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ABSTRACT

Angiogenesis, or the formation of new capillary blood vessels,
occurs primarily during human development and reproduc-
tion; however, aberrant regulation of angiogenesis is also a
fundamental process found in several pathologic conditions,
including cancer. As a process required for invasion and me-
tastasis, tumor angiogenesis constitutes an important point of
control of cancer progression. Although not yet completely
understood, the complex process of tumor angiogenesis in-
volves highly regulated orchestration of multiple signaling
pathways. The proangiogenic signaling molecule vascular en-
dothelial growth factor (VEGF) and its cognate receptor (VEGF
receptor 2 [VEGFR-2]) play a central role in angiogenesis and
oftenarehighlyexpressed inhumancancers, and initial clinical
efforts to develop antiangiogenic treatments focused largely
on inhibiting VEGF/VEGFR signaling. Such approaches, how-
ever, often lead to transient responses and further disease

progression because angiogenesis is regulated by multiple
pathways that are able to compensate for each other when
single pathways are inhibited. The platelet-derived growth
factor (PDGF)andPDGFreceptor (PDGFR)and fibroblast growth
factor (FGF) and FGF receptor (FGFR) pathways, for example,
provide potential escape mechanisms from anti-VEGF/VEGFR
therapy that could facilitate resumption of tumor growth.
Accordingly, more recent treatments have focused on inhib-
iting multiple signaling pathways simultaneously. This com-
prehensive review discusses the limitations of inhibiting
VEGF signaling alone as an antiangiogenic strategy, the im-
portance of other angiogenic pathways including PDGF/
PDGFR and FGF/FGFR, and the novel current and emerging
agents that target multiple angiogenic pathways for the
treatment of advanced solid tumors. The Oncologist 2015;
20:660–673

Implications for Practice: Significant advances in cancer treatment have been achieved with the development of antiangiogenic
agents, themajority ofwhich have focused on inhibition of the vascular endothelial growth factor (VEGF) pathway.VEGF targeting
alone, however, has not proven to be as efficacious as originally hoped, and it is increasingly clear that there are many
interconnected and compensatory pathways that can overcome VEGF-targeted inhibition of angiogenesis. Maximizing the
potential of antiangiogenic therapy is likely to require a broader therapeutic approach using a new generation of multitargeted
antiangiogenic agents.

INTRODUCTION

Angiogenesis, a process that involves tight regulation of mul-
tiple signaling pathways, is the physiologic process by which
newbloodvessels formfrompre-existingvessels.Although it is
a homeostatic process that predominantly occurs during
embryogenesis, angiogenesis also occurs in the adult during
the ovarian cycle and in normal physiologic repair processes
such as wound healing. Many cancers exploit angiogenic
mechanisms to stimulate tumor growth and disease pro-
gression [1] (Fig. 1). Numerous proangiogenic and antiangio-
genic factors, extracellular matrix components, and cell types
act in concert to determine the type, location, and abundance

of the angiogenic response [2]. However, there is universal
agreement that vascular endothelial growth factor (VEGF) and
its cognate receptor (VEGF receptor 2 [VEGFR-2]) are themost
prominent regulators of angiogenesis. VEGF signaling stim-
ulates cellular pathways that lead to the formation and
branching of new tumor blood vessels, promotes rapid tumor
growth, and facilitates metastatic potential [3]. Accordingly,
there was a long-held perception that inhibiting the VEGF/
VEGFR pathway alone would cause a rapid and sustained
antiangiogenic/antitumor response [4]. Indeed, several VEGF/
VEGFR targeted inhibitors havebeenapprovedafter improving
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the prognosis of patients with cancer compared with che-
motherapy alone across several indications [5–7]. However,
because other mediators of angiogenesis, including the
platelet-derived growth factor (PDGF) and fibroblast growth
factor (FGF) signaling pathways also regulate angiogenesis,
tumorgrowth, andmetastasis, compensatorymechanismsmay
come into play when VEGF signaling is blocked. Consequently,
more recent antiangiogenic treatments aim to simultaneously
block both VEGF/VEGFR signaling and other pathways that are
critical to angiogenesis and tumor growth. The purpose of this
review is to discuss the relevant signaling pathways involved
in tumor angiogenesis, growth, and resistance to anti-VEGF
therapy and to highlight the potential clinical benefits related
to their pharmacologic inhibition.

MATERIALS AND METHODS

To evaluate angiogenesis in cancer, a systematic review of
the published literature during the period 2005–2014 was
performed using PubMed. Following peer review, this pa-
per was updated with any pertinent literature for the period

2014–2015. Articles were limited to the English language only,
and the following keywordswereused:angiogenesis, vascular
endothelial growth factor, platelet-derived growth factor,
fibroblast growth factor, angiopoietins, TIE2, proto-oncogene
protein RET, proto-oncogene protein MET, and hepatocyte
growth factor. In addition, abstracts from annual meetings of
the American Society of Clinical Oncology and the European
Society forMedical Oncology, amongothers,were searched to
identify recentpresentations relatedtoangiogenesis in cancer.
The discussion of antiangiogenic agents was limited to agents
that have progressed to phase III clinical trial status.

Angiogenesis and the VEGF/VEGFR Pathway
VEGF was initially identified as an endothelial cell-specific
mitogen with the ability to induce physiologic and pathologic
angiogenesis [8, 9]. Since this finding, much has been learned
about thenature of VEGF signaling and its role in angiogenesis.
VEGF comprises a family of ligands (VEGF-A to -Dandplacental
growth factor [PlGF]) that bind to VEGFR tyrosine kinases
[2, 10, 11]. VEGF-A, VEGF-B, and PlGF have decisive roles in

Figure 1. Tumor angiogenesis mechanisms. Soluble angiogenic factors (e.g., VEGF, PDGF, FGF) are secreted from the tumor and
surrounding cells to induce and regulate key steps in angiogenesis. Reproduced with permission from [1].

Abbreviations: bFGF, basic fibroblast growth factor; bFGFR, basic fibroblast growth factor receptor; MMP,matrix metalloproteinase;
PDGF, platelet-derived growth factor; PDGFR, platelet-derived growth factor receptor; VEGF, vascular endothelial growth factor; VEGFR,
vascular endothelial growth factor receptor.
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angiogenesis. Although VEGF-A and -B have the greatest bind-
ing affinity for VEGFR-1 and -2, the majority of angiogenic
effects areattributed to the interactionofVEGF-AwithVEGFR-
2 [11]. Less well understood, VEGFR-1 is thought to function
predominantlyasadecoyreceptorbyregulatingtheamountof
free VEGF-A available to activate VEGFR-2 because VEGFR-1
negatively regulates VEGF-A/VEGFR-2 interaction [12]. The
role of PlGF in angiogenesis remains controversial; however,
gain- and loss-of-function experiments have shown that itmay
directly stimulate vessel growth and maturation and recruit
proangiogenicbonemarrow-derivedprogenitorsandmonocyte-
macrophage lineage cells [13]. VEGF-C and -D appear to be the
most important factors in lymphangiogenesis and have the
greatest binding affinity for VEGFR-3 [14]. Not surprisingly,
VEGFs are produced by several types of cells (Fig. 1), including
fibroblasts, inflammatory cells, andmany tumor cells, often in
response to increasing tissue hypoxia [4].

The role of PlGF in angiogenesis remains controver-
sial; however, gain- and loss-of-function experiments
have shown that it may directly stimulate vessel
growth and maturation and recruit proangiogenic
bone marrow-derived progenitors and monocyte-
macrophage lineage cells.

Inhibition of VEGF/VEGFR Signaling
Several agents, including bevacizumab, aflibercept, and, most
recently, ramucirumab, that target the VEGF/VEGFR signaling
pathway have been developed and are now approved across
several indications.

Bevacizumab
Bevacizumab, a humanized monoclonal antibody (mAb) that
targets VEGF-A to prevent its interaction with VEGFR-1 and -2,
was the first targeted antiangiogenic approved for use in
oncology [15]. Currently approved in the U.S. as combination
therapy for first- and second-line treatment of metastatic
colorectal cancer (mCRC) and metastatic renal cell carcinoma
(mRCC) and for first-line therapy for unresectable, locally
advanced, recurrent, or metastatic non-small cell lung can-
cer (NSCLC), bevacizumab is also approved as monotherapy
for adults with progressive glioblastoma [5]. Most recently,
bevacizumab has also been approved in combination with
chemotherapy for the first-line treatment of persistent, recur-
rent, or metastatic cervical cancer and platinum-resistant
recurrent epithelial ovarian, fallopian tube, or primary perito-
neal cancer [5]. Notably, the U.S. Food andDrugAdministration
(FDA) revoked the product license in the U.S. for the treatment
ofbreastcancer[16].Althoughapositive impactonprogression-
free survival (PFS) and response rate had been demonstrated
consistently, such an effect on overall survival (OS) had not.
Coupledwith anemergingunfavorable adverse events profile in
this population, the use of bevacizumab in breast cancer was
questioned [17], with the FDA concluding that the drug had not
been shown to be safe and effective for that use [16].

Although an important advance in treatment, bevacizu-
mabprovides only amodest survival benefit, with inconsistent

effects indifferenttumortypes [18].Theadditionofbevacizumab
to first-line irinotecan/5-fluorouracil/leucovorin for CRC, for
example, increases OS by 4.7 months, whereas its addition
to first-line carboplatin/paclitaxel for unresectable, locally
advanced, recurrent, and metastatic nonsquamous NSCLC
increases OS by 2months [18]. Responses to bevacizumab are
often transient, and many patients experience disease
progression as an adaptive response to ongoing therapy
or following treatment withdrawal [19–21]. Furthermore,
early studies with bevacizumab across a variety of cancer
types established a set of adverse events (AEs) attributed to
antiangiogenic therapy, with the most documented toxicity
being hypertension, which was reported in up to 36% of
patients [22]. Because clinical trials are conducted under
varying conditions and patient types (e.g., different treatment
regimens, cancer types, age groups), the frequencyofAEsvaries
widely. The most common AEs observed in bevacizumab-
treated patients at a rate of .10% and at least twice the
control arm rate are epistaxis, headache, hypertension,
rhinitis, proteinuria, taste alteration, dry skin, rectal hemor-
rhage, lacrimation disorder, back pain, and exfoliation [23, 24].

Aflibercept
Aflibercept is a fusion protein that consists of VEGF-binding
portions from the extracellular domains of human VEGFR-1
and -2 fused to the Fc portion of human immunoglobulin G1
(IgG1) [25]. Aflibercept functions as a decoy receptor by neu-
tralizing the available VEGF-A and -B and PlGF and making the
ligands unavailable to bind and activate VEGFRs. The ability
of aflibercept to bind multiple VEGF ligands may provide
amore complete blockade of angiogenesis than bevacizumab,
which targets only VEGF-A [26]. Preclinical studies with
aflibercept showed antitumor and antiangiogenic activity in
a variety of xenograft models, including human colon cancer
[25–27]. Indicated for patients with mCRC that is resistant to
or that has progressed following an oxaliplatin-containing
regimen, approval of aflibercept was based on findings from
a phase III trial that showed its addition to folinic acid,
fluorouracil, and irinotecan (FOLFIRI) significantly improved
OS relative to placebo plus FOLFIRI in patients withmCRCwho
had previously received oxaliplatin (median: 13.50 vs. 12.06
months, respectively; hazardratio [HR]: 0.817;95%confidence
interval [CI]: 0.713–0.937; p 5 .0032) [22, 28]. AEs with
aflibercept compared with placebo were very similar to,
although less severe than, those seen with bevacizumab and
other antiangiogenic agents. The most common AEs ($20%)
reported at a higher incidence ($2%) than with placebo are
leukopenia, diarrhea, neutropenia, proteinuria, increased
aspartate aminotransferase, stomatitis, fatigue, thrombocy-
topenia, increased alanine aminotransferase, hypertension,
decreased weight, decreased appetite, epistaxis, abdominal
pain, dysphonia, increased serum creatinine, and headache
[22].

Ramucirumab
Recently approved in the U.S. for advanced gastric cancer
or gastro-esophageal junction (GEJ) adenocarcinoma after
prior fluoropyrimidine- or platinum-containing chemother-
apy, ramucirumab is a fully humanized IgG1mAb targeting the
extracellular domain of VEGFR-2 [7]. The phase III REGARD
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andRAINBOWtrials,whichwerepivotal to FDAapproval, eval-
uated ramucirumab asmonotherapy and in combination with
paclitaxel, respectively, in previously treated patients with
advanced gastric cancer or GEJ adenocarcinoma [29]. The
REGARD trial found that patients receiving ramucirumab with
best supportive care (BSC) experienced median OS of 5.2
months compared with 3.8 months with placebo (HR: 0.776;
95%CI: 0.603–0.998;p5 .047). In the phase III RAINBOWtrial,
the addition of ramucirumab significantly improved OS from
7.36 months to 9.63 months (HR: 0.807; 95% CI: 0.678–0.962;
p5 .0169) [30]. Ramucirumab has shown varying degrees of
efficacy in renal, uterine, colorectal, and ovarian carcinoma
[31, 32]. Most recently, results of ramucirumab trials in NSCLC
and breast cancer have been reported. As a second-line
treatment, ramucirumab plus docetaxel in the phase III REVEL
study (NCT01168973)was reportedtosignificantly increaseOS
among patients with stage IV NSCLC versus docetaxel alone
(10.5 vs. 9.1 months; HR: 0.86; 95% CI: 0.75–0.98; p 5 .023)
[33]. Furthermore, ramucirumabwaswell tolerated,withmost
treatment-emergent AEs occurring at a similar frequency in
the ramucirumab and placebo arms. Ramucirumab is now
approved in the U.S. in combination with docetaxel as a
second-line therapy in advanced and/ormetastatic NSCLC [7].
However, in metastatic, human epidermal growth factor
receptor 2-negative (HER2-negative) breast cancer, results
have been somewhat disappointing. In the ROSE/TRIO trial,
ramucirumab in combination with docetaxel failed to dem-
onstrate a meaningful improvement in important clinical
outcomes versus docetaxel alone (OS: 27.3 vs. 27.2 months;
HR: 1.01; 95% CI: 0.83–1.23; p5 .915) [34]. Phase III trials of
ramucirumabarealsoongoing inmCRC,and results of itsuse in
advanced hepatocellular carcinoma (HCC) as a second-line
treatment (REACH trial) have been presented recently [35]. In
that study, patients who had progressed during or following
sorafenib or who were intolerant to it received ramucirumab
plusBSCversusplaceboplusBSC.A significant improvement in
PFS (2.8vs.2.1months;HR:0.63;95%CI: 0.52–0.75;p, .0001)
wasobserved in the ramucirumabarmversusplacebo, but this
did not translate into a significant OS improvement (9.2 vs. 7.6
months; HR: 0.866; 95% CI: 0.717–1.046; p5 .1391) [35].

Angiogenesis Beyond the VEGF/VEGFR Pathway
Although VEGF-mediated signaling can promote the growth,
survival, migration, and invasion of cancer cells, a role for a
number of signaling pathways working in combination with
VEGF/VEGFR signaling is now appreciated. Studies of these
proangiogenic signaling pathways have provided considerable
insight into the molecular mechanisms that underlie tumor
angiogenesis andprovide a foundation for thedevelopment of
antiangiogenic therapies that target these pathways (Fig. 2).
Indeed, VEGF-independent signaling pathways have been
shown to regulate tumor angiogenesis and serve as alternative
inductors of tumorgrowth [36]. Several of these pathways have
beenwell characterized, including the FGF/FGFR, PDGF/PDGFR,
and hepatocyte growth factor (HGF)/METsignaling pathways.

VEGF-independent signaling pathways have been
shown to regulate tumor angiogenesis and serve as
alternative inductors of tumor growth.

PDGF/PDGFR
The PDGF family consists of PDGF-A to -D polypeptide
homodimers and the PDGF-AB heterodimer. These ligands
exert their effects by binding to the PDGFR-a and -b ty-
rosine kinase receptors and activating pathways that are
the same as and/or similar to those stimulated by VEGF [37,
38]. Accordingly, activation of PDGF signaling is implicated
in growth, survival, and motility of a variety of cell types
[39]. Overstimulation of PDGF signaling, either alone or in
combination with FGF and VEGF, is associated with tumor
vascularization in malignant disease, including but not
limited to NSCLC, HCC, and ovarian cancer (OC) [39, 40].
Furthermore, direct activation of PDGF signaling has been
observed in multiple tumor types, and coexpression of
PDGF and its receptor suggests a role for autocrine and
paracrine activation [41]. Roles for aberrant PDGF signaling
in tumor angiogenesis include pericyte recruitment to
vessels; secretion of proangiogenic factors; stimulation of
endothelial cell proliferation, migration, sprouting, and
tube formation in tumors; and promotion of lymphangio-
genesis and subsequent lymphatic metastasis [42–45]. The
importance of PDGF signaling in tumor angiogenesis is
further supported by several studies demonstrating that
PDGFR inhibitors improve the antitumor efficacy of VEGFR
blocking agents [46]. Work is ongoing to clarify a role
for PDGF in tumor angiogenesis, in the hope of devel-
oping more effective antiangiogenic treatments that re-
duce growth, maturation, and metastases of various tumor
types.

FGF/FGFR
FGFs are heparin-binding growth factors that comprise a
family of 23 members, 18 of which function as ligands for four
receptor tyrosine kinases (RTKs), namely, FGFR-1 to -4 [47, 48].
FGFs and FGFRs are ubiquitously expressed and have numer-
ous functions, including the regulation of normal cell growth
and differentiation and of angiogenesis [49]. FGFR-1 is the
primary FGFR expressed on endothelial cells, although FGFR-2
is also present in small amounts [50]. Among the FGFR
ligands, FGF1 and FGF2 have been reported to have potent
proangiogenic effects that induce the proliferation and
migration of endothelial cells [51]. Overexpression of FGF
and FGFR is reported in many cancers and is attributed to
a number ofmutations, including constitutive activation, gene
amplification, translocations, gene fusions, and altered gene
splicing, which may lead to enhanced angiogenesis through
the stimulationand release ofother proangiogenic factors [48,
49]. As discussedpreviously for PDGF, a collaborative interplay
between FGF and VEGF signaling has also been demonstrated
to be important for angiogenic and metastatic processes
[52–54]. FGFcanact synergisticallywithVEGFtoamplify tumor
angiogenesis; therefore, simultaneously targeting the FGF and
VEGF pathways may more efficiently suppress angiogenesis
and tumor growth than targeting either pathway alone. FGFs
are implicated in the emerging phenomenon of resistance to
VEGF inhibition. Resistance to VEGFR-2 blockade in late-stage
tumors, for example, occurred in in vivo pancreatic cancer
models, in which tumors regrew following an initial period of
anti-VEGFR-2-mediated growth suppression [55].
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ANG/TIE2
Angiopoietins play a critical role in the maintenance of
vessel quiescence and comprise a family of four ligands
(ANG1 toANG4). ANG1andANG2are thebest-characterized
members and bind to the TIE2 receptor. ANG1 binding
enhances perivascular-endothelial cell interaction and
endothelial cell survival, which, in turn, promotes the
stabilization of blood vessels, whereas ANG2 is predomi-
nantly synthesized and secreted by endothelial cells at sites
of vascular remodeling in response to proangiogenic signals
(e.g., inflammation, cytokines, hypoxia) [56]. Of note, ANG2
overexpression in many cancers correlates with poor
survival and more invasive cancer phenotypes [53, 57];
however, studies indicate that, depending on the context,
ANG/TIE2-targeting therapy can promote either protumor
or antitumor effects. ANG2/TIE2-stimulated tumor vascular
destabilization, for example, also may render established
vasculature more resistant to antiangiogenic therapy,
whereas TIE2 inhibition is believed to promote vascular
regression. Hampered in part by a limited understanding
of the biological complexity that is generated by agonistic
and antagonistic signaling, development of treatments
targeting the ANG/TIE2 pathway has proved to be
challenging [58].

HGF/MET
Produced as a single-chain inactive precursor protein, HGF is
a pleiotropic growth factor that bindsMET RTK. Not only does
HGF/METsignaling regulate normal cell proliferation, motility,
and survival, it also mediates tumor angiogenesis and growth
in a variety of cell and tissue types, including various carcino-
mas, sarcomas, hematopoietic malignancies, melanomas, and
central nervous system tumors [59, 60]. Proangiogenic effects

of HGF/MET on tumors occur primarily by direct activation of
endothelialcellstoundergomotogenicormorphogenicchanges
and by indirect stimulation of the production of proangiogenic
factors, including VEGF [61]. Comparisons of bevacizumab-
resistant glioblastoma with pretreatment tumors from the
same patients found increased MET expression in the former,
suggesting that METmay play a role in antiangiogenic therapy
resistance by compensating for the inhibition of VEGF and
promoting an invasive tumor phenotype [62, 63]. The role of
HGF/MET signaling in tumor angiogenesis continues to be
a topic of intense investigation because better under-
standing could facilitate the development of MET-targeted
therapies [59].

RET
The rearranged during transfection (RET) proto-oncogene
encodes an RTK that is required formany biological processes,
including normal development, maturation, andmaintenance
of several tissues and cell types [64]. When mutated, RET is
associated with the growth, maintenance, and progression of
several human cancers, including thyroid carcinoma, lung
adenocarcinoma, chronic myelomonocytic leukemia, pancre-
atic cancer, breast cancer, acute myeloid leukemia, and colon
carcinoma [64, 65]. Althoughadirect role in tumorangiogenesis
and growth is not completely understood, RET appears to act in
a tissue-specific manner by promoting tumor-associated in-
flammation and recruitment of proinflammatory mediators to
stimulate tumorangiogenesis [64]. Furthermore, clinical studies
of small-molecule tyrosine kinase inhibitors (TKIs) showed that
inhibition of VEGFR-2 and epidermal growth factor receptor
(EGFR) or MET also inhibits RET activity, suggesting that the
effects of RET can occur, at least in part, through interaction
among these pathways [66–68].

Figure 2. Angiogenesis signaling and targets of inhibition in approved antiangiogenic agents. Reproduced and adapted with permission
from [74].

Abbreviations: Ang, angiopoietin; FGF, fibroblast growth factor; FGFR, fibroblast growth factor receptor; PDGF, platelet-derived
growth factor; PDGFR, platelet-derived growth factor receptor; PlGF, placental growth factor; VEGF, vascular endothelial growth factor;
VEGFR, vascular endothelial growth factor receptor.
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Overcoming Resistance to Antiangiogenic Agents:
Targeting Multiple Angiogenic Signaling Pathways
Despite the efficacy that anti-VEGF/VEGFR targeted treat-
ments can potentially provide, it is now apparent that many
patients are intrinsically refractory or develop resistance to
existing antiangiogenic agents that principally target VEGF-A
or -B and VEGFR-2. Antiangiogenic resistance is most easily
explained by the presence and utilization of various redun-
dant and compensatory proangiogenic signaling pathways to
recruit vasculature [69–71]. In support of this hypothesis,
studies show that PlGF may mediate resistance by promoting
proangiogenic signals when VEGF-A is blocked. In a phase II
trial of FOLFIRI and bevacizumab in patients with previously
treatedmCRC,plasma levelsofVEGF-C,VEGF-D, andPlGFwere
significantly elevated before or at the time of disease
progression, suggesting that the increased levels of these
proangiogenic factors may compensate for the anti-VEGF-A
effectsofbevacizumab [72]. Similar findingswere reported ina
study of bevacizumab-treated patients with CRC that demon-
strated that those patients eventually developed increased
levels of PlGF andVEGF-D,which coincidedwith resumptionof
angiogenesis [73]. Studies also show that, in the absence of
VEGF-A activity, binding of VEGF-C and -D to VEGFR-2 and -3
may be sufficient to promote angiogenesis and tumor
progression,whichhighlights anotherpotential compensatory
angiogenic mechanism in bevacizumab-treated patients [74].

Similarly, the suggestion of a role for FGF and PDGF sig-
naling in the development of anti-VEGF resistance is borne out
by clinical observations showing that increased plasma levels
of FGF and PDGF precede disease progression in patients
receiving bevacizumab chemotherapy [72]. FGF and PDGF are
among the better-characterized proangiogenic pathways im-
plicated in anti-VEGF resistance [55, 75–78]. Indeed, the VEGF,
FGF, and PDGF signaling pathways appear to be closely
integrated, as shownbydatasuggesting their redundancyand/
or synergy in angiogenesis. FGF-dependent revascularization,
for example, has been reported in anti-VEGF-resistant patients
who have pancreatic tumors or recurrent glioblastoma [55,
79]. Similar findings are reported for PDGF signaling, with
PDGFRexpression found tobe increased in apancreatic cancer
model that is resistanttoVEGFR inhibition; combinedtargeting
of VEGF and PDGF signaling induced regression of established
tumor blood supply and inhibited tumor growth [77, 78].

Although data highlight the importance of VEGF signaling,
it seems likely that, given themany intracellular pathways that
influence tumorigenesis, treatments targeting this pathway
alone may be less effective compared with multitargeting
agents. A multitargeted approach to treatment is believed to
limit the development of resistance and maximize antitumor
efficacy [70].

Current and Emerging Multitargeting
Antiangiogenic Agents
Antiangiogenic treatments that target multiple signaling
pathways simultaneously have been and continue to be
developed in the hopeof increasing antitumor efficacy (Fig. 2).
Several currently available cancer treatments aim to inhibit
VEGF, FGF, PDGF, and/or other angiogenesis signaling path-
ways (Table 1) and have been approved across different cancer
indicationsforanumberofyears.Theseagents includesorafenib,

sunitinib, axitinib, and pazopanib. Sorafenib, sunitinib, and
axitinibaresmall-moleculeTKIs that simultaneously inhibit the
VEGFandPDGFpathwaysand targetother signalingpathways,
whereas pazopanib inhibits the VEGF, PDGF, FGF, and other
pathways [6, 83, 85, 86]. Preclinical studies suggest that the
antitumor and antiangiogenic effects of these agents occur in
part through activation of endothelial cell apoptosis, de-
creased vessel permeability, and reduced blood flow [80,
104–110].

For some of the more recently approved agents, such as
cabozanitinib and vandetanib, their efficacy may also be at-
tributed inpart to theireffectsonother tumorgrowthsignaling
pathways and mechanisms. Cabozantinib targets the VEGFR
family as well as c-Met, RET, c-KIT, TRKB, FLT-3, AXL, and TIE2
[66, 67], whereas vandetanib targets the VEGFR family and
EGFR in addition to RET, BRK, TIE2, and EPH receptors and Src
signaling [87].Cabozantinibandvandetanibarebothapproved
for advanced/metastaticmedullary thyroid cancer, a relatively
rare malignancy [66]. OS data are not yet available, but both
compounds have demonstrated significant improvements in
PFS versus placebo in this population [66, 68].

Regorafenib is a potent TKIwith activity againstVEGFR-1 to
-3, PDGFR-a and -b, FGFR-1 and -2,TIE2, c-KIT, RET, RAF-1, and
BRAF. Regorafenib was approved by the FDA in 2012 for the
second-line treatment of patients with mCRC who have been
previously treated with fluoropyrimidine-, oxaliplatin-, and
irinotecan-based chemotherapy, with anti-VEGF therapy and,
if KRAS wild type, with anti-EGFR therapy [83]. Clinical studies
show that regorafenib significantly reduces tumor vascularity,
delays tumor growth, and prevents metastasis in colon cancer
models, supporting its use as an antiangiogenic treatment for
CRC [111, 112].

In November 2014, the multitargeting antiangiogenic
agent nintedanib was granted marketing authorization in the
EuropeanUnion for use in combinationwith docetaxel to treat
locally advanced, metastatic or locally recurrent NSCLC of
adenocarcinomahistology after first-line chemotherapy [113].
This approval was based on the LUME-Lung 1 trial, which
demonstrated a significant improvement in OS to more than
1 year in patients with lung adenocarcinoma treated with
nintedanib plus docetaxel versus docetaxel alone [90]. Phase I
and II clinical studies initially demonstrated beneficial clinical
effects with nintedanib monotherapy in advanced HCC, RCC,
and CRC, and in addition to standard chemotherapy combi-
nation regimens in various tumor types, including prostate
cancer and gynecologic malignancies [114–122]. Encouraging
PFS data in OC have been reported (Table 2), and OS data for
this indication are awaited [92]. Nintedanib is an orally
available angiokinase inhibitor of VEGFR-1 to -3, PDGFR-a and
-b, and FGFR-1 to -3, in addition to FLT-3 and Src [82, 114, 138].
Human tumormodel studies show that nintedanib can reduce
vessel density, vessel integrity, and tumorgrowthviaeffectson
endothelial and smooth muscle cells, pericytes, and tumor
cells [82].

Several other multitargeting antiangiogenic agents are
currently in late-stage clinical trials or are under review
for approval. These include cediranib, dovitinib, linifanib,
brivanib, and lenvatinib (Table 2), which are all investiga-
tional antiangiogenic agents that inhibit various VEGFR,
FGFR, and PDGFR family members and associated aspects of
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angiogenesis. Of these agents, cediranib is perhaps the fur-
thest advanced in development, with completed or ongoing
phase III trials for a number of indications, including CRC,
NSCLC, ovarian cancer, glioblastoma, and biliary tract cancer.
Most recently, in 2013, initial results from the ICON-6 trial of
relapsedplatinum-sensitive ovarian cancer showed significant
improvement in PFS when cediranib was given concurrently
with platinum-based chemotherapy versus chemotherapy
aloneandapositive effect onbothPFSandOSwhen continued
as amaintenance therapy [134]. Despite initial signs of activity
as a monotherapy or in combination with chemotherapy in
advanced tumors, cediranib has not yet been approved for use
[139], andphase III clinical trials continue toevaluatetheutility
of this drug in combination with chemotherapy.

The investigational agent dovitinib, which targets FGFR as
well as VEGFR and PDGFR, is being evaluated in RCC and has
reached phase III development. In phase I trials, although
dovitinib demonstrated activity in heavily pretreated patients
[126], itwas not shown to be superior to sorafenib in the third-
line setting in patients with RCC who had progressed during
treatment with previous VEGF-targeted therapies and mam-
malian target of rapamycin inhibitors [136]. RCC is a highly
vascularized tumor, which is often due to von Hippel-Lindau
gene mutations that drive proangiogenic signaling pathways
[140]. The antiangiogenic agents axitinib and pazopanib have
demonstrated significant antitumor activity and have been
approved in advanced RCC as second-line therapy (Table 1).

Lenvatinib and linifanib, which target VEGFR, FGFR, and
PDGFR, and brivanib, which targets VEGFR and FGFR, have
reached phase III development inHCC. Hypervascularization is
a key characteristic of HCC disease progression [141], making
this an attractive indication for the investigation of antiangio-
genic agents. Indeed, sorafenib has been approved for this
indication for a number of years [85]; however, resistance to
sorafenib has been observed [141, 142] and has led to the
investigationofotherantiangiogenic agents.Thedevelopment
of both linifanib and brivanib, however, appears to have
faltered. Neither compound has demonstrated superiority or
noninferiority to sorafenib (in terms of OS), and this is coupled
with increased toxicity in first-line treatment [123, 129] and
the termination of phase III HCC trials for both compounds
(Table 2). The efficacy and safety of antiangiogenic agents in
HCC continues to be debated [141].

DISCUSSION

Angiogenesis is a complex mechanism that depends on the
tumor type. Indications including RCC, HCC, NSCLC, and OC,
which are considered to be highly vascularized tumors, have
been the focus of development for antiangiogenic agents.
Several antiangiogenic agents are approved for these indica-
tions. Becausemultiple therapeutic options are available now,
most patients on clinical trials receive additional lines of
therapy when their tumors progress, thus it has been felt that
the classic survival endpoint for approving novel compounds
by the FDAmay not be ideal.There is a push tomove to PFS as
an endpoint for approval by the FDA. Although this endpoint
has not been fully adopted, there is evidence that the agency is
moving in this direction.

It is interesting that fewagents arecontinuing tobestudied
in solid tumors such as breast cancer, which are considered toTa
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be less vascularized (Tables 1, 2). To date, the efficacy of antiangio-
genicagentssuch as bevacizumab, sorafenib, and ramucirumab
in breast cancer has been very variable [17].The variability in
response to antiangiogenic therapy in breast cancer is most
likely explained by the extent of vascularization in this tumor
type, the highly heterogeneous nature of the disease, the
development of drug resistance, and the utilization of
compensatory angiogenic mechanisms [17]. Recent results
with ramucirumab plus docetaxel in the ROSE/TRIO trial
in advanced HER2-negative breast cancer were disappointing
[34].Nomeaningful improvementin importantclinicaloutcomes
such asOSversusdocetaxel alonewereobserved, and therewas
significantlymore toxicity [34]. However, results from the TANIA
and IMELDAtrials in this indicationdemonstratedthatcontinued
second-line treatment with bevacizumab plus chemotherapy
significantly improved PFS compared with bevacizumab alone
[143, 144]. It is clear that the use of antiangiogenic therapy in
breast cancer remains to be fully evaluated [17].

High variability in patient response to antiangiogenic
therapy across different indications exists, and this is coupled
with the development of therapy resistance [145]. As with
other targeted compounds, a biomarker to identify patients
with cancer who will benefit from antiangiogenic therapy is
still needed. One of the main challenges in identifying
potential biomarkers for antiangiogenic therapy is the
complex nature of the angiogenic signaling process, which
is characterized by multiple pathways that not only overlap
but that continuously cross-talk, making it difficult to
eliminate an angiogenic stimulus [146]. Several possible
types of biomarkers are being investigated across different
indications: circulating biomarkers (e.g., concentrations of
soluble angiogenic receptor ligands), genetic biomarkers

(e.g., singlenucleotidepolymorphisms), tissuebiomarkers (e.
g., immunohistochemical staining of angiogenic receptors);
and physiologic biomarkers (e.g., hypertension) [145].
However, the reproducibility of candidate biomarkers across
indications is limited, and there is a paucity of studies
omparing the same biomarkers for the same indication. The
use of genomic and proteomic technologies will be key in
improving our ability to match a target pathology with
antiangiogenic therapy [17].

CONCLUSION
The focus of newand emerging antiangiogenic therapies is the
simultaneous disruption of multiple signaling pathways. It is
hoped that by usingmultitargeting, tumors will be less able to
overcome the antiangiogenic and antitumor effects. Indeed,
results from various clinical trials have already demonstrated
the benefits of some multitargeting antiangiogenic agents in
different tumor types.

ACKNOWLEDGMENTS

Medical writing assistance, supported financially by Boehringer
Ingelheim, was provided by Duncan Campbell of GeoMed and
Christopher Ontiveros of inVentiv Medical Communications
during the preparation of the manuscript.

AUTHOR CONTRIBUTIONS
Conception/Design: Yujie Zhao, Alex A. Adjei
Data analysis and interpretation: Yujie Zhao, Alex A. Adjei
Manuscript writing: Yujie Zhao, Alex A. Adjei
Final approval of manuscript: Yujie Zhao, Alex A. Adjei

DISCLOSURES

The authors indicated no financial relationships.

REFERENCES

1. Folkman J. Angiogenesis: An organizing princi-
ple for drug discovery? Nature Rev Drug Discov
2007;6:273–286.
2. KieranMW, Kalluri R, Cho YJ.The VEGF pathway

in cancer and disease: Responses, resistance, and
the path forward. Cold Spring Harb Perspect Med
2012;2:a006593.

3. Hicklin DJ, Ellis LM. Role of the vascular endo-
thelial growth factor pathway in tumor growth and
angiogenesis. J Clin Oncol 2005;23:1011–1027.

4. Carmeliet P, JainRK.Molecularmechanismsand
clinical applications of angiogenesis. Nature 2011;
473:298–307.

5. Avastin [prescribing information]. South San
Francisco, CA: Genentech; 2014.

6. Inlyta [package insert].NewYork,NY:Pfizer, Inc.;
2013.

7. Cyramza [package insert]. Indianapolis, IN: Eli
Lilly and Company; 2014.

8. LeungDW,CachianesG,KuangWJetal.Vascular
endothelial growth factor is a secreted angiogenic
mitogen. Science 1989;246:1306–1309.

9.Tischer E, Gospodarowicz D, Mitchell R et al.
Vascular endothelial growth factor: A new mem-
ber of the platelet-derived growth factor gene
family. Biochem Biophys Res Commun 1989;165:
1198–1206.

10. Cao Y. Positive and negative modulation of
angiogenesis by VEGFR1 ligands. Sci Signal 2009;
2:re1.

11. Dvorak HF. Vascular permeability factor/
vascular endothelial growth factor: A critical cyto-
kine in tumor angiogenesis and a potential target
for diagnosis and therapy. J Clin Oncol 2002;20:
4368–4380.

12. Fischer C,MazzoneM, Jonckx B et al. FLT1 and
its ligands VEGFB and PlGF: Drug targets for anti-
angiogenic therapy? Nat Rev Cancer 2008;8:
942–956.

13. De Falco S. The discovery of placenta growth
factor and its biological activity. Exp Mol Med
2012;44:1–9.

14.Tammela T, Alitalo K. Lymphangiogenesis:
Molecular mechanisms and future promise. Cell
2010;140:460–476.

15. Ferrara N, Hillan KJ, Gerber HP et al. Discovery
and development of bevacizumab, an anti-VEGF
antibody for treating cancer. Nat Rev Drug Discov
2004;3:391–400.

16. FDA commissioner announces Avastin deci-
sion.Availableathttp://www.fda.gov/NewsEvents/
Newsroom/PressAnnouncements/ucm280536.
htm. AccessedMay 5, 2015.

17. Kristensen TB, Knutsson ML, Wehland M
et al. Anti-vascular endothelial growth factor
therapy in breast cancer. Int J Mol Sci 2014;15:
23024–23041.

18.Mortimer J, ZonderHB, Pal SK. Lessons learned
from the bevacizumab experience. Cancer Contr
2012;19:309–316.

19. Shojaei F. Anti-angiogenesis therapy in cancer:
Current challenges and future perspectives. Cancer
Lett 2012;320:130–137.

20.MancusoMR, Davis R, Norberg SMet al. Rapid
vascular regrowth in tumors after reversal of VEGF
inhibition. J Clin Invest 2006;116:2610–2621.
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