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Abstract
The idea of anti-angiogenic therapy was the brain child of Dr. Judah Folkman in the early 1970s.
He proposed that by cutting the blood supply off, cancer cells can be deprived of nutrients and
hence treated. His efforts were paid off when Bevacizumab (Avastin®), a monoclonal antibody
against the vascular endothelial growth factor (VEGF) was first approved for anti-angiogenic
therapy in 2004 for the treatment of breast cancer. Since then, an array of anti-angiogenic
inhibitors were developed, used in clinical trials and many got approved for use for the treatment
of multiple cancers, alone or in combination with other cytotoxic/chemotherapy drugs. Despite
this important breakthrough, anti-angiogenic therapy for cancer met with a number of hurdles on
its way to be one of the options for cancer therapy. Herein, we summarize the latest update on the
current knowledge on the mechanisms of tumor angiogenesis, pro- and anti-angiogenic factors,
potential targets and their mechanisms of action, experimental evidences and the most recent data
on the clinical trials on anti-angiogenic agents for cancer therapy.

Introduction
Traditional chemotherapeutic agents are limited by their narrow therapeutic index due to
their lack of specificity, resulting in damage to both cancerous and normal cells, severe side
effects, variable dosing regimens, and the development of drug resistance with subsequent
disease relapse. In the 1970s, Judah Folkman made the observation that in the absence of
neovascularization, tumors cannot grow more than 2 to 3 millimeters1; this gave rise to the
field of angiogenesis and laid the foundation for antiangiogenic cancer therapy2–3. In 1971,
Folkman proposed the concept of “anti-angiogenesis” as a modality in cancer therapy due to
“the prevention of new vessel sprouts from penetrating into early tumor implant”1. It was
not until 2004 that the first antiangiogenic drug, bevacizumab was approved by the first
FDA for the management of advanced colon cancer4. In the current review, we will discuss
pathways regulating tumor angiogenesis, potential therapeutic targets for anti-angiogenic
cancer therapy, and provide an update on the various clinical trials on anti-angiogenic cancer
therapy.

Tumor angiogenesis
Angiogenesis is the process of forming blood vessels from pre-existing ones, unlike
neovascularization, which implies the formation of entirely new blood vessels5. Under
normal physiologic conditions, there is balance between pro- and anti- angiogeneic
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mediators and this balance is shifted towards either of them to promote physiological
processes or as part of a pathological condition. Angiogenesis involves various mediators,
but a universal agreement puts vascular endothelial growth factor (VEGF) and its signaling
as the rate-limiting step of this process. The development of new blood vessels not only
serves to supply the tumor tissue with nutrients, but they can also serve as a means for
cancer cells to metastasize. However, the complexity of the interaction between tumor and
vasculature is not fully understood6.

A considerable number of cancers have been reported to be dependent on angiogenesis and
respond well to anti-angiogenic therapies. These include cancers of the colon, breast, lung,
and bladder as well as renal cell carcinoma and non-small cell lung cancer (NSCLC).
Additionally, some of these cancers require VEGF for their survival7. Anti-angiogenic
therapies target angiogenesis by two major mechanisms: blocking the receptor tyrosine
kinases intracellularly or neutralizing angiogenic factors such as VEGF or its receptors.

Events in angiogenesis
Angiogenesis is activated upon exposure of cancer cells to certain stimuli, mainly hypoxia
which ensues as the tumor grows more than 2 mm in thickness and core cells become distant
from blood supply. Cancer cells respond to hypoxia by modulating hypoxia-inducible factor
(HIF)-1α. In normoxic conditions, HIF-1α is marked for degradation after ubiquitination by
Von Hippel–Lindau (VHL) E3 ubiquitin ligase. However, under hypoxic conditions, HIF1α
dissociates from HSP90 and then dimerizes with HIF1β8. This complex is localized within
the nucleus to initiate the transcription of certain growth factors such as VEGF, VEGF-C,
Endothelin-1, Platelet-Derived Growth Factor (PDGF)-β, basic Fibroblast Growth Factor
(bFGF), Erythropoietin9, angiopoietins, interleukin-8, and Placenta Growth Factor
(PlGF) 10. The aforementioned growth factors stimulate endothelial cells to form new blood
vessels, and to secrete many other factors. A diagrammatic sketch of how different growth
factors affect the tumor microenvironment by stimulating the growth of cancer cells or by
recruiting other cells is depicted in Figure 1.

Circulating bone marrow derived cells are recruited to the site of angiogenesis. There is no
consensus on the role of these cells in angiogenesis as some consider their contribution to
angiogenesis to be negligible while others detect higher incorporation of these cells into new
blood vessels. Variations in the role of these cells depend on the markers used to detect the
progenitor cells7. A major contributing factor that determines the incorporation of the
progenitor cells is their prior mobilization from bone marrow by high dose chemotherapy.
Therefore, there is a trend shifting towards the use of metronomic therapy, low dose
chemotherapy given over long periods of time, instead of high dose chemotherapy.

Modulators of angiogenesis
VEGFs and VEGF receptors

VEGF, first known as vascular permeability factor (VPF), was discovered by Senger et al as
a part of tumor secreted factors and inducing leakage of skin blood vessels11. Later in 1989,
Ferrara et al isolated VPF, which was then renamed as VEGF12. VEGFs are a family of
secreted dimeric glycoproteins that include VEGF-A (commonly referred to as VEGF),
VEGF-B, VEGF-C, VEGF-D in mammals, and VEGF-E and VEGF-F found in other
species such as viruses and snake venom, respectively. The VEGF family also includes
PlGF- 1 and 2. The effects of these factors are mediated through binding to their receptors
(VEGFR-1 “fms-like-tyrosine kinase (Flt)-1”, VEGFR-2 “fetal liver kinase (FLK)-1/kinase
domain region (KDR)”, and VEGFR-3 “FLT-4”). VEGFR-1 and -2 interacts with neuropilin
(NRP)-1 while VEGFR-3 only associates with NRP-213.
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Diversity on the effects of VEGF receptors arises from receptor dimerization potentials14.
Dimerization between VEGFRs 1 and 2 as well as VEGFRs 2 and 3 have been shown to
mediate some of the physiological effects of VEGF superfamily members. Furthermore,
VEGFRs isoforms each lead to discrete effects compared to their counterparts in ECs15:
VEGFR-1 activation leads to a “decoy effect” as a VEGF sequestrant or VEGF-trap; while
VEGFR-2 binding to its ligand leads to proliferation, migration, survival, and angiogenesis.
Similar to VEGFR-2, VEGFR-3 mediates these cellular processes but primarily in lymphatic
blood vessels.

Other proteins shown to work in concert with VEGF binding and activation include Ephrins
and Semaphorin/Neuropilin-1 (known as axon-guidance molecules). Ephrin-B2 mediate the
internalization of VEGFR-316 allowing ephrin-B2 to activate other pathways (Akt, MAPK/
ERK, Rac1) while it is localized intracellularly. Effects of Semaphorins/Neuropilin-117,
however, involve a more complicated process and have been shown to function as pro –
angiogenesis stimuli (VEGF-A165 binding to NRP-1/VEGFR-2 and Plexin-A1 or 2) or
facilitate migration (Np-1/Np-2/VEGFR-1/Plexin-A1/2 when bound by VEGF-A (165, 145,
121), VEGF-B and PlGF-2).

Although a member of the VEGF family, VEGF-resistant tumors have shown to respond to
treatments with monoclonal antibodies targeting PlGF18. This evidence suggests PlGF
surpasses the inhibitory mechanisms of anti-VEGF therapy and therefore, works by other
mechanisms. Studies have shown that PlGF binds to VEGFR2 and NRP-1 receptor;
however, underlying mechanisms mediating its effects in angiogenesis are not well
understood.

Platelet-derived growth factor
PDGF-BB is a major player in resistance to anti-VEGF therapy. PDGF is a dimeric
polypeptide, composed of one of four homodimers: A, B, C and D. Effects of PDGF are
mediated by binding to the dimeric PDGF-Receptors. PDGFR are composed of one of two
homodimers α and β, thus giving rise to three receptors PDGFRαα, PDGFRαβ and
PDGFRββ19. Studies showed the development of vascular abnormalities with no pericytes
recruitment in PDGF-B knockout mice models, indicating their importance as mediators of
mural cells recruitment20–22. PDGF, particularly PDGF-BB, seems to mobilize mural cells
and recruit them around endothelial tubes. These actions lead to maturation and stabilization
of blood vessels23. PDGF effects are more pronounced in established blood vessels and
leads to their survival independent VEGF stimuli. Hence, most of the new anti-angiogenesis
therapies, such as sunitinib, sorafenib, pazopanib, axitinib, intedanib, dovitinib, and
linifanib, target VEGF and PDGF simultaneously24.

Fibroblast growth factors (FGFs) and FGF receptors
The seminal observation that agents capable of inducing EC activation and angiogenesis
have an affinity for heparin led to further investigations and the discovery of both acidic
(aFGF or FGF-1) and basic (bFGF or FGF-2) Fibroblast growth factors19. Although
approximately 23 FGF members identified, only FGF-1 and FGF-2 have been extensively
studied. FGFs mediate their effects through one of four FGF receptors (FGFRs 1–4) with
intracellular tyrosine kinase domains. bFGF effects are pleiotropic and diverse25. bFGF
mediatesmural cell recruitment, matrix deposition, both cadherin stabilization and
downregulation, enhancement of barrier function, survival integrins modulation and basal
lamina degradation, collectively leading to angiogenesis and maturation of established blood
vessels. Such dual effects on both immature and mature blood vessels render bFGF a
potential target in VEGF resistant cancers.
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Endothelins and endothelin receptors
Endothelins (ETs) are a group of polypeptides secreted in an immature form and converted
by endothelin-converting enzymes (ECEs) to one of three mediators, namely ET-1, 2 and 3.
Their binding to ET receptors A and B (ETAR and ETBR, respectively) results in opposite
effects26. Stimulation of the G-protein coupled receptor ETAR leads to invasion,
proliferation, angiogenesis and antiapoptosis in tumor tissue and resistance to
chemotherapy27. Activation of such a system was reported in multiple cancers28.

Erythropoietin and erythropoietin receptor
Erythropoietin (EPO), is a hematologic agent that mediates the growth stimulation of
erythrocytes, is commonly utilized to manage anemia. Interestingly, it has pleiotropic effects
that are necessary for tumor growth, mainly antiapoptosis and angiogenesis. Activation of
EPO receptor has been reported in many cancers29. Although EPO was found to disrupt
HIF1α induced apoptosis in breast cancer30, it was shown to have antiangiogenic effects in
ovarian cancer by reducing VEGF levels31.

Angiopoietins and Tie2 receptor
Angiopoietins bind to their cognitive receptors tie-1 and -2. While Ang-1 and -4 seem to
work as agonists to the tie-2 receptor, Ang-2 and -3 function as both agonists and
antagonists under different conditions32–33. Interactions between angiopoietin receptors
have not been extensively studied, however, recent evidence suggest cooperation between
tie-1 and tie-2 in regulating angiogenic processes in response to Ang-133.

Slits and the ‘roundabout’ receptors
Slits are axon guidance molecules which are chemo-repellents, but they also affect blood
vessels by leading to their “patterning”. Roundabout receptors (Robo) function as targets for
Slits and seemingly, the proteoglycan molecule ‘Syndecan’ enhances that binding34.
Binding recruits paxilin and ArfGAP, leading to the inactivation of Arf; Active Arf induces
the internalization of VE-Cadherin35. Inactivation of Arf subsequently leads to the
enhancement of VE-cadherin expression on EC surface, stabilizes barrier function and
inhibits angiogenesis36. Although many cancers such as cervical, breast, kidney and prostate
have been reported to be associated with Robo/Slit pathway inactivation, others were not,
while a few had elevated levels of Robo expression37.

Netrin and associated receptors: Unc5, and DCC
Netrins are a group of axon guidance molecules related to laminin that are over-expressed in
many cancers38. In prostate cancer, however, studies have shown reduced expression of both
netrins and DCC receptors in tumors when compared with control tissue37. They bind to two
different receptors; deleted in colorectal cancer (DCC) receptor and uncoordinated-5-
homolog (UNC5H, 4 subtypes) receptor39. In the unoccupied state, the receptors mediate
proapoptotic effects through the activation of DAPk (Death-associated protein kinase 1) via
recruitment of PR65β/PP2A complex that maintains DAPk in its un-phosphorylated activate
form. However, binding of netrin induces dimerization of its receptors, recruitment of
CIP2A (Cancerous inhibitor of PP2A) and, consequently, inhibition of receptor interaction
with PR65β/PP2A complex.

Notch signaling and DLL-4
Notch pathway activation has been shown to play a role in many cancers40. The role of
notch signaling in tumor angiogenesis is not well understood7. Interestingly, blocking this
signaling pathway results in the formation of imperfect and leaky blood vessels and can
ultimately lead to hypoxia. DLL4 is not exclusive to ECs41, it is also reported on bone
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marrow-derived endothelial progenitor cells42, where its expression is enhanced by SDF-1
and VEGF and affects local EC activation and stabilization through increased production of
fibronectin and ICAM-2.

Integrins
Endothelial cells in general express integrin dimers such as α5β1, αvβ3 and αvβ5 43.
During tumor angiogenesis, tumor-associated ECs start to over-express integrin αvβ344–46

and was correlated with tumor grade. Both “inside-out” and “outside-in” signaling regulate
integrin activation and, consequently, enhanced binding to ECM components. Integrins are
known to interact with multiple growth factor receptors in the regulation of angiogenesis47.
Another study46 that engrafted human skin/human breast cancer cells into SCID (Severe
Combined Immuno-Deficiency) mice, showed that treatment of such mice with the anti-
αvβ3 monoclonal antibody LM609 have reduced tumor growth and number of blood vessels
within such xenografts. Potential benefit of integrin antagonists was also observed in colon
cancer48, prostate cancer49 and many others. RGD peptides, as they resemble αvβ3 binding
site in ECM, were used first as targets for such integrin, but later was replaced by
monoclonal antibodies.

Potential targets and respective anti-angiogenic agents
According to their mechanism of action, anti-angiogenic agents are classified into “(1)
endothelial growth factors inhibitors, (2) EC signal transduction inhibitors, (3) inhibitors of
EC proliferation, (4) inhibitors of matrix MMPs, (5) inhibitors of EC survival, and (6)
inhibitors of endothelial bone marrow precursor cells”. According to their targets, they are
categorized as direct, indirect, or mixed antiangiogenic agents. In addition, depending upon
whether they were designed to block angiogenesis as the sole mechanism of action, or were
introduced as anticancer agents, which later were found to target angiogenesis also, these
agents can also be classified as inclusive and exclusive agents (E.g. thalidomide and
bortezomib).

The NCI included a mechanistic classification of angiogenesis inhibitors in their fact sheets.
They are classified into (1) agents that directly inhibit endothelial cells (integrin antagonists
are included) (2) or those capable of interfering with signaling cascades and finally (3)
agents that inhibit the ability of ECs to breakdown ECM50. Some modify the classification
to include a “miscellaneous” group and put integrin inhibitors in a different category51.

Antiangiogenic Agents in Cancer Therapy
Three major classes of agents which target VEGF have been developed: monoclonal
antibodies, VEGF decoy receptor, and small molecule tyrosine kinase inhibitors (TKIs).
These agents are currently in clinical practice or investigation as monotherapy or in
combination with cytotoxic chemotherapy or radiation.

Anti-VEGF Monoclonal Antibodies
Bevacizumab

Bevacizumab (BEV), a recombinant humanized monoclonal antibody that binds all VEGF-
A isoforms, emerged as the first effective antiangiogenic approach in the treatment of
certain types of cancers. Based on the results from a Phase III trial, BEV (5mg/kg every 14
days) was approved in combination with 5-fluoruracil (5-FU) based chemotherapy as
frontline therapy for metastatic colorectal cancer (mCRC). Hurwitz et al. randomized 923
patients with previously untreated mCRC to bolus IFL regimen (irinotecan, 5-FU, and
leucovorin (LV)) plus BEV (n=402) or bolus IFL plus placebo (n=411), or 5-FU, LV, and
BEV (n=110)52. The primary comparison groups, IFL +/− BEV, showed that the addition of
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BEV significantly improved OS (20.3 vs. 15.6 months; P<0.001), PFS (10.6 vs. 6.2 months,
P<0.001), RR (44.8% vs. 34.8%; P=0.004), and duration of response (10.4 vs. 7.1 months;
P=0.001). This study provided initial evidence that therapeutic targeting of angiogenesis
could provide clinical efficacy.

An additional open label Phase III trial (E3200), randomized 829 patients with mCRC
refractory to 5-FU and irinotecan-based regimens and were BEV- and oxaliplatin- naïve to
BEV (10 mg/kg every 14 days) plus FOLFOX4 (n=289), FOLFOX4 alone (n=290), or BEV
alone (n=243)53. The primary endpoint was OS. The E3200 trial demonstrated a median
duration of OS treated with FOLFOX4 and BEV was 12.9 months compared with 10.8
months for the group treated with FOLFOX4 alone (HR death=0.75; P=0.0011), and 10.2
months for those treated with BEV alone. The BEV alone arm was discontinued early by
investigators due to inferiority. There was a significant improvement in median PFS with
BEV plus FOLFOX4 compared to FOLFOX4 or BEV alone (7.2, 4.8, 2.7 months,
respectively; P<0.0001). Overall response rates (ORR) was significantly higher in BEV plus
FOLFOX4 compared to FOLFOX4 alone (21.8% vs. 9.2%, P<0.0001). Important concepts
derived from these results were that BEV in combination with multiagent cytotoxic
chemotherapy could provide benefit as well as the clinical limitation of treating with an
antiangiogenic as agent as monotherapy.

Given the positive data in the metastatic setting, several Phase III studies were initiated for
adjuvant BEV in patients with high risk Stage II or Stage III colon cancer. The National
Surgical Adjuvant Breast and Bowel (NSABP) C-08 trial combined BEV with a modified
FOLFOX6 regimen54. This trial did not meet its primary end point of prolonging disease
free survival (DFS) at 3 years. Interestingly, during the first 15 months of the study, BEV
improved DFS (HR 0.61; 95% CI 0.48–0.78%, P<0.001). This suggests that upon BEV
therapy completion in the study, potential benefit was progressively lost. In a preclinical
animal model, tumor angiogenesis has been shown to rebound following the removal of
VEGF inhibition55. An additional randomized Phase III study (AVANT) evaluated the use
of BEV in combination with FOLFOX4 or capecitabine in 3541 patients (2867 stage III)56.
The addition of BEV did not improve DFS or OS. Many questions remain in the use of
antiangiogenic agents in the adjuvant setting. Specifically, what are the precise mechanisms
of angiogenesis in primary tumors in metastatic vs. non-metastatic disease? How do this
effect drug therapy? Despite, early negative adjuvant clinical trials, the use of anti-VEGF
therapies continues to be investigated. Future considerations given should include
identifying patients who would benefit from long term adjuvant BEV treatment given the
cost and adverse events associated with this agent.

Following FDA approval in first and second line treatment of colorectal cancer, BEV was
granted FDA approval in non-small cell lung cancer (NSCLC) in 2006 from the E4599 trial.
E4599 was a phase III, open-label, multicenter, randomized, active-controlled trial that
evaluated the additive effect of BEV (10 mg/kg every 2 weeks) plus paclitaxel and
carboplatin compared to chemotherapy alone in 878 treatment naïve patients with advanced
non-squamous NSCLC. Plasma VEGF levels were assessed at baseline in the initial 166
patients. Compared to patients receiving chemotherapy alone, the BEV group had a
significantly improved median OS (12.5 vs. 10.2 months; P=0.007), progression free
survival (PFS) (6.4 vs. 4.5 months; P<0.0001), and response rate (RR) (27.2% vs. 10%;
P<0.0001). Baseline plasma levels did not correlate with overall survival (P=0.15)57. An
additional Phase III study, the AVAIL (Avastin in Lung, or B017704) also demonstrated the
addition of BEV to chemotherapy improved RR and PFS58. However, a follow-up of this
study reported a lack of OS improvement in BEV containing arms59.
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In May 2009, BEV received accelerated approval as monotherapy in second line treatment
of glioblastoma. Gliomas have been associated with high expression of VEGF and
prognosis60. The AVF3708g trial was an open label multicenter study which randomized
previously treated patients to BEV (10 mg/kg every other week) alone or in combination
with irinotecan until disease progression. Primary endpoints were 6 month PFS and OR
rates. Objective response was defined as a complete response or partial response determined
on two consecutive assessments ≥ 4 weeks apart. Also responding patients were to have
decreasing or stable corticosteroid use. All study patients were treated for 104 weeks or until
disease progression. The median PFS in the BEV arm was 4.2 months (95% CI, 2.9–5.8)
and 5.6 months (95% CI, 4.4–6.2). OS improvement was observed in the BEV arm (9.2
months, 95% CI, 8.2–10.7) compared to combination (8.7 months, 95% CI, 7.8–10.9). The
BEV arm reported an OR in 28% of patients (95% CI, 18.5–40.3) with a median duration of
response of 5.6 months (95% CI, 3–5.8)61. These results were encouraging when comparing
to previous studies with irinotecan in this setting62. An additional BEV single arm study
NCI 06-C-0064E also reported a OR of 19.6% (95% CI, 10.9–31.3) and median duration of
response of 3.9 months (95% CI, 2.4–17.4) in previously treated glioma patients63.

In July 2009, the FDA granted approval for BEV in combination with interferon alfa (IFN)
for the treatment of renal cell carcinoma. The Phase III AVOREN trial compared BEV +
IFN (n=327) versus IFN + placebo (n=322)64. A recent update of this study revealed that
investigators did not meet their primary endpoint of improved OS: BEV + IFN- 23.3 months
versus IFN+ placebo 21.3 (HR 0.91, 95% CI, 0.76–1.1, P=0.333). However, in a post hoc
analysis it was noted that patients that received TKI based therapies following BEV+IFN
increased survival to beyond 3 years. Similarly, the CALBG 90206 study which compared
BEV+ IFN to IFN monotherapy which did not show an improvement in OS but in PFS (8.5
vs 5.2 months, P<0.0001)65. Given the success of recent oral agents which target VEGF,
mTOR, c-KIT, PDGF, or RAF, future prospective studies should evaluate differing
sequences which provide best clinical outcomes.

In the metastatic HER-2 negative breast cancer setting, the use of BEV has created a major
controversy. The ECOG 2100 trial evaluated the safety and efficacy of BEV as a first line
therapy in metastatic breast cancer. Patients were randomized to receive either BEV+
paclitaxel (n=347) or paclitaxel alone (n=326). The primary endpoint was to measure PFS.
Secondary endpoints evaluated included OR, OS, and quality of life. Patients that received
BEV had a significant improvement in PFS (11.8 vs. 5.9, p<0.001). Also, the addition of
BEV improved objective OR rates (36.9% vs. 21.2%, P<0.001) with no differences in
quality of life assessments66. On February 22, 2008, the FDA granted accelerated approval
for BEV in combination with paclitaxel in this setting based upon an improvement in PFS
and nearly a 2 fold increase in response rate. In order for conversion to final FDA approval,
post-marketing studies were performed to confirm benefit. Which surrogate endpoint for
approval was a major concern? Although the ECOG 2100 trial did not show superiority in
OS, the study was underpowered to address this. Per meeting minutes between the
manufacturer and the FDA–“FDA confirmed that the basis for conversion to full approval
will be demonstrated improvement in PFS and evidence that survival is not impaired”67.

Both the AVADO68 and RIBBON-169 studies were designed to evaluate PFS as a primary
endpoint. The AVADO study was a Phase III, three-arm, placebo controlled trial which
evaluated BEV (7.5 and 15 mg/kg) with docetaxel in HER2 negative locally recurrent
metastatic breast cancer. RIBBON-1 was a Phase III, four arm study, which evaluated BEV
(15 mg/kg) in combination with capecitabine or placebo and taxane+anthracycline with
placebo. Both studies demonstrated statistically significant improvement in PFS67.
However, neither demonstrated an improvement in OS. An additional Phase III study
(RIBBON-2) evaluated BEV in second line treatment of metastatic breast cancer.
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Combination with BEV led to improvements in PFS for patients in taxane (HR 0.64),
gemcitabine (HR 0.90), and capecitabine (HR 0.73) cohorts. Interestingly, this improvement
was not seen in a vinorelbine cohort. Investigators noted this may have been due to size of
cohort (n=76) and having a greater percentage of poorer outcome groups (triple-negative
disease)70. With the completion of three Phase III studies in front line and one Phase III in
second line therapy, BEV is not currently approved in the treatment of metastatic breast
cancer. On November 18, 2011, the FDA revoked the accelerated approval of BEV since
“these studies did not verify clinical benefit, and that available evidence indicated that the
drug was not shown to be safe and effective”25. Also noted was the lack of a subset of
patients that would have greater benefit. This decision has sparked a huge debate amongst
the oncology community as well as patient advocacy groups. Some believe this decision is
partly due to economics, although the FDA does not consider cost in their decision. The
estimated cost of BEV in breast cancer in quality adjusted life years (QALY) is $496,00071.
But given that survival data looks similar in lung and colorectal cancers with associated
substantial cost (QALY; lung- $253,260, colorectal- $283, 595) as well as the same adverse
event profile, many are curious about the future fate of BEV in other malignancies. Recent
Phase III data in ovarian (GOG-0218 and ICON-7), gastric (AVAGAST), and prostate
(CLAGB 90401) have demonstrated PFS improvement without survival advantage72–75.
Identification of subsets of patients with potential biomarkers which predict greater clinical
efficacy and the avoidance of unwarranted adverse events in other patients will be essential.

VEGF Decoy Receptor
Aflibercept, also known as VEGF-Trap, is a fusion protein that comprises of the binding
domains of VEGFR-1 and -2 fused to the Fc portion of human immunoglobulin G.
Aflibercept has a higher affinity to VEGF-A than does BEV and inhibits VEGF-A, VEGF-
B, and PIGF2. Phase I–II studies supported further evaluation of aflibercept in combination
with chemotherapy in multiple malignancies. The VALOUR trial was a Phase III study
which randomized patients with advanced colorectal cancer after failure of an oxaliplatin-
based regimen to either FOLFIRI + placebo (n=612) or FOLFIRI + aflibercept 4 mg/kg
(n=614). Of note, approximately one-third of that patients received BEV prior to entry in the
study. The primary endpoint of this study was OS. Patients that received aflibercept had
significant improvements in OS (13.5 months vs. 12.06, HR=0.82, 95% CI, 0.71–0.93;
P=0.0032) and PFS (6.9 months vs. 4.7 months, HR=0.74, 95% CI, 0.57–0.99, P=0.0007).
Toxicities included diarrhea, asthenia, hypertension, proteinuria, infections, and
neutropenia76. Aflibercept is also being evaluated in a Phase II (AFFIRM study) front line
setting for colorectal cancer in combination with FOLFOX. The VITAL study was a phase
III, randomized, double blind trial evaluating the efficacy of combination therapy of
aflibercept 6mg/kg and docetaxel versus docetaxel alone in 913 patients with locally
advanced or metastatic NSCLC refractory to platinum based therapy. This study failed to
meet its primary endpoint of OS (HR 1.01, 95%CI, 0.87–1.17). However, the addition of
aflibercept improved efficacy as measured by secondary endpoints, PFS (HR=0.82, 95% CI
0.716–0.937) and overall objective response rate (23.3% vs. 8.9%, respectively)77. The
results from the VENICE trial which evaluated aflibercept as first line treatment for
metastatic prostate cancer with docetaxel and prednisone are anticipated to be released this
year.

Small Molecule Inhibitors
Due to the fact that angiogenesis encompasses multiple signaling pathways, the effects of
anti-angiogenic agents targeting only a single pathway can be overcome. Mechanisms that
can lead to rendering these anti-angiogenic agents ineffective include altering the expression
levels of other pro-and anti-angiogenic signals, drug efflux systems, or mutations in tumor
cells2,3,78. Therefore, another approach was investigated that led to the development of
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TKIs. Several TK receptors, such as VEGFR, FGFR, and PDGFR, play an important role in
angiogenesis and are involved in multiple signaling pathways. TKIs bind to the ATP binding
site and inhibit the activation of more than one receptor, making the development of
resistance unlikely3.

Imatinib
Imatinib, developed in the 1990s, is considered the prototypical TKI that proved to be a
major step toward targeted therapy. Imatinib is a selective inhibitor of Bcr/Abl, and it is
approved for the treatment of chronic myelogenous leukemia (CML) and gastrointestinal
stromal tumor (GIST), and Philadelphia chromosome-positive (Ph+) acute lymphoblastic
leukemia. The success observed with imatinib therapy led to the investigation of multi-
targeted TKIs.

Sorafenib
Sorafenib targets VEGFR-2 and -3, PDGFR-b, Flt-3, and c-Kit79. The FDA approval of this
agent was granted based on the results from a phase III, international, randomized, double-
blind, placebo-controlled study in 602 patients with unresectable hepatocellular carcinoma.
Treatment with sorafenib significantly prolonged the median OS compared to placebo (10.7
months vs. 7.9 months, respectively; P=0.001). Due to the significant improvement
observed, the trial was closed early80. Sorafenib was also recently approved as a second line
therapy for metastatic RCC. In a phase III, randomized, placebo-controlled study of 903
patients with RCC refractory to conventional therapy, sorafenib therapy prolonged median
PFS compared to placebo (5.5 months vs. 2.8 months, respectively; P<0.01). However, the
overall survival failed to reach significance in this trial. Common AEs included diarrhea
(43%), rash (40%), and nausea (23%). Serious AEs leading to hospitalization or death
occurred in 34% of patients receiving sorafenib; they included cardiac ischemia or
infarction81.

Trials that evaluated sorafenib therapy as first line in the patient population demonstrated
that its use resulted in the following: significant increases in PFS compared to placebo82,
similar PFS when compared to IFN-alfa-2a therapy83, and no significant difference in ORR
when compared to IFN-alfa-2b therapy84. Sorafenib monotherapy showed minimal clinical
activity in patients with prostate cancer 2 or NSCLC85. Moreover, combination therapy of
sorafenib with paclitaxel and carboplatin showed no significant benefit in chemotherapy
naïve patients with advanced NSCLC. The combination was also associated with serious
AEs including rash and infections86.

Sunitinib
Sunitinib malate is an oral, multi-TKI that targets VEGFR-1–3, PDGFR, Flt-3 and c-Kit79.
It was first FDA approved for the management of GIST refractory to treatment with
imatinib, and was later approved for metastatic RCC. Based on results from multiple phase
II and III trials, utilizing sunitinib for metastatic breast cancer, and advanced or metastatic
NSCLC is still under investigation. A multicenter, phase II trial in 64 patients with a history
of metastatic breast cancer evaluated the efficacy of sunitinib 50 mg given once daily for 4
weeks. The overall RR, the trial’s primary endpoint, was 11% (95% CI, 4–21); the median
OS time was 38 weeks, and the median time to tumor progression (TTP) was 10 weeks. The
most common grade 3 AEs reported were fatigue (14%), nausea (8%), and diarrhea (6%).
Notably, grade 3 neutropenia occurred in 32.8% of patients87. Another study of 63 patients
with advanced NSCLC evaluated their response to sunitinib monotherapy. Although none of
the patients had a complete response, 11.1% of them experienced partial response to
sunitinib monotherapy. The median PFS and OS were 12 and 23.4 weeks, respectively, with
a 20.2% 1-year survival rate. The most common grade 3/4 AEs included fatigue/asthenia
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(29%), lymphopenia (25%), myalgia (17%), and thromobocytopenia (5%). Additionally, 4
patients died as a result of treatment related fatal AEs (pulmonary and cerebral hemorrhage
and disseminated intravascular coagulation)88. A phase III study in 750 patients with
metastatic RCC demonstrated that patients receiving sunitinib had longer OS rates compared
with the IFN-alpha group (26.4 vs. 21.8 months; P = 0.051). Additionally, the median PFS
in the sunitinib group was 11 months compared to 5 months in the IFN-alpha group
(P<0.001). The most common grade 3 AEs reported in the sunitinib group was hypertension
(12%), fatigue (11%), and diarrhea (9%). A total of 23 patients in the sunitinib group and 20
patients in the IFN-alpha group died while receiving treatment; the causes of death included
disease progression, renal failure, and respiratory failure89.

Currently, the additive effect of sunitinib in combination with different chemotherapeutic
agents is being evaluated in several ongoing trials. For example, a phase I/II trial assessing
the combination of sunitinib with paclitaxel and carboplatin in advanced breast cancer is
currently underway [NCT00887575]. Also, a phase II randomized trial in sunitinib-
refractory patients with metastatic RCC is evaluating the safety and efficacy of bevacizumab
alone or in combination with sunitinib [NCT00556205].

Pazopanib
A recent approval has been granted to pazopanib hydrochloride for the treatment of
advanced RCC. Sternberg et al conducted an international, randomized, double-blind,
placebo-controlled, phase III trial evaluating the safety and efficacy of pazopanib
monotherapy in 435 patients with locally advanced or mRCC previously untreated or treated
with a cytokine-based regimen90. Patients were randomized to receive pazopanib
monotherapy (n=290) or placebo (n=145). The study showed a significant increase in
overall median PFS in the pazopanib group compared to placebo (9.2 vs. 4.2 months; HR:
0.46; P<0.001). The ORR was 30% in the pazopanib group compared to 3% in the placebo
group. The most common AEs associated with pazopanib were diarrhea (52%), hypertension
(40%), changes in hair color (38%), nausea (26%), and anorexia (22%). Additionally,
myocardial infarction/ischemia occurred in 2% of the patients receiving pazopanib. Fatal
AEs associated with pazopanib occurred in 4% of patients; these AEs included ischemic
stroke, rectal hemorrhage, abnormal hepatic function, and bowel perforation. The authors
concluded that, in treatment-naive and cytokine-pretreated patients with advanced and/or
metastatic RCC, pazopanib monotherapy demonstrated significant improvement in PFS
compared to placebo.

Axitinib
Axitinib is a potent second generation inhibitor of VEGF-1, 2, and 3. Unlike first generation
inhibitors, axitinib offers more selective specificity for VEGF, and does not block off-targets
such as PDGF, b-RAF, FLT-3, and KIT91. In January 2012, axitinib received FDA approval
in the treatment of renal cell carcinoma after failure of a prior systemic therapy. This
approval was based upon the results of one phase III open-label study (AXIS trial). AXIS
randomized 723 patients to receive axitinib 5 mg orally twice daily or sorafenib 400 mg
orally twice daily. Patients could have their axitinib dose escalated at physician discretion
unless patient’s blood pressure was greater than 150/80 mm Hg or patient received
antihypertensive therapy. The primary endpoint of the study was PFS. Secondary endpoints
were OS, objective response rate, duration of response, and disease progression.
Investigators met their primary endpoint. The median PFS was 6.7 months with axitinib
therapy and 4.7 months with sorafenib (HR=0.665, 95%CI 0.544–0.8112). In patients who
received previous cytokine therapy, the media PFS was 12.1 months with axitinib and 6.5
months with sorafenib (HR=0.464, 95%CI 0.318–0.676). Interestingly PFS data favored the
sorafenib cohort in those patients who received prior bevacizumab, however, this did not
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meet statistical significance. Improvements in objective response rates favored axitinib
treated patients (19% vs 9%, p=0.0001) with a median duration of response of 11 months.
At the time of publication, OS data was not available. The most common adverse events
associated with axitinib therapy was diarrhea, hypertension, fatigue, nausea, and
dysphonia92.

Other multi-TKIs that target VEGFR, among other receptors, and are pending approval
include motesanib, cediranib, and vatalanib (Table 1).3, 79,93–97

Biomarkers and Predicting Response
Given the cost and adverse events associated with anti-VEGF therapies, the identification of
biomarkers or genetic polymorphisms to identify patients which would best respond to drug
therapies is desired. Currently available data suggests that VEGF is not a predictive
biomarker for clinical response to BEV. Following a phase III study which evaluated BEV
in combination with capecitabine, primary tumor samples from paraffin blocks were placed
in tissue microarrays and evaluated for VEGF expression by in situ hybridization (ISH). In
this small analysis, response rates were not higher in BEV receiving patients who had VEGF
overexpression.98 Similarly, 312 tissue samples were collected from the 813 colorectal
cancer patients that randomly received IFL (irinotecan, 5-FU, leucovorin) plus BEV or
placebo. Epithelial and stromal VEGF expression was assessed by ISH and
immunohistochemistry on tissue microarrays and whole sections. Thrombospondin (THBS)
was also examined by ISH. In this analysis, the addition of BEV improved survival
regardless of VEGF and THBS expression.99 Similarly others have demonstrated that
pretreatment serum levels of VEGF did not correlate with clinical outcome.100, 101

VEGF levels have also been evaluated as a predictive biomarker for oral TKIs. Escudier et
al. assessed VEGF levels from 712 patients in the TARGET tria.102 This study was a
randomized, double-blind, placebo controlled study of sorafenib in advanced clear cell renal
cell carcinoma. Baseline VEGF levels were categorized as high or low based upon a median
value of 131 pg/mL. In a univariate analysis, VEGF levels correlated inversely with PFS
(P=0.013) and OS (P=0.0009). Patients in the high-VEGF group trended to receive more
benefit from sorafenib (HR=0.48; 95CI, 0.38–0.62) than the low-VEGF group (HR-0.64;
95CI, 0.49–0.83, P=0.96).

Single nucleotide polymorphisms (SNPs) that reside with regions of VEGF and VEGFR2
have shown promise as predictors of response or toxicity. A retrospective trial was
performed on paraffin-embedded tumor blocks from breast cancer patients that participated
in the E2100 study.103 Investigators sought the association of VEGF and VEGF2 protein
expression assessed by immunohistochemistry (IHC) with clinical outcomes. Three hundred
seventy-seven eligible patients were eligible for VEGF IHC analysis, whereas 341 patients
were available for VEGFR-2 IHC. The VEGF-2578 AA genotype was associated with
improved median overall survival in patients who received paclitaxel + BEV when
compared to alternative genotypes (HR=0.58; 95 CI, 0.36–0.93, P=0.023). Also, the
VEGF-1154 A allele demonstrated an improved median OS with an additive effect of each
active allele in the combination arm (HR 0.62; 95CI, 0.46–0.83, p=0.001). Another
important finding of this investigation was the association of VEGF genotype with the
development of clinically significant hypertension. Patients with VEGF-1498 TT and
VEGF-634 CC genotypes were less likely to experience Grade 3/4 hypertension. Some have
proposed could the development of hypertension act as a biological surrogate marker for
anti-VEGF therapy as does the development of skin rash for EGFR based therapies. In this
investigation, patients that developed Grade 3/4 hypertension had a superior median OS
compared to no hypertension (38.7 months vs. 25.3 months, P=0.002). In metastatic clear
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cell carcinoma patients treated with sunitinib, VEGF SNP -634 was the only SNP to be an
independent predictor of the duration of HTN (P=0.02) whereas patients with VEGF SNP
936 combined with VEGFR2 SNP 889 genotypes were associated with OS.104 In
conclusion, early retrospective investigations suggest that SNPs within VEGF can impact
prognosis, clinical efficacy, and toxicity. Further prospective studies are needed to address
which patients might derive additional benefit from anti-VEGF based therapies.

Emergence of Tumor Resistance
Resistance to antiangiogenic therapy is a challenging issue that is associated with poor
prognosis in some cancers. Multiple mechanisms have been proposed in the development of
tumor resistance to anti-angiogenic therapy. One of the major factors contributing to tumor
resistance is that the growth requirements for cancer cells at different stages of development
are varied and promiscuous. Some evidence show that tumors start secreting their own
growth factors, which changes their dependence on the stromal factors. For example,
alternate growth stimulators (PlGF, bFGF, PDGF)7 have been reported in anti-VEGF-
therapy resistant patients.

Recruitment of CD11b+ Granulocyte-differentiation antigen (Gr1+) meyloid suppression
cells was also reported as a mechanism of resistance. These cells were found to protect
tumors through modifications of immune responses to tumors105 via secretion of certain
angiogenesis modulators and through their ability to shift their phenotype to become ECs
(vascular mimicry). The presence of cancer stem cells is a core component of tumor tissue
and a precursor to resistance as they are suggested to be resistant to chemotherapy and can
induce angiogenesis.106 Bone marrow mobilization and incorporation of this cell population
seems to be higher following treatment with high doses of chemotherapy, suggesting the
need for less mobilizing approaches (metronomic dosing) as a way to evade resistance.

The population of cells comprising tumors is not homogenous; rather it is composed of a
heterogeneous set of cells with different profiles of expressions, which contributes to the
variation in responses seen from tumors to chemotherapy. Administration of chemotherapy
does not eliminate all of the cancerous cells as it spares the innately resistant ones 7.

Conclusions
The anti-angiogenic agents have long been proposed for the treatment of cancers. Recent
advances in technology, knowledge on various anti-angiogenic agents, identification of
potential targets and understanding on the molecular mechanisms by which these agents
elicit their responses in multiple cells have made it possible to use anti-angiogenic therapy
as an effective approach for the treatment of many cancers. While a number of anti-
angiogenic agents have currently been approved for multiple cancers, many more are in the
different phases of clinical trials for cancer treatment where anti-angiogneic agents are either
used alone or in combinations with other cytotoxic and/or chemotherapeutic drugs.
However, despite this fantastic progress, a few major concerns remain in the anti-angiogenic
approach for cancer treatment. These include tumor resistance due to over compensation
from the parallel signaling pathways and side effects these agents can cause on many organs
because of its effects on the normal vasculature. Additional laboratory research and well-
designed clinical studies are necessary to improve on the existing agents, approaches and
combinations of drugs for the use of anti-angiogenic agents for cancer treatment.
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Abbreviations

FDA Food and Drug Administration

VEGF vascular endothelial growth factor

NSCLC non-small cell lung cancer

HIF-1α hypoxia-inducible factor-1α

HSP90 heat shock protein 90

PDGF Platelet-Derived Growth Factor

a/bFGF acidic/basic Fibroblast Growth Factor

PlGF Placental Growth Factor

EC(s) endothelial cell(s)

SDF-1 Stromal Cell-Derived Factor-1

CXCR4 Chemokine Receptor 4

VPF vascular permeability factor

Flt-1 fms-like-tyrosine kinase-1

FLK-1/4 fetal liver kinase-1/4

KDR kinase domain region

NRP-1/2 neuropilin-1/2

PI3K Phosphoinositide 3-kinase

MAPK Mitogen-Activated Protein Kinase

FAK Focal Adhesion Kinase

MMP Matrix Metalloproteinase

uPA(-r) urokinase-type plasminogen activator Urokinase (receptor)

TTPAI-1 tissue-type plasminogen activator inhibitor-1

ERK Extracellular Signal-Regulated Kinase

JNK c-Jun N-Terminal Kinase

SAPK Stress-Activated Protein Kinase

PKC Protein Kinase C

Shc Src Homology-2 Domain-Containing Protein

PLC-γ Phospholipase C-γ

Cbl Casitas B-Lineage Lymphoma Protein

IRS1 Insulin Receptor Substrate1

SLP76 Src Homology-2 domain containing leukocyte protein of 76kDa

ETs Endothelins

ECEs Endothelin-Converting Enzyme
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ETAR/ETBR ET receptors A/B

EPO Epoietin

Tie-2 Tyrosine Kinase with Immunoglobulin-like and EGF-like domains-1

Ang-1/2/3/4 Angiopoietin-1/2/3/4

eNOS endothelial Nitric Oxide Synthase

PAK p21-Activated Kinase

Robo Roundabout receptors

ArfGAP Accessory Recombination Function-GTPase Activating Protein

DCC deleted in colorectal cancer receptor

UNC5H uncoordinated-5-homolog receptor

DAPk Death-associated protein kinase 1

PR65β Protein Phosphatase 2A 65kDa Regulatory Subunit A beta isoform

DLL4 Delta like Ligand-4

ECM extracellular matrix

CSL CBF1 (CMP-Binding Factor), Suppressor of Hairless, Lag-1

CoA coactivators

ICAM-2 Intracellular Adhesion Molecule-2

SCID Severe Combined Immunodeficiency

CAF Carcinoma-associated fibroblasts

TKI tyrosine kinase inhibitors

CSF-1R Colony Stimulating Factor-1 Receptor

EGFR Epidermal Growth Factor Receptor

ErbB2 erythroblastic leukemia viral oncogene homolog 2 protein

HER2 human epidermal growth factor receptor 2

CDK Cyclin-Dependent Kinase

IL-6 Interleukin-6

TNFβ Tumor Necrosis Factor-β

BV8 Bombina variegate 8kDa protein

5-FU 5-Fluorouracil

mCRC metastatic colorectal cancer

ORR overall response rate

OS overall survival

PFS progression free survival

RR response rate

LV leucovorin

XELOX Xeloda® (Capecitabine) plus Oxaliplatin

Al-Husein et al. Page 14

Pharmacotherapy. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



FOLFOX Folinic Acid (Leucovorin) plus 5-FU Plus Oxaliplatin

AE Adverse Events

RECIST Response Evaluation Criteria in Solid Tumors

HR Hazard ratio

VEGF-AS VEGF-antisense

IFN Interferon

Bcr/Abl Breakpoint Cluster Region/Abelsome fusion gene

CML chronic myelogenous leukemia

GIST gastrointestinal stromal tumor

Ph+ Philadelphia chromosome-positive

TTP time to tumor progression

RCC Renal Cell Carcinoma
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Figure 1. Main events in Angiogenesis
Tumors cells, exposed to hypoxia within the tumor core, induce the expression of many
factors that in turn recruit endothelial cells to the core of the tumor and promote the
formation of new blood vessels. Interactions of both cell types result in many events and
leads to the recruitment of many other cell lines. This recruitment of other cell lines
completes a vicious cycle that further stabilizes the newly formed blood vessels and
enhances tumor growth and angiogenesis.
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 m
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 p
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as

h
(4

2%
),

 a
lo

pe
ci

a 
(3

3%
),

ne
ut

ro
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ra
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as
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C
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ce
r;

 m
R

C
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m
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R

R
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