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Abstract: Bevacizumab is a monoclonal antibody that binds and neutralizes vascular
endothelial growth factor (VEGF)-A, a key player in the angiogenesis pathway. Despite ben-
efits of bevacizumab in cancer therapy, it is clear that the VEGF pathway is complex, involving
multiple isoforms, receptors, and alternative ligands such as VEGF-B, and placental growth
factor, which could enable escape from VEGF-A-targeted angiogenesis inhibition. Recently
developed therapies have targeted other ligands in the VEGF pathway (eg, aflibercept, known
as ziv-aflibercept in the United States), VEGF receptors (eg, ramucirumab), and their tyrosine
kinase signaling (ie, tyrosine kinase inhibitors). The goal of the current review was to identify
comparative preclinical data for the currently available VEGF-targeted therapies. Sources were
compiled using PubMed searches (2007 to 2012), using search terms including, but not limited
to: “bevacizumab,” “aflibercept,” “ramucirumab,” and “IMC-18F1.” Two preclinical studies were
identified that compared bevacizumab and the newer agent, aflibercept. These studies identified
some important differences in binding and pharmacodynamic activity, although the potential
clinical relevance of these findings is not known. Newer antiangiogenesis therapies should help
further expand treatment options for colorectal and other cancers. Comparative preclinical data
on these agents is currently lacking.

Keywords: aflibercept, antiangiogenesis, metastatic colorectal cancer (mCRC), tyrosine kinase
inhibitor (TKI), vascular endothelial growth factor (VEGF)

Introduction: why target angiogenesis?

Angiogenesis, the generation of new blood vessels, is an essential physiological process
that can be dysregulated in various pathological conditions, including cancer.? The
vascular endothelial growth factor (VEGF) pathway is considered the most important
and is a well-characterized contributor to angiogenesis.** VEGF-A and other members of
the VEGF family such as placental growth factor (PIGF) are upregulated in pathological
conditions.”® VEGF-A, the first VEGF characterized, has served as a paradigm for
the development of antiangiogenesis as a therapeutic strategy, including the clinical
development of bevacizumab, a humanized monoclonal antibody targeting VEGF-A.’
In a pivotal trial, the use of bevacizumab in combination with irinotecan, 5-fluorouracil
(5-FU), and leucovorin (IFL) was shown to improve the survival of patients with
metastatic colorectal cancer (mCRC),'? resulting in its approval as the first antiangiogenic
therapy.” Nonetheless, the overall impact of agents such as bevacizumab in prolonging
survival has been limited.>'' While 2-year survival has improved to the 24- to 28-month
range, the overall prognosis of mCRC remains poor, with 5-year survival generally
between 5% and 8%, despite the availability of such therapy."!
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Evidence is emerging that PIGF and other members
of the VEGF family such as VEGF-B, although less well
studied and understood, may also play a role in pathological
angiogenesis.*'>!* For example, in genetically modified mice,
expression of host and tumor PIGF was required for maximal
tumor angiogenesis, whereas PIGF deficiency resulted in
poorly vascularized tumors."* The upregulation of PIGF and
other potentially angiogenic factors such as platelet-derived
growth factors (PDGFs) and fibroblast growth factor (FGF)
may also underlie disease progression in patients receiving
bevacizumab.!* There are multiple strategies for targeting
angiogenesis, and in the present review, the currently
available biological agents in Phase 111 or later development
for mCRC that target the VEGF pathway are highlighted.
Some of the biological anti-VEGF agents currently approved
or in Phase I1I evaluation are shown in Table 1. In addition, in
a systematic review of the more recent literature, comparative
preclinical studies among these agents were identified.

Angiogenesis, the VEGF
network: ligands and receptors
VEGEF ligands

The VEGF family consists of five structurally related ligands,
VEGF-A, -B, -C, and -D, and PIGF."> VEGF-A interacts
with VEGF receptor-1 (VEGFR-1) and VEGFR-2 and has
potent proangiogenic and vascular permeability increasing
effects. VEGF-B, by comparison, interacts with VEGFR-1
only, and its function has not been well characterized.'s While
it does not appear to play a directly angiogenic role, there
is evidence that VEGF-B may function as an angiogenesis
survival factor.!? VEGF-C and VEGF-D both interact with

VEGFR-2 and VEGFR-3, and these factors are believed to
play a role in both angiogenesis and lymphangiogenesis;
PIGF, like VEGF-B, also interacts with VEGFR-1 only and
its function is incompletely understood, although there is
accumulating evidence for a role of PIGF in pathological
angiogenesis, as described below.!” The diversity in the
VEGEF ligand family is still further increased by the existence
of multiple, alternatively spliced isoforms, each of which
can have distinct and/or overlapping biological activities
(Figure 1).5%181 These distinct VEGF isoforms also have
the potential to homo- and heterodimerize, which can result
in a very wide array of homo- and heterodimeric signaling
molecules, the impetus of which is just beginning to be
explored (Figure 1). For example, among ligands, which
can interact with VEGFR-1, VEGF-A is known to exist in
at least six isoforms, VEGF-B in at least two isoforms,'¢*
and PIGF in at least four isoforms, resulting in at least some
36 potentially diverse signaling molecules arising from the
heterodimeric combination of these isoforms (Figure 1)."7
Although it has not been carefully studied, differences in
properties such as heparin binding are observed among the
different isoforms, and there could potentially be diverse
biological functions of these molecules, and the implications
of this for angiogenesis are not yet understood.*¢

In terms of amount and biological activity, VEGF-A 165
appears to be the dominant isoform;* however, it is also impor-
tant to note that more recently, antiangiogenic isoforms of
VEGF-A, of which there are at least five subtypes, have been
identified.'® These findings have brought into question some
of the original thinking in terms of the design of antiangiogen-
esis therapy, in as much as it is no longer clear that selective

Table | Biological anti-VEGF agents: currently approved and/or under phase |l evaluation

Agent What it is What it binds/inhibits Rationale for use as an Approved indications
antiangiogenic agent? (potential indications)
Bevacizumab Humanized VEGF-A Inhibition of VEGF-A will prevent mCRC, glioblastoma,
monoclonal pathological angiogenesis by inhibiting NSCLC, RCC
antibody its interaction with VEGFR-2
Aflibercept Soluble decoy VEGF-A Targeting multiple VEGF ligands will allow mCRC (melanoma,
receptor VEGF-B for a broader inhibition of proangiogenic prostate cancer,
PIGF processes and inhibit possible resistance glioblastoma, pancreatic
mechanisms cancer, NSCLC)
Regorafenib Tyrosine kinase VEGFR-1, -2, -3 Inhibition of VEGFR tyrosine kinase mCRC (RCC, breast
inhibitor PDGFR activity to prevent pathological cancer)
c-kit angiogenesis in tumors
FGFR
Ramucirumab Fully human VEGFR-2 extracellular Inhibition of signaling by VEGFR-2 (receptor Currently investigational
monoclonal domain for VEGF-A) will prevent pathological (mCRC, breast cancer,
antibody angiogenesis by inhibiting VEGF-A activity NSCLC)

Abbreviations: FGFR, fibroblast growth factor receptor; mCRC, metastatic colorectal cancer; NSCLC, non-small-cell lung cancer; PDGFR, platelet-derived growth factor
receptor; PIGF, placental growth factor; RCC, renal cell carcinoma; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor.
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Figure | Diversity of VEGF and PIGF isoforms: homo- and heterodimers.

Notes: The VEGF ligands, VEGF-A, VEGF-B, and PIGF can all interact with VEGFR-1,
and the illustration provides an example of how diversity in isoforms can result in
a wide array of signaling molecules that can interact with the receptor. The four
PIGF isoforms can homo- and heterodimerize with any of six distinct isoforms of
VEGF-A, as can the two isoforms of VEGF-B, resulting in many combinations that
can potentially exhibit different biological activity.>¢!”

Abbreviations: PIGF, placental growth factor; VEGF, vascular endothelial growth
factor; VEGFR, vascular endothelial growth factor receptor.

targeting of a single factor and/or isoform will necessarily
achieve the desired result of angiogenesis inhibition in the
tumor microenvironment. It is clear that multiple alternative
and/or overlapping angiogenesis pathways exist; the potential
for these mechanisms to be exploited by tumors in the face of
targeted inhibitory molecules must be recognized.

VEGF receptors
All three VEGFRs have intrinsic tyrosine kinase activity,
and the neuropilins (NPs) also appear to serve as coreceptors

and modulators of VEGFRs.*"5 Figure 2 shows the different
VEGFRs and the ligands to which they bind.* The function
of VEGFR-1 is less well characterized but it is believed that
VEGFR-1 has both vascular and nonvascular functions,
and it is expressed in tumor cells, as well as monocytes and
macrophages,*®!72! whereas VEGFR-2 is believed to be
the primary mediator of VEGF-A action on angiogenesis
and increased vascular permeability. This receptor was also
expressed on tumor cells and has been implicated in the acti-
vation of autocrine oncogenic pathways.* The expression of
VEGEFR-3 is largely limited to lymphatic epithelial cells and
is believed to mediate a lymphangiogenic function.**

Role of VEGF-B and PIGF

As noted above, the role of VEGFR-1 and its ligands
PIGF and VEGF-B is incompletely understood.'>!"?! Gene
targeting experiments have revealed no apparent impact of
loss of PIGF on embryonic angiogenesis, even in combination
with VEGF-B inactivation.!* Loss of PIGF, however, did
lead to reduced angiogenesis in pathological conditions,
including ischemia, inflammation, and cancer,'® and there
is evidence for a benefit of anti-PIGF therapy in cancer cell
models and inhibiting ocular neovascularization.”* Some
evidence suggests that anti-PIGF antibodies are effective
in inhibiting pathological angiogenesis across multiple
tumor models.?* Notably, unlike anti-VEGFR-2 antibodies,
anti-PIGF did not induce an angiogenic escape program.*

Aflibercept
i N I .
VEGF-B  PIGF VEGF-A

”\ /o
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VEGFR-2
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Figure 2 VEGF ligands, receptors, and inhibitors.*>!>!°

Adapted with permission from Takahashi S. Vascular endothelial growth factor (VEGF), VEGF receptors and their inhibitors for antiangiogenic tumor therapy. Biol Pharm Bull.

2011;34(12):1785-1788.*

Abbreviations: PIGF, placental growth factor; TKI, tyrosine kinase inhibitor; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor

receptor.
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Other data, however, are conflicting and have shown no
effect of anti-PIGF antibodies on tumor angiogenesis in
multiple cell lines, including those resistant to VEGF-A
antibodies.”® Significantly increased expression of PIGF
isoforms has been observed in colorectal cancers, compared
with normal tissue, and in those with poor outcomes.” There
is also increasing evidence for a role of PIGF and other fac-
tors as possible escape mechanisms during antiangiogenesis
therapy with bevacizumab.!*?¢ Increased expression of PIGF
in particular was observed prior to progressive disease
in patients receiving bevacizumab and chemotherapy.'
Additional findings suggest that VEGFR-1, while apparently
not promoting angiogenesis, may nonetheless participate in
an autocrine/paracrine growth pathway, particularly in cells
susceptible to anti-PIGF antibody.?’ In addition, while it is
apparently dispensable for blood vessel growth, VEGF-B
was necessary for blood vessel survival, and targeting of
VEGEF-B could inhibit pathological angiogenesis.?® Taken
together, these findings suggest that VEGF-B and PIGEF,
while perhaps not directly proangiogenic themselves, may
nonetheless play an important role in activating VEGFR-1
under certain pathological conditions.

Bevacizumab: the first antiangiogenesis
therapy in mCRC

Bevacizumab, the first antiangiogenesis therapy to be
approved for use in mCRC, is a humanized monoclonal
antibody that binds to all isoforms of VEGF-A.’ Evidence for
the clinical efficacy of bevacizumab in cancer, notably in the
treatment of mCRC, has been reviewed elsewhere.?’ As noted
earlier, the recent identification of alternatively spliced
variants of VEGF-A, some of which may be antiangiogenic,
complicates the initial rationale for inhibiting VEGF-A.'®
In the United States, bevacizumab is currently indicated in
combination with intravenous 5-FU-based chemotherapy for
the first- or second-line treatment of mCRC.*

The mechanisms underlying the apparent benefit of
bevacizumab in combination with chemotherapy are not well
understood. It was previously thought that inhibition of VEGF
would lead to vessel “normalization” and increase delivery
of chemotherapies to the tumor.’! Recent studies, however,
have suggested that bevacizumab actually reduced tumor
perfusion, with no evidence for improved drug delivery.*
Notably, as a single agent, bevacizumab is also indicated
for the treatment of glioblastoma in patients who have pro-
gressed on other therapies.® The efficacy of bevacizumab
in glioblastoma, a highly vascularized tumor, could imply a
greater dependence on angiogenesis in this tumor type and

a greater susceptibility for inhibition.**** Indeed, recent data
have shown that bevacizumab therapy reduces blood vessel
number, tumor perfusion, and oxygenation in experimental
glioblastoma models.*

New biological agents targeting
the VEGF pathway: mechanisms
Aflibercept (known in the United States

as ziv-aflibercept)

Aflibercept is a recombinant fusion protein consisting of
the second immunoglobulin (Ig) domain of VEGFR-1 and
the third Ig domain of VEGFR-2, fused to human IgGl.
It exhibits affinity for VEGF-A, VEGF-B, and PIGE.3*%
Aflibercept exhibits potent inhibition of human and mouse
tumor xenografts in preclinical studies.!” The biology of
aflibercept and its antitumor effects in preclinical model
systems has been reviewed in detail elsewhere.’® In Phase I
studies of patients with advanced solid tumors, aflibercept
has displayed a manageable safety profile.>” The recently
reported Phase III VELOUR study investigated the efficacy
of aflibercept in combination with irinotecan and 5-FU
(FOLFIRI) in patients with mCRC who had progressed
on a prior oxaliplatin-based regimen.* It is important to
recognize that 30.4% of patients in this study had received
prior bevacizumab treatment. Results of VELOUR showed
significant improvements in the primary endpoint of overall
survival (OS), as well as secondary endpoints of progression-
free survival (PFS) and overall response rate (ORR) with
aflibercept and FOLFIRL.* Median OS in the aflibercept
arm was 13.50 months compared with 12.06 months with
placebo (hazard ratio [HR] = 0.817; P = 0.0032); similarly,
median PFS (6.90 months versus 4.67 months, respectively,
HR =0.758; P =0.00007) and ORR (19.8% versus 11.1%;
P =0.0001) were also significantly improved with aflibercept
relative to placebo.*’ Grade 3 or higher adverse events (AEs)
with a 2% or higher incidence with aflibercept relative to pla-
cebo included proteinuria and hypertension, as well as diar-
rhea, asthenia/fatigue, and stomatitis/ulceration, infections,
abdominal pain, and neutropenia.*’ The results of VELOUR
suggest that targeting multiple ligands may be a viable option
to inhibit angiogenesis in cancer, even in patients who have
progressed after prior bevacizumab treatment. On the basis
of VELOUR, aflibercept has now been approved by the US
Food and Drug Administration (FDA) with the US generic
name of ziv-aflibercept (ZALTRAP®) for use in combination
with FOLFIRI in the treatment of mCRC that is resistant to
or that has progressed following an oxaliplatin-containing
regimen.*!
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As in patients with mCRC, the use of aflibercept in patients
with advanced ovarian cancer, advanced melanoma, metastatic
pancreatic cancer,* and androgen independent prostate
cancer® has been under investigation. It is worth noting that
some of these studies have failed to reach their predetermined
primary endpoint, in contrast to the results of VELOUR.%
For example, in the VITAL study,* which examined the use
of aflibercept in combination with docetaxel for second-
line treatment of non-small-cell lung cancer (NSCLC), a
significant improvement in OS was not observed (HR =1.01);
however, a benefit in PFS (HR = 0.82) and response rate
(RR) (23.3% versus 8.9%) was seen with aflibercept.** AEs
associated with the use of aflibercept are consistent with those
typically seen with agents that inhibit VEGF and include
hypertension, proteinuria, thrombosis, and hemorrhage.*
As such, a pretreatment screening and management plan for
hypertension and proteinuria should be in place, and patients
receiving aflibercept should be educated about, and monitored
for, the signs and symptoms of bleeding.*

Ramucirumab

Ramucirumab (also known as IMC-1121C) is a fully human
monoclonal antibody that binds to the extracellular domain of
VEGFR-2.47% Anti-VEGFR-2 antibodies have shown antitu-
mor activity in a range of tumor model systems.>*! In a
Phase I study of patients with advanced solid tumors, tumor
perfusion and vascularity were decreased with ramucirumab
therapy in 69% of the patients.” Ramucirumab is currently
under investigation (in combination with chemotherapy)
in a number of Phase III studies, including those of breast
cancer, NSCLC, and as a second-line therapy for mCRC.*#
Studies of ramucirumab currently underway in mCRC
include a Phase III study of ramucirumab in combination
with FOLFIRI chemotherapy in patients with progression
following first-line combination therapy with bevacizumab,
oxaliplatin, and a fluoropyrimidine,* and a Phase II study of
ramucirumab, cetuximab, and irinotecan versus cetuximab
and irinotecan in patients with mCRC and progression fol-
lowing a bevacizumab-based regimen.* Toxicities associated
with inhibition of the VEGF axis with ramucirumab (in Phase
I studies) included hypertension, vascular thrombotic events,
and proteinuria.*’ Ramucirumab is also under investigation
in combination with mFOLFOXG6 in patients with mCRC, in
an open-label, randomized, Phase II study (estimated enroll-
ment = 150), which is currently recruiting patients.> Patients
in the trial had disease progression on an irinotecan-based,
first-line chemotherapy regimen (FOLFIRI or CAPIRI), and
the primary endpoint was PFS.3* Also recently described

at the American Society of Clinical Oncology (ASCO)
2012 Annual Meeting is the RAISE trial;> this is an ongo-
ing, randomized, double-blinded, placebo-controlled Phase
III trial of ramucirumab or placebo in combination with
FOLFIRI in patients with mCRC who failed a first-line beva-
cizumab-, oxaliplatin-, or fluoropyrimidine-based regimen.>
The primary endpoint of the trial will be OS, with secondary
endpoints of PFS, RR, safety, and biomarker analysis.>

IMC-18FI

Although it has received less attention than VEGFR-2, there
is emerging evidence for a potential role of VEGFR-1 in
human cancers, including mCRC, and the inhibition of
VEGFR-1 signaling as a potential antiangiogenesis target is
just beginning to be explored.** IMC-18F1 is a high-affinity
human VEGFR-1 neutralizing antibody that specifically
binds the extracellular domain of VEGFR-1 and prevents
its interaction with all of its known ligands (VEGF-A,
VEGEF-B, and PIGF); as such, it effectively blocks its bio-
logical activity in multiple preclinical models, and exhibits
antiangiogenic and antiproliferative activity.”” There is also
evidence from preclinical models that, similar to bevaci-
zumab and aflibercept, this agent can potentiate the anti-
tumor activity of cytotoxic chemotherapies.”” In the same
open-label, randomized, Phase II study as that described
above for ramucirumab,> the combination of IMC 18F1
with mFOLFOXG6 is under investigation in mCRC patients
with disease progression on an irinotecan-based first-line
chemotherapy regimen (FOLFIRI or CAPIRI), and results
of this study should determine whether additional Phase III
trials are warranted.

Other strategies — tyrosine kinase
inhibitors (TKIs)

Because all of the known VEGFRs share an intrinsic
tyrosine kinase activity,*® another means of targeting the
VEGF pathway is through the use of TKIs.®® Many other
cellular receptors utilize tyrosine kinases as a component in
their signaling pathways; thus, many of these agents have
unwanted “off-target” AEs associated with their inhibition
of non-VEGEFR kinases.*®* The utility of TKIs as anti-VEGF
agents can therefore be limited by their specificity for the
various VEGFRs in relation to other receptor tyrosine
kinases (ie, on-target and off-target effects).” In a published
review of these small molecule TKIs, although no inter-agent
comparisons were done, the on-target effects appeared to be
related to VEGFR inhibition. The data were compiled from
a review of studies involving approximately 3000 patients
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treated with various small-molecule, VEGF-targeted TKIs.>’
On-target AEs included VEGF inhibition-related events such
as hypertension, proteinuria, and hemorrhage. Off-target
AEs included events more likely related to the inhibition of
other non-VEGF tyrosine kinases, such as fatigue, diarrhea,
nausea, anorexia, and hand-foot reaction.”® A number of
kinase inhibitors are under investigation as single agents
or in combination with chemotherapies for the treatment of
mCRC, with many in Phase II or III development. A summary
of these agents and the combinations under investigation
(not meant to be exhaustive) is shown in Table 2.7° One of
these agents, regorafenib, is discussed below; it was recently
approved by the FDA for treatment in patients with mCRC in
the third or fourth line, ie, for those who have been previously
treated with fluoropyrimidine-, oxaliplatin-, and irinotecan-
based chemotherapy, an anti-VEGF therapy, and, if KRAS
wild type, an anti-EGFR therapy.”!

Regorafenib (BAY 73-4506)

Regorafenib is an inhibitor of PDGF receptors, c-kit, FGF
receptor, and all three VEGFRs.%%"? In preclinical studies,
regorafenib inhibited tumor growth and microvascular
density in glioblastoma xenograft models.” Regorafenib
also inhibited tumor growth in breast and renal carcinoma
xenograft models.” There are currently several Phase I1I trials
of regorafenib underway or finished in patients with mCRC,
including the completed CORRECT study.***>7? Results of
CORRECT, a randomized, Phase III study of regorafenib

or placebo in patients with mCRC who have progressed
after all approved drugs®” have shown that the study met its
primary objective of improvement in OS, with no new safety
concerns.” The most common grade 3 or higher toxicities
associated with regorafenib in this study included hand-foot
skin reaction, fatigue, diarrhea, hyperbilirubinemia, and
hypertension.” On the basis of this trial, regorafenib was
approved by the FDA for third- or fourth-line treatment in
patients with mCRC. A Phase III interventional, open-arm
study of regorafenib in patients with mCRC who have pro-
gressed after all standard therapies (CONSIGN) is currently
underway.®

Comparing the Anti-VEGF agents:
are there differences?

In our search, two studies that compared preclinical binding
characteristics among the available anti-VEGF biological
agents were identified.’®"™ No direct comparative data com-
paring kinase inhibition or preclinical efficacy among the dif-
ferent TKIs under investigation in mCRC were identified.

Differences in VEGF-A—inhibitor

complex formation

One study found in the search compared the VEGF-A binding
characteristics of bevacizumab with those of aflibercept.™
These investigators found that unlike bevacizumab, afliber-
cept formed stable complexes in the circulation that remained
bound to VEGF-A. In addition, although aflibercept formed

Table 2 Selected anti-VEGF kinase inhibitor agents currently under evaluation in mCRC?

Agent Combination ClinicalTrials.gov (NCT#) Phase Trial completed?

Axitinib Axitinib + FOLFOX NCT00615056% 2 Yes
Axitinib + FOLFIRI
Single agent NCTO01490866°' 2 No

BIBFI120 BIBFI120 + mFOLFOX6 NCT00904839%2 2 Yes
Bevacizumab + mFOLFOX6

Brivanib Brivanib + Cetuximab NCT0064047 ¢ 3 Yes
Brivanib + Placebo

Cediranib Cediranib + FOLFOX NCT00384176% 3 No
Bevacizumab + FOLFOX (HORIZON Il1)

Sunitinib Sunitinib + FOLFIRI NCTO00457691¢ 3 Yes
Placebo + FOLFIRI

Sorafenib Sorafenib + FOLFOX or FOLFIRI NCT00889343¢ 2 Terminated
Placebo + FOLFOX or FOLFIRI

Regorafenib Regorafenib NCTO1103323¢ 3 No
Placebo 3 No
Regorafenib NCTO01538680 (CONSIGN)*®

Vandetanib Vandetanib + FOLFOX NCT00500292% 2 No
Placebo + FOLFOX 2 Yes

Vandetanib + FOLFIRI
Placebo + FOLFIRI

NCT004541 167

Note: *List is not meant to be exhaustive.

Abbreviations: mCRC, metastatic colorectal cancer; NCT, National Clinical Trial; VEGF, vascular endothelial growth factor.
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inert 1:1 complexes with VEGF-A, bevacizumab formed het-
erogeneous multimeric immune complexes that were rapidly
cleared from the circulation (Figure 3).” These differences
in binding and complex formation between bevacizumab
and aflibercept could have important implications in terms
of the AE profile; for example, in terms of renal damage
and proteinuria resulting from the deposition of VEGF-A—
bevacizumab complexes in the kidney.!>"*

Differences in VEGF binding

In another, more recent study, the binding characteristics of
bevacizumab and aflibercept were compared using a variety
of preclinical assessments.?® In this study, aflibercept
showed tight binding to VEGF-A 165, and the dissocia-
tion constant (K ) was significantly lower with aflibercept

compared with dimerized VEGFR-1 or VEGFR-2. The
K, of aflibercept (0.490 pM) was approximately 100-fold
lower compared with bevacizumab (58 pM) (Table 3).%
Notably, this suggests a 100-fold tighter binding to
VEGF-A 165 by aflibercept. A lower K for aflibercept in
binding to VEGF-A 165 was predominantly attributable
to its faster association rate (K, ), which was 77-fold faster
than that seen for bevacizumab (Table 3).3® Consistent
with its design, aflibercept was also shown to bind to
VEGEF-B, PIGF-2, and PIGF-1, whereas bevacizumab did
not (Table 3).3#

Differences in biological activity
In terms of their biological activity as assessed via inhibi-
tion of VEGF-A or PIGF-2-induced activation of VEGFR-

A 3.0x10% —
Bevacizumab: VEGF 165 Aflibercept: VEGF 165
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complexes

Bevacizumab
complexes

Figure 3 Molecular masses of aflibercept-VEGF-A and bevacizumab-VEGF-A complexes. (A) Using a |:2 molar ratio of aflibercept to VEGF 165, discrete peaks were
observed at 17 mL and 14.5 mL. In contrast, a |:2 molar ratio of bevacizumab to VEGF 165 revealed a heterogeneous multimeric complex that ranged in molar mass from
370 kDa to 2000 kDa.” (B) One milligram of a preformed complex of aflibercept (VEGF Trap) and VEGF 165 or bevacizumab and VEGF 165 were injected into the left
ventricle of 2- to 3-month-old C57blé mice. After 10 minutes, the mice were killed, and their kidneys were processed for immunocytochemistry, using an antihuman Fc
reporter antibody to the human Fc moiety present on both aflibercept and bevacizumab. Significant staining was observed in the glomeruli of bevacizumab/VEGF-treated mice
but not in the glomeruli of aflibercept/VEGF-treated mice (white arrows).”

Reprinted with permission from Rudge JS, Holash ], Hylton D, et al. VEGF Trap complex formation measures production rates of VEGF, providing a biomarker for predicting
efficacious angiogenic blockade. Proc Natl Acad Sci U S A. 2007;104(47):18363—18370.7* Copyright 2007 National Academy of Sciences, USA.

Abbreviations: RIU, refractive index units; VEGF, vascular endothelial growth factor.
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1, both bevacizumab and aflibercept inhibited VEGFR-1
activation induced by VEGF-A 165 or VEGF-A 121.
Aflibercept, however, demonstrated 92-fold greater potency
than bevacizumab when evaluated in this assay (Table 3).3
In line with its binding profile, aflibercept also inhibited
VEGFR-1 activation by PIGF-2, whereas bevacizumab did
not show any inhibitory activity (Table 3).*® When the ability
to inhibit VEGF-A-induced activation of VEGFR-2 was
examined in this study, aflibercept also inhibited activation
of VEGFR-2 induced by VEGF-A 165 and was 51-fold more
potent than bevacizumab (Table 3).>® As expected, PIGF-2
did not activate VEGFR-2 in this assay system.

In cells expressing VEGFR-1, aflibercept was also
more potent than bevacizumab in inhibiting luciferase
activity as stimulated by either VEGF-A 121 or VEGF-A
165 (Figure 4A and B).*® When the ability to inhibit cal-
cium mobilization in endothelial cells was examined in
this study, bevacizumab effectively blocked Ca2+ mobi-
lization in endothelial cells (which express VEGFR-1 and
VEGFR-2) when induced by VEGF-A 165 (Table 3).3®
The inhibitory concentration (IC) 50 for aflibercept was
27-fold lower than bevacizumab in this assay. Similarly,
when the ability to inhibit human umbilical vein endothe-
lial cell (HUVEC) migration induced by VEGF-A 165 or
PIGF-2 was examined, aflibercept dose-dependently reduced

HUVEC migration induced by VEGF-A 165 or PIGF-2.*
Bevacizumab also inhibited HUVEC migration induced by
VEGF-A 165, but required greater molar concentrations
than aflibercept to produce the same level of inhibition. As
expected, bevacizumab did not inhibit HUVEC migration
induced by PIGF-2.

As a caveat to these findings, it must be noted that pre-
clinical studies are not predictive of clinical efficacy in the
treatment of cancer or other pathological conditions. It should
also be mentioned that infusion and/or hypersensitivity
reactions could distinguish agents such as bevacizumab and
aflibercept from the TKIs, which are less likely to cause
such AEs.*

AEs

Safety considerations are of course a key aspect of anti-
angiogenesis therapy, but comparative data can only be
gleaned in the context of randomized controlled trials, and
the approved labeling of these agents when used in mCRC.
Because AEs are also impacted by the concomitant regimen
and patient population studied, these factors must also be
considered, and as such no directly comparative data exist
among the approved biologic agents, bevacizumab and
aflibercept. Leukopenia, diarrhea, neutropenia, proteinuria,
increased aspartate transaminase, stomatitis, fatigue, throm-

Table 3 Bevacizumab and aflibercept: comparison of key biological activities®®

Binding activity K

Difference K

Difference in

D A
(pPM) M's) binding activity
Binding to VEGF-A 165
Aflibercept 0.490 I 18-fold 410.0 &77-fold
Bevacizumab 58 53
Binding to PIGF-2
Aflibercept 38.9 NA 17.5 NA
Bevacizumab NB NB
Inhibition of: IC 50 Difference in
(PM) inhibitory
activity
Activation of VEGFR-2 by human VEGF-A 165
Aflibercept 26 &51-fold
Bevacizumab 1323
Activation of VEGFR-1 by human PIGF-2
Aflibercept 2890 NA
Bevacizumab NI
Activation of VEGFR-1 by human VEGF-A 165
Aflibercept 16 <92-fold
Bevacizumab 1476
Ca? mobilization in HUVE cells by VEGF-A 165
Aflibercept 2.6 &27-fold
Bevacizumab 70.8

Note: *Data are derived from preclinical modeling and may not be reflective of clinical differentiation.
Abbreviations: HUVE, human umbilical vein endothelial; IC, inhibitory concentration; KA, association rate; KD. equilibrium dissociation constant; NA, not applicable;
NB, no binding under assay conditions; NI, not inhibited; PIGF, placental growth factor; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor
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Figure 4 (A) Effect of aflibercept and bevacizumab on luciferase activity in cells
expressing VEGFR-| stimulated by VEGF-A 121.*® (B) Effect of aflibercept and
bevacizumab on luciferase activity in cells expressing VEGFR-I stimulated by
VEGF-A 165.%% (C) Effect of aflibercept and bevacizumab on luciferase activity in
cells expressing VEGFR-| stimulated by PIGF.*®

Adapted from Papadopoulos N. Binding and neutralization of vascular endothelial
growth factor (VEGF) and related ligands by VEGF Trap, ranibizumab and bevacizumab.
Angiogenesis. 2012;15(2):171-185. The article/figure is published under Creative
Commons License 2.0 CC-BY.*®

Abbreviations: RLU, relative luciferase units; VEGF, vascular endothelial growth
factor; VEGFR, vascular endothelial growth factor receptor.

bocytopenia, increased alanine transaminase, hypertension,
decreased weight, decreased appetite, epistaxis, abdominal
pain, dysphonia, increased serum creatinine, and headache
were the most common AEs of 20% or greater incidence
occurring at higher incidence (2% or more) with afliber-
cept when used in combination with FOLFIRI (VELOUR
trial).* Neutropenia (37%), diarrhea (19%), hypertension

(19%), leukopenia (16%), stomatitis (13%), fatigue (13%),
proteinuria (8%), and asthenia (5%) were the most com-
mon Grade 3 to 4 adverse reactions of 5% or higher inci-
dence reported at a higher incidence (2% or greater) in the
aflibercept/FOLFIRI arm.*' The prescribing information
for bevacizumab lists the grade 3 and 4 toxicities (5% or
higher incidence) of bevacizumab in combination with IFL
as leukopenia (37%), diarrhea (34%), neutropenia (21%),
hypertension (12%), asthenia (10%), deep vein thrombosis
(9%), abdominal pain (8%), and pain (8%).° AEs associated
with the use of bevacizumab in combination with FOLFIRI
(ie, those most comparable to aflibercept) are not available
from the prescribing information.

Although assessed in an open-label trial without a placebo
control, when used as a first-line therapy in patients (n =209)
with mCRC, bevacizumab in combination with FOLFIRI was
associated with grade 3 or 4 AEs (5% or more of patients) of
neutropenia (29%), venous thromboembolic events ([VTE],
18%), diarrhea (12%), fatigue (10%), vomiting (7%), deep
vein thrombosis (7%), pulmonary embolism (PE, 7%), nausea
(6%, febrile neutropenia (6%), and hypertension (5%), with
the VTE, PE, and febrile neutropenia events each including
at least one event leading to death.” In addition, at least one
grade 3 or 4 targeted AE (ie, those historically associated
with the use of bevacizumab), including VTE, hypertension,
bleeding, proteinuria, gastrointestinal perforation, and wound
healing complications occurred in 35% of patients in this trial
overall.” Taken together, although no directly comparative data
are available, despite its broader binding specificity, aflibercept
appears to have an AE profile related to inhibition of the VEGF
axis, with no major distinguishing event from bevacizumab
emerging as yet. Adverse reactions associated with the use of
ramucirumab and IMC-18F1 will await results from random-
ized controlled clinical trials of these agents in mCRC.

Beyond colorectal cancer

Although antiangiogenesis therapy has been most successful
in colorectal cancer, and in combination with chemotherapy,
increasing diversity of biological agents may allow for a
broader use across certain cancers, including glioblastoma’””
and prostate cancer.”® The AVAglio trial is designed to assess
the efficacy and safety of bevacizumab in combination with
temozolomide in newly diagnosed glioblastoma patients,”’
and aflibercept is also currently under investigation in a
Phase II study of patients with recurrent malignant glioma
that did not respond to temozolomide.** Bevacizumab has
been used in combination with docetaxel and prednisone
(DP) in men with metastatic castration-resistant prostate
cancer in the CALGB 90401 trial.”® Recently reported results
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showed no significant improvement in OS with DP plus
bevacizumab compared with placebo (HR =0.91; P=0.181),
although PFS (9.9 versus 7.5 months; P < 0.001) and
objective response (49.4% versus 35.5%; P = 0.0013) were
significantly improved.” Aflibercept was also being studied
(in combination with DP) in the Phase III VENICE trial
of patients with metastatic androgen-independent prostate
cancer. It was announced in early 2012, however, that the
trial did not meet the prespecified endpoint of improvement
in OS.” Ramucirumab is also currently under investigation
in patients with recurrent glioblastoma multiforme,* and
in patients with advanced androgen-independent prostate
cancer.®

Conclusion

Angiogenesis continues to be a viable therapeutic target
for pathological conditions, including cancer. The devel-
opment and investigation of bevacizumab as a therapeutic
agent has provided a basis for understanding the clinical
potential for biological therapies that target angiogenesis.
Nonetheless, it is clear that VEGF family members other
than VEGF-A (eg, VEGF-B, PIGF) may have roles as angio-
genic mediators in these conditions that are currently less
clearly defined. There is additional evidence that these and
other factors could also contribute to disease progression
in patients treated with mono-targeted therapies for VEGF-
A such as bevacizumab.'* The development of alternative
biological therapies targeting angiogenesis, including
those that target multiple ligands (eg, aflibercept), those
targeting the VEGFRs (eg, ramucirumab), and the TKIs,
are certainly expanding the potential for antiangiogenesis
therapy. As recently pointed out by Zoppoli et al®* however,
important unanswered questions remain, including how to
determine which patients and which tumors are the best
candidates for these therapies; clearly, identifying antian-
giogenesis biomarkers will be an essential component of the
safer, more efficient, and cost-effective application of these
therapies in mCRC and other cancers. The availability of
such markers would favor a more personalized approach to
the treatment of mCRC, which considers both patient- and
tumor-specific factors; a good example of this is the negative
predictive value of the KRAS gene with the use of epidermal
growth factor receptor (EGFR) inhibitors, cetuximab and
panitumumab, in mCRC.* The availability of this marker
prevents the unnecessary use of these costly therapies in
patients who are unlikely to respond.® In addition, with an
increasing number of targeted antiangiogenesis therapies
available and used in combination, it may be necessary to

move beyond a solely biomarker-centered approach to a
more comprehensive view of angiogenesis as a complex
biologic system; a recent review considers this topic in
detail in the context of the EGFR inhibitors.*

In a review of the available preclinical literature of the
antiangiogenic agents,” it was found that inter-agent and
preclinical comparisons between the anti-VEGF TKIs are
currently lacking. It will be of interest to determine whether
such differences, if observed, can be related to efficacy.®® It
also remains to be seen whether differences in kinase inhibi-
tory activity among these agents (ie, on-target versus off-target
effects) will be of predictive value in determining which
patients and/or tumors will benefit from which TKIs. There
is, however, some evidence for notable preclinical differences
in binding, as well as assessable biological activity, among
the available antiangiogenic biological therapies.*® Whether
these differences will translate into improved efficacy and/or
expanded indications for these agents remains to be further
explored. Another important unresolved issue is how these
agents can best be integrated into a sequential treatment plan
for mCRC patients. The recent results from the CORRECT
trial have, for example, established a role for the more broadly-
targeted regorafenib in the third-line setting.” In addition,
results of the VELOUR trial have established the efficacy of
aflibercept in a population of mCRC patients, approximately
one third of whom had progressed on a regimen containing
prior bevacizumab.® There is a need to better understand
whether this relates to the broader specificity of aflibercept as
compared to single-targeted bevacizumab; this could form the
basis for the logical use of these agents in sequence.
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