prostate carcinoma. Am J Pathol.
1993;143:401-409.

58. Weidner N, Folkman J, Pozza F, et al. Tumor angiogenesis: a
new significant and independent prognostic indicator in early-stage
breast carcinoma. J Natl Cancer Inst. 1992;84:1875-1887.

59. Aguayo A, Estey E, Kantarjian H, et al. Cellular vascular
endothelial growth factor is a predictor of outcome in patients with
acute myeloid leukemia. Blood. 1999;94:3717-3721.

60. Toi M, Inada K, Suzuki H, et al. Tumor angiogenesis in breast
cancer: its importance as a prognostic indicator and the association
with vascular endothelial growth factor expression. Breast Cancer
Res Treat. 1995;36:193-204.

61. Eppenberger U, Kueng W, Schlaeppi JM, et al. Markers of
tumor angiogenesis and proteolysis independently define high- and
low-risk subsets of node-negative breast cancer patients. J Clin
Oncol. 1998;16:3129-3136.

62. Gasparini G, Toi M, Gion M, et al. Prognostic significance of
vascular endothelial growth factor protein in node-negative breast
carcinoma. J Natl Cancer Inst. 1997;89:139-147.

63. Cascinu S, Staccioli MP, Gasparini G, et al. Expression of vas-
cular endothelial growth factor can predict event-free survival in
stage Il colon cancer. Clin Cancer Res. 2000;6:2803-2807.

64. Ishigami SI, Arii S, Furutani M, et al. Predictive value of vas-
cular endothelial growth factor (VEGF) in metastasis and prognosis of
human colorectal cancer. Br J Cancer. 1998;78:1379-1384.

65. TorimuraT, Sata M, Ueno T, et al. Increased expression of vas-
cular endothelial growth factor is associated with tumor progression
in hepatocellular carcinoma. Hum Pathol. 1998;29:986-991.

66. Imoto H, OsakiT,Taga S, et al. Vascular endothelial growth fac-
tor expression in non-small-cell lung cancer: prognostic significance
in squamous cell carcinoma. J Thorac Cardiovasc Surg. 1998;115:
1007-1014.

67. Fontanini G, Boldrini L,Vignati S, et al. Bcl2 and p53 regulate
vascular endothelial growth factor (VEGF)-mediated angiogenesis in
non-small cell lung carcinoma. Eur J Cancer. 1998;34:718-723.

68. Paley PJ, Staskus KA, Gebhard K, et al. Vascular endothelial
growth factor expression in early stage ovarian carcinoma. Cancer.
1997;80:98-106.

69. Ohta Y, Endo Y, Tanaka M, et al. Significance of vascular
endothelial growth factor messenger RNA expression in primary lung
cancer. Clin Cancer Res. 1996;2:1411-1416.

70. Linderholm B, Grankvist K, Wilking N, et al. Correlation of
vascular endothelial growth factor content with recurrences, sur-
vival, and first relapse site in primary node-positive breast carcinoma
after adjuvant treatment. J Clin Oncol. 2000;18:1423-1431.

Cancer Control 43



71. Linderholm B, Lindh B, Tavelin B, et al. p53 and vascular-
endothelial-growth-factor (VEGF) expression predicts outcome in 833
patients with primary breast carcinoma. IntJ Cancer. 2000;89:51-62.

72. Linderholm B, Tavelin B, Grankvist K, et al. Does vascular
endothelial growth factor (VEGF) predict local relapse and survival in
radiotherapy-treated node-negative breast cancer? Br J Cancer.
1999;81:727-732.

73. Linderholm B,Tavelin B, Grankvist K, et al. Vascular endothe-
lial growth factor is of high prognostic value in node-negative breast
carcinoma. J Clin Oncol. 1998;16:3121-3128.

74. Linderholm BK, Lindahl T, Holmberg L, et al. The expression
of vascular endothelial growth factor correlates with mutant p53 and
poor prognosis in human breast cancer. Cancer Res. 2001;61:2256-
2260.

75. Greb RR, Maier |, Wallwiener D, et al. Vascular endothelial
growth factor A (VEGF-A) mRNA expression levels decrease after
menopause in normal breast tissue but not in breast cancer lesions.
Br J Cancer. 1999;81:225-231.

76. Margolin K, Gordon MS, Holmgren E, et al. Phase Ib trial of
intravenous recombinant humanized monoclonal antibody to vascu-
lar endothelial growth factor in combination with chemotherapy in
patients with advanced cancer: pharmacologic and long-term safety
data. J Clin Oncol. 2001;19:851-856.

77. Borgstrom P, Gold DP, Hillan KJ, et al. Importance of VEGF for
breast cancer angiogenesis in vivo: implications from intravital
microscopy of combination treatments with an anti-VEGF neutraliz-
ing monoclonal antibody and doxorubicin. Anticancer Res. 1999;19:
4203-4214.

78. Arora N,Masood R, ZhengT, et al. Vascular endothelial growth
factor chimeric toxin is highly active against endothelial cells. Can-
cer Res. 1999;59:183-188.

79. Kendall RL,Wang G, Thomas KA. Identification of a natural
soluble form of the vascular endothelial growth factor receptor, FLT-
1,and its heterodimerization with KDR. Biochem Biophys Res Com-
mun. 1996;226:324-328.

80. Lin P, Sankar S, Shan S, et al. Inhibition of tumor growth by
targeting tumor endothelium using a soluble vascular endothelial
growth factor receptor. Cell Growth Differ. 1998;9:49-58.

81. Fairbrother WJ, Christinger HW, Cochran AG, et al. Novel pep-
tides selected to bind vascular endothelial growth factor target the
receptor-binding site. Biochemistry. 1998;37:17754-17764.

82. Laird AD, Vajkoczy P, Shawver LK, et al. SU6668 is a potent
antiangiogenic and antitumor agent that induces regression of estab-
lished tumors. Cancer Res. 2000;60:4152-4160.

83. Mendel DB, Laird AD, Smolich BD, et al. Development of
SU5416, a selective small molecule inhibitor of VEGF receptor tyro-
sine kinase activity, as an anti-angiogenesis agent. Anticancer Drug
Des. 2000;15:29-41.

84. FongTA, Shawyer LK,Sun L,et al. SU5416 is a potent and selec-
tive inhibitor of the vascular endothelial growth factor receptor (Flk-
1/KDR) that inhibits tyrosine kinase catalysis, tumor vascularization,
and growth of multiple tumor types. Cancer Res. 1999;59:99-106.

85. Vajkoczy P, Menger MD, Vollmar B, et al. Inhibition of tumor
growth, angiogenesis, and microcirculation by the novel Flk-1
inhibitor SU5416 as assessed by intravital multi-fluorescence
videomicroscopy. Neoplasia. 1999;1:31-41.

86. Wedge SR, Ogilvie DJ, Dukes M, et al. ZD4190: an orally active
inhibitor of vascular endothelial growth factor signaling with broad-
spectrum antitumor efficacy. Cancer Res. 2000;60:970-975.

87. Carter SK. Clinical strategy for the development of angio-
genesis inhibitors. Oncologist. 2000;5(suppl 1):51-54.

88. Kerbel RS. Tumor angiogenesis: past, present and the near
future. Carcinogenesis. 2000;21:505-515.

89. Boehm R, Folkman J, Browder T, et al. Antiangiogenic therapy
of experimental cancer does not induce acquired drug resistance.
Nature. 1997;390:404-407.

90. Teicher BA, Sotomayor EA, Huang ZD. Antiangiogenic agents
potentiate cytotoxic cancer therapies against primary and metastatic
disease. Cancer Res. 1992;52:6702-6704.

91. Sahn SA. Pleural diseases related to metastatic malignancies.
Eur Respir J. 1997;10:1907-1913.

92. Verheul HM, Hoekman K, Jorna AS, et al. Targeting vascular
endothelial growth factor blockade: ascites and pleural effusion for-
mation. Oncologist. 2000;5(suppl 1):45-50.

44 Cancer Control

93. Zebrowski BK, Liu W, Ramirez K, et al. Markedly elevated lev-
els of vascular endothelial growth factor in malignant ascites. Ann
Surg Oncol. 1999;6:373-378.

94. Zebrowski BK, Yano S, Liu W, et al. Vascular endothelial
growth factor levels and induction of permeability in malignant
pleural effusions. Clin Cancer Res. 1999;5:3364-3368.

95. Zhu Z,Witte L. Inhibition of tumor growth and metastasis by
targeting tumor-associated angiogenesis with antagonists to the
receptors of vascular endothelial growth factor. Invest New Drugs.
1999;17:195-212.

96. Angelov L, Salhia B, Roncari L, et al. Inhibition of angiogene-
sis by blocking activation of the vascular endothelial growth factor
receptor 2 leads to decreased growth of neurogenic sarcomas. Can-
cer Res. 1999;59:5536-5541.

97. Cherrington JM, Laird AD, Strawn L, et al. Activity profile of
SU5416, a small molecule Flk-1/KDR inhibitor, in tumor xenograft
models. Clin Cancer Res. 1999;5(suppl):3812s. Abstract 411.

98. Geng L, Donnelly E, McMahon G, et al. Inhibition of vascular
endothelial growth factor receptor signaling leads to reversal of
tumor resistance to radiotherapy. Cancer Res. 2001;61:2413-2419.

99. Shaheen RM, Davis DW, Liu W, et al. Antiangiogenic therapy
targeting the tyrosine kinase receptor for vascular endothelial growth
factor receptor inhibits the growth of colon cancer liver metastases
and induces tumor and endothelial apoptosis. Cancer Res. 1999;
59:5412-5416.

100.Mendel DB, Schreck RE, West DC, et al. The angiogenesis
inhibitor SU5416 has long-lasting effects on vascular endothelial
growth factor receptor phosphorylation and function. Clin Cancer
Res. 2000;6:4848-4858.

101.Rosen L, Mulay M, Mayers A, et al. Phase | dose-escalating trial
of SU5416, a novel angiogenesis inhibitor in patients with advanced
malignancies (abstract 618). Proc Am Soc Clin Oncol. 1999;18:161a.

102.Cropp GF, Hannah AL. SU5416, a molecularly targeted novel
anti-angiogenesis drug: clinical pharmacokinetics and safety review.
Clin Cancer Res. 2000;6:4518s. Abstract 262.

103.Arasteh K, Miles S, Gill P, et al. A multicenter, dose escalating
study in patients with AIDS-related Kaposi’s sarcoma. Clin Cancer
Res. 1999;5:3731s. Abstract 12.

104.Sweeney CJ, Miller KD, Sissons SE, et al. The antiangiogenic
property of docetaxel is synergistic with a recombinant humanized
monoclonal antibody against vascular endothelial growth factor or 2-
methoxyestradiol but antagonized by endothelial growth factors.
Cancer Res. 2001;61:3369-3372.

105.Brekken RA, Overholser JP, Stastny VA, et al. Selective inhibi-
tion of vascular endothelial growth factor (VEGF) receptor 2
(KDR/FIk-1) activity by a monoclonal anti-VEGF antibody blocks
tumor growth in mice. Cancer Res. 2000;60:5117-5124.

106.Gordon MS, Margolin K, Talpaz M, et al. Phase | safety and
pharmacokinetic study of recombinant human anti-vascular endothe-
lial growth factor in patients with advanced cancer. J Clin Oncol.
2001;19:843-850.

107.Bergsland E, Hurwitx H, Fehrenbacher L, et al. A randomized
phase Il trial comparing rhuMAb VEGF (recombinant humanized
monoclonal antibody to vascular endothelial cell growth factor) plus
5-fluorouracil/leucovorin (FU/LV) to FU/LV alone in patients with
metastatic colorectal cancer. Proc Am Soc Clin Oncol. 2000;19:242a.
Abstract 939.

108.Sledge G, Miller K, Novotny W, et al. A phase Il trial of single-
agent Rhumab VEGF (recombinant humanized monoclonal antibody
to vascular endothelial cell growth factor) in patients with relapsed
metastatic breast cancer. Proc Am Soc Clin Oncol. 2000;19:3a.
Abstract 5C.

109.DeVore RF, Fehrenbacher L, Herbst RS, et al. A randomized
phase Il trial comparing Rhumab VEGF (recombinant humanized
monoclonal antibody to vascular endothelial cell growth factor) plus
carboplatin/paclitaxel (CP) to CP alone in patients with stage I11B/IV
NSCLC. Proc Am Soc Clin Oncol. 2000;19:454a. Abstract 1896.

110.Castilla MA, Caramelo C, Gazapo RM, et al. Role of vascular
endothelial growth factor (VEGF) in endothelial cell protection
against cytotoxic agents. Life Sci. 2000;67:1003-1013.

111.Schlaeppi JM, Wood JM. Targeting vascular endothelial
growth factor (VEGF) for anti-tumor therapy, by anti-VEGF neutraliz-
ing monoclonal antibodies or by VEGF receptor tyrosine-kinase
inhibitors. Cancer Metastasis Rev. 1999;18:473-481.

March/April 2002, Vol.9, No.2 Supplement



