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The discovery of vascular endothelial-derived growth factor (VEGF) has revolutionized our
understanding of vasculogenesis and angiogenesis during development and physiological homeo-
stasis. Over a short span of two decades, our understanding of the molecular mechanisms by which
VEGF coordinates neurovascular homeostasis has become more sophisticated. The central role of
VEGF in the pathogenesis of diverse cancers and blinding eye diseases has also become evident.
Elucidation of the molecular regulation of VEGF and the transformative development of multiple
therapeutic pathways targeting VEGF directly or indirectly is a powerful case study of how funda-
mental research can guide innovation and translation. It is also an elegant example of how agnostic
discovery and can transform our understanding of human disease. This review will highlight critical
nodal points in VEGF biology, including recent developments in immunotherapy for cancer and

multitarget approaches in neovascular eye disease.

Introduction
The development of a neovascular supply, or angiogenesis,
serves crucial homeostatic roles, since blood vessels carry
nutrients to tissues and organs and remove catabolic products.
However, uncontrolled growth of blood vessels can promote or
facilitate numerous disease processes, including tumors and
intraocular vascular disorders. Over 70 years ago, it was hypoth-
esized that the ability to induce new vessel growth through
release of “blood-vessel growth-stimulating factors” confers
on tumor cells a growth advantage (Ide et al., 1939; Algire
et al., 1945). At about the same time, it was proposed that a
diffusible factor may be responsible not only for the development
of the normal retinal vasculature, but also for pathological neo-
vascularization in proliferative diabetic retinopathy and other
disorders (Michaelson, 1948). Judah Folkman’s hypothesis that
“anti-angiogenesis” could be a strategy to treat cancer and
possibly other disorders (Folkman, 1971) generated a great
deal of enthusiasm and gave a major boost to the field. How-
ever, harnessing such therapeutic potential required isolation,
sequencing, and cDNA cloning of the mediators of angiogen-
esis—all major technological challenges at that time.
Vasculogenesis, the formation of blood vessels from de novo
generation of endothelial cells, and angiogenesis, the process
of new blood vessel formation, are critical during development
and subsequent physiologic homeostasis but can be pathogenic
in cancers and several ophthalmic diseases. Vascular endothe-
lial-derived growth factor (VEGF), important in vasculogenesis
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and angiogenesis, was identified, isolated, and cloned over
25 years ago (Ferrara and Adamis, 2016). While VEGF mainly tar-
gets endothelial cells, it has been shown that this factor has mul-
tiple effects on additional cell types. Although there are several
related genes, including VEGF-B, VEGF-C, and placental growth
factor (PIGF), most attention is focused on VEGF-A due to its key
role in regulating angiogenesis during homeostasis and disease.
Although VEGF is essential for physiologic vascular homeostasis
in diverse cells and tissues, it has been demonstrated to be
important in the molecular pathogenesis of tumor growth and
metastasis and in retinopathy associated with several blinding
eye diseases, including age-related macular degeneration
(AMD) and diabetic and hypertensive retinopathy (Adamis and
Shima, 2005; Ferrara, 2016). VEGF-mediated pathogenic effects
are primarily due to its effects on vascular permeability and
neoangiogenesis (neovascularization). A number of therapeutic
approaches have since targeted one or more isoforms of
VEGF, the VEGF receptors, or signaling pathways, and some
have since led to approval of drugs by regulatory authorities
around the world (summarized in Box 1; Ferrara and Adamis,
2016). The biology of VEGF is a unique illustration of how funda-
mental discovery at the bench has informed and transformed
therapeutic discovery and development aimed at the bedside
in a relatively short time span of less than 15 years. Targeting
VEGF and associated pathways has prevented blindness in
millions of patients with eye disease and increased survival/life-
span for patients suffering from a number of different cancer
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Box 1. US FDA-Approved Drugs Targeting VEGF-Regulated

Pathways in Oncology (in Combination with Other Therapies)
and Indications

Adapted from Zirlik and Duyster (2018).

1. Bevacizumab (target: VEGF-A): locally, advanced, metastatic, or
recurrent colorectal cancer (CRC); metastatic NSCLC; recurrent
glioblastoma; cervical cancer; certain recurrent epithelial ovarian,
fallopian tube, or primary peritoneal cancer; metastatic RCC

2. Ziv-aflibercept (targets: VEGF-A, VEGF-B, PIGF): metastatic CRC

3. Ramucirumab (target: VEGFR2): metastatic CRC, metastatic
NSCLC, gastric or gastroesophageal adenocarcinoma

4. Multiple TKis (sorafenib, sunitinib, regorafenib, pazopanib,
axitinib, vandetanib, lenvatinib, cabozantinib): various cancers
depending on the specific TKI, including RCC, hepatic cell carci-
noma, thyroid cancer, pancreatic neuroendocrine tumors,
gastrointestinal stromal tumors, soft tissue sarcoma, medullary
thyroid cancer

types. In this review, we will focus on VEGF discovery and
biology and its impact on cancer and eye disease therapies. It
was initially demonstrated that tissue extracts stimulate cellular
proliferation in explants (Carrel, 1913). This presaged the hypoth-
esis in 1939 that biochemical factors increased tumor angiogen-
esis in animal models and that transplanted tumors induced
significant neovascularization. A historical timeline extending
from these initial hypotheses to VEGF discovery and cloning is
illustrated in Figure 1.

Insights into the Complexity of VEGF Signaling

VEGF (now referred to as VEGF-A) is a member of a family of pro-
teins including VEGF-B, VEGF-C, VEGF-D, VEGF-E (virally en-
coded), and PIGF (reviewed in Ferrara and Adamis, 2016).
VEGF-C and VEGF-D are primarily implicated in regulation of
lymphangiogenesis (Alitalo et al., 2005). Given the dominant
role that VEGF-A plays in regulating angiogenesis and disease,
it will be referred to as VEGF and will largely be the focus of
this review. VEGF undergoes alternative exon splicing that leads
to multiple isoforms. These include VEGF 121, VEGF 165, VEGF 150,
and VEGF,ps. VEGF 165 (VEGF 164 in mice) is the most frequently
expressed isoform in tissues. VEGF 45 is also the most physio-
logically relevant isoform, with characteristics in between that
demonstrated by the highly diffusible VEGF,,; and the extracel-
lular matrix (ECM)-bound VEGFigg9. Less common isoforms,
including VEGF445 and VEGF g3, have since been described. A
key feature that distinguishes these isoforms is their differential
ability to bind heparin (Ferrara, 2010b; Houck et al., 1992; Pol-
torak et al., 1997). VEGF42; has very little affinity for heparin,
while VEGF4g9 and VEGF,0s each have two heparin-binding
domains (encoded by exons 6 and 7), which target the protein
to the ECM or cell surface. VEGF g5 has a single heparin-binding
domain, encoded by exon 7, and so is in part diffusible and in
part ECM bound. VEGFg4s is the most physiologically relevant
VEGF isoform (reviewed in Ferrara, 2010b). VEGF processing
at the COOH terminus by proteases such as plasmin and
MMP3 can turn ECM-bound peptides into non-heparin-binding,
diffusible, molecular species (reviewed in Ferrara, 2010b).
Several inhibitory isoforms of VEGF have also been recently
described, including VEGF g5, (Bates et al., 2002) and VEGF-

Ax (Eswarappa et al., 2014), but there is some controversy
regarding the mechanisms of inhibition, and VEGF-Ax has now
been shown to actually have pro-angiogenic and pro-perme-
ability features (Xin et al., 2016).

In 1992, VEGF receptor 1 (R1) was identified as a high-affinity
tyrosine kinase VEGF receptor (de Vries et al., 1992), but it was
since demonstrated that the lower-affinity, highly homologous
VEGFR2 was the main signaling receptor for VEGF (Terman
et al., 1992). Both VEGFR1 and VEGFR2 are predominantly ex-
pressed on endothelial cells. VEGF-A binds to both VEGFR1
and VEGFR2, VEGF-B and PIGF bind to VEGFR1, and VEGF-C
and VEGF-D bind to VEGFR3 (implicated in lymphangiogenesis)
but can bind to VEGFR2 after proteolytic cleavage (Pajusola
et al., 1992) (Figure 2A). Heparin-binding VEGF-A or PIGF can
also bind to neuropilin 1 (NRP-1), which increases their binding
affinity to VEGFR2, but these molecules can also bind NRP-1 in-
dependent of VEGFR2 activation. NRP-2 performs a similar role
in regulating lymphangiogenesis through its interactions with
VEGFRS3 (Olsson et al., 2006; Soker et al., 1998) (Figure 2B). As
indicated above, VEGFR2 is the main signaling receptor whose
activation promotes vascular endothelial cell mitogenesis and
permeability. Two tyrosine residues in VEGFR2 have been
shown to differentially regulate angiogenesis versus vascular
permeability. Mice homozygous for the single substitution, tyro-
sine to phenylalanine, in position 1173 had defective vasculo-
genesis and angiogenesis and died in utero around day 8.5-
9.5 (Sakurai et al., 2005). Phosphorylated Y949 interacts with
the adaptor protein TSAd, an event that triggers formation of
complexes between Src and VE-cadherin, leading to transient
opening of interendothelial junctions (Li et al., 2016). Inactivating
mutations in this pathway largely abolished the permeability-
enhancing effects of VEGF in mice (Li et al., 2016). However,
these permeability-deficient mice were normal and fertile, indi-
cating that this function of VEGF does not play essential homeo-
static roles (Li et al., 2016). However, a transient reduction in
tumor edema and a decrease in the number of metastases
was observed in the mutants, although primary tumor growth
and blood vessel density were the same as in wild-type controls
(Li et al., 2016). It has been hypothesized that VEGF-induced
chronic hyper-permeability may be largely dependent on the
growth of immature and structurally abnormal vessels that are
inherently leaky rather than on direct stimulation of vascular
leakage (reviewed in Ferrara and Adamis, 2016).

VEGFR1 displays weak ligand-dependent tyrosine autophos-
phorylation, and in some cases, it functions as a decoy receptor
that binds PIGF and prevents VEGF binding to VEGFR2 (Park
et al., 1994). Studies using receptor-selective VEGF mutants
led to the conclusion that VEGFR1 cooperates with VEGFR2 in
inducing gene expression in human umbilical vein endothelial
cells (HUVEGCs), although no unique expression pattern was
observed in response to VEGFR1 stimulation (Yang et al,
2002). However, other studies revealed that VEGFR1 may play
a unique role in the tissue-specific release of growth factors
such as HGF from liver sinusoidal endothelial cells, an effect
that resulted in protecting hepatocytes from hepatotoxin-
induced damage (LeCouter et al., 2003). VEGFR1 activation in
monocytes and macrophages has been reported to mediate
migration in response to VEGF or PIGF (Barleon et al., 1996). In
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Figure 1. A Historical Timeline of VEGF Discovery

In diabetic retinopathy, it was proposed that diffuse angiogenic factor(s) were involved in neovascularization, and the term “factor X” was coined to describe such
molecule(s) (Algire et al., 1945; Ashton, 1952; Carrel, 1913; Ide et al., 1939; Michaelson, 1948; Wise, 1956). In the early 1970s, it was suggested that an anti-
angiogenic approach might be a unique and novel strategy to inhibit growth and proliferation of tumors (Folkman, 1971). Senger et al. reported the identification
and initial biochemical characterization of VPF, a permeability-enhancing protein in the supernatant of a guinea pig tumor cell line (Senger et al., 1983, 1990). The
Ferrara laboratory reported the isolation and cloning of a heparin-binding endothelial cell mitogen from medium conditioned by bovine pituitary follicular cells
(Ferrara and Henzel, 1989; Leung et al., 1989), and the term VEGF was coined to describe this novel 45-kDa heparin-binding endothelial cell mitogen protein.
Keck et al. (1989) reported the cloning of human VPF. Inactivation of a single allele of the VEGF gene in mice resulted in defective vascular development and early
embryonic lethality (Carmeliet et al., 1996; Ferrara et al., 1996), highlighting the importance of VEGF during embryonic development. Neutralizing anti-VEGF
antibodies dramatically reduced angiogenesis and growth of tumor cells implanted in immune-deficient mice (Kim et al., 1993), opening up novel therapeutic

opportunities.

addition, expression of VEGFR1 in some tumor cell lines has
been shown to mediate proliferation in response to VEGF or
PIGF (Yao et al., 2011).

Hypoxia is a major regulator of VEGF expression via hypoxia-
inducible factor (HIF). HIF and other hypoxia-regulated genes,
factors in diverse contexts including epidermal growth factor
(EGF), platelet-derived growth factor (PDGF), and oncogenic
mutations (vhl, ras, wnt-kras signaling pathway genes) co-ordi-
nate VEGF expression and, in turn, VEGF-driven signaling
(Semenza, 2000a, 2000b). Canonical VEGF signaling through
VEGFR1/R2 regulates the activities of several kinases and
ultimately guides cell proliferation, migration, survival, and
vascular permeability during vasculogenesis and angiogenesis.
Endothelial cells, composed of tip and stalk cells, are at the
leading edge of vascular proliferation. VEGF gradients induce
tip cells and promote the formation of filopodia (De Bock
et al., 2013; Eilken and Adams, 2010; Gerhardt et al., 2003;
Gerhardt, 2008; Hellstrom et al., 2007; Potente et al., 2011;
Ruhrberg et al., 2002). The molecular regulation of these events
is via activation of notch signaling and by increased expression
of notch ligands on endothelial cells, including but not limited to
delta-like 4 (DLL4) (Wacker and Gerhardt, 2011). Increased
notch signaling in neighboring cells then reduces VEGFR2
expression, completing a negative feedback loop. This canon-
ical VEGF signaling is critical in physiologic homeostasis but
can be hyperactivated in pathologic angiogenesis. In 2014, a
non-canonical pathway for VEGFR2 signaling was character-
ized in neurons (Okabe et al., 2014). VEGFR2 was found to
be highly expressed in retinal neurons but at much lower levels
than in endothelial cells. Deletion of VEGFR2 in neurons caused
abnormal angiogenesis toward neurons due to increased
surrounding VEGF levels related to VEGFR2 deficiency. Of spe-
cial interest, the aberrant juxta-neural angiogenesis was seen
during physiological homeostasis and during the regenerative
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phase of ischemic retinopathy. These findings highlighted a
role for neurons in titrating the amount of VEGF available for
neuronal and tissue vascularization.

In 1993, the findings that anti-VEGF antibodies decreased
the growth of tumor cells implanted in immune-deficient mice
opened up translational possibilities for targeting VEGF-VEGFR
signaling (Kim et al., 1993). In addition, it was also demon-
strated that inactivation of a single allele of the vegfa gene in
mice resulted in defective vascular development and early
embryonic lethality (Carmeliet et al., 1996; Ferrara et al.,
1996), highlighting the importance of VEGF during embryonic
development. Inactivation of both copies of vegfr2 largely
pheno-copied vegfa single-allele deletion (Shalaby et al.,
1995). The ability to delete VEGF in target tissues with the
advent of cre-lox systems created the possibility of assessing
the role of VEGF in individual tissues/cells (Gerber et al.,
1999). Numerous studies employing this approach have
documented the important role of VEGF in angiogenesis and
homeostasis in a variety of pathophysiological circumstances
(reviewed in Chung and Ferrara, 2011).

Understanding VEGF Biology in Cancer
VEGF secreted by tumor cells and surrounding stroma stimu-
lates the proliferation and survival of endothelial cells, leading
to the formation of new blood vessels, which may be structurally
abnormal and leaky (Ferrara, 20102, 2010b; Jain, 2003; Nagy
et al.,, 2009). VEGF mRNA is overexpressed in the majority of
human tumors and correlates with invasiveness, vascular den-
sity, metastasis, recurrence, and prognosis (Kerbel, 2008).
Several strategies to inhibit the VEGF-VEGFR signaling pathway
for the treatment of cancer have been devised (Ferrara and Ada-
mis, 2016; Jayson et al., 2016).

Neutralizing monoclonal antibodies to VEGF were produced to
further investigate the function of this growth factor (Kim et al.,
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Figure 2. VEGF Activation and Signaling Pathways

(A) VEGF-A is a member of a family of proteins including VEGF-A, VEGF-B, VEGF-C, VEGF-D, virally encoded VEGF-E, and placental growth factor (PIGF).
Hypoxia-inducible factor (HIF), epidermal growth factor (EGF), and platelet-derived growth factor (PDGF) are among many hypoxia-/ischemia-induced genes that
regulate VEGF expression. Canonical VEGF signaling through VEGF-R1/R2 (with R2 being the dominant signaling receptor) regulates the activities of several
kinases and ultimately guides cell proliferation, migration, survival, and vascular permeability during vasculogenesis and angiogenesis.

(B) VEGF-A binds to both R1 and R2, VEGF-B and PIGF bind to VEGFR1, and VEGF-C and VEGF-D bind to VEGFR3, which may regulate lymphangiogenesis.
VEGF-A or PIGF can also bind to neuropilin 1 (NRP-1) to increase their binding affinity to VEGFR2 or independent of this function. NRP-2 performs a similar role in
regulating lymphangiogenesis through its interactions with VEGFR3 (adapted from Ferrara and Adamis, 2016).

1992). In 1993, the antibody A.4.6.1, which specifically recog- dose-dependent manner (Kim et al., 1993). Further studies
nized all bioactive isoforms of human VEGF, was reported extended these findings to additional tumor models (Borgstrom
to inhibit the growth of human tumor xenografts in mice in a et al., 1996; Warren et al., 1995).
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To create an antibody suitable for clinical trials, murine anti-
body A.4.6.1 was humanized (Presta et al., 1997). The resulting
recombinant antibody, known today as bevacizumab, retained
the same binding characteristics and inhibitory potency of the
original monoclonal antibody (Presta et al., 1997) and was as-
sessed for use in human clinical trials (Ferrara et al., 2004).

Bevacizumab was approved by the US FDA for previously un-
treated metastatic colorectal cancer in February 2004. Subse-
quent clinical studies confirmed the benefits of bevacizumab in
colorectal cancer and extended them to additional malig-
nancies, including non-squamous non-small cell lung carcinoma
(NSCLC), renal cell carcinoma (RCC), glioblastoma multiforme,
ovarian cancer, and cervical cancer, resulting, as of today, in
10 FDA approvals for six different oncological indications in the
United States and multiple regulatory approvals in other coun-
tries (Ferrara and Adamis, 2016). More than two million patients
have been treated with bevacizumab, and today, this drug is one
of the most widely used therapeutics in oncology. The approval
of bevacizumab paved the way for the development of other
VEGF pathway inhibitors, which include small-molecule VEGF
receptor tyrosine kinase inhibitors (TKIs), an antibody targeting
VEGFR2 (the major signaling VEGF receptor), and a chimeric sol-
uble VEGF receptor (reviewed in Ferrara and Adamis, 2016).
Combination and Multitarget Therapies
Cytotoxic Agents. Anti-cancer therapy is rarely based on a sin-
gle drug and almost always requires combinatorial approaches,
since simultaneously attacking more than one target usually
achieves greater efficacy. Preclinical studies have consistently
shown additive or synergistic benefits from combinations of
VEGF inhibitors with cytotoxic agents (Gerber and Ferrara,
2005). The mechanism of such benefit has been extensively
debated. Several studies have shown that it stems, at least in
part, from direct anti-vascular effects of the cytotoxic agents
that amplify the pro-apoptotic effects of anti-VEGF agents on
the vascular endothelium (Gerber and Ferrara, 2005; Klement
et al., 2000; Sweeney et al., 2001). Another hypothesis
postulated that “normalization” of the tumor vasculature by
anti-VEGF agents plays a key role in such combinatorial benefits.
According to this hypothesis, VEGF inhibition would result in
pruning of endothelial cells not covered by pericytes and a
reduction in the tortuosity and hyperpermeability of tumor
vessels. These effects are expected to reduce tumor interstitial
pressure and lead to enhanced uptake of cytotoxic agents and
antibodies by the tumor (Jain, 2005; Willett et al., 2004). During
a time window that varies depending on the model, tumor blood
vessels could be transiently normalized, provided that a “judi-
cious dose” of anti-angiogenic agent is employed. This dose is
expected to be lower than anti-angiogenic or anti-vascular
doses that would instead reduce drug uptake and lead to
hypoxia, with detrimental effects and reduced clinical efficacy
(Jain, 2014). A challenge in translating such concepts has been
identifying the normalization window and normalizing doses.
These appear to be dependent on the context and/or the tumor
model. Doses of anti-VEGF or anti-VEGFR2 antibodies (5 mg/kg
and 40mg/kg, respectively) that were initially reported to induce
vascular normalization (as assessed by increased albumin fluxes
or partial pressure of oxygen [pO2] levels in the tumor) in several
mouse models (Lee et al., 2000; Tong et al., 2004; Winkler et al.,
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2004) were later found to have predominantly anti-vascular
effects in other models (Arjaans et al.,, 2013; Huang et al,,
2012, 2013), and considerably lower doses were needed to
induce normalization (Chauhan et al., 2012). Indeed, efficacious
doses of anti-VEGF agents that are commonly used in preclinical
(Arjaans et al., 2013; Pastuskovas et al., 2012) or clinical (Van der
Veldt et al., 2012; Zissen et al., 2011) studies have been unex-
pectedly reported to result in a sustained reduction in tumor up-
take of cytotoxic agents and antibodies.

In a series of preclinical and clinical studies, Jain and col-
leagues sought to prospectively interrogate whether normalizing
regimens of the VEGFR TKI cediranib result in a clinical benefit in
glioblastoma multiforme (GBM) patients. Remarkably, treatment
of GBM-implanted mice with doses of cediranib that did not
inhibit tumor growth, but only normalized blood vessels and
reduced edema, led to a significant increase in survival (Kamoun
et al., 2009). A phase | (Batchelor et al., 2007) and a phase ||
(Batchelor et al., 2010) study showed rapid vascular normaliza-
tion by MRI following cediranib administration, as well as
preliminary evidence of patient benefit. However, a randomized
placebo-controlled phase lll study comparing cediranib plus lo-
mustine to placebo plus lomustine failed to show any improve-
ment in progression-free survival (PFS) or overall survival (OS)
(Batchelor et al., 2013). Further studies are needed to precisely
elucidate this complex relationship between combinations of
anti-VEGF therapeutic approaches with tumor normalization
strategies for delivery of cytotoxic agents.

Vascular Targets. Combining VEGF inhibitors with agents
targeting other molecules or pathways involved in the assem-
bly and/or survival of blood vessels holds the promise of
improved efficacy outcomes. Indeed, a variety of preclinical
studies supported this hypothesis (reviewed in Ferrara and Ada-
mis, 2016; Jayson et al., 2016). These findings led to numerous
clinical trials in multiple cancer types over the last decade
(Ferrara and Adamis, 2016). Unfortunately, in spite of the afore-
mentioned promising studies, attempts to improve outcomes
of anti-VEGF therapy in various malignancies through combina-
tion strategies with agents targeting cMet (Wakelee et al., 2017),
the PDGF signaling pathway (Hainsworth et al., 2007), vascular
integrins (Weekes et al., 2018), the ECM protein EGFL7 (Gar-
cia-Carbonero et al., 2017), NRP-1 (Weekes et al., 2014), the
Hedgehog pathway (Berlin et al., 2013), and the Tie-2 ligand
Ang-2 so far have not been met with marked success. The lack
of benefit was due in some cases to overt toxicity and in others
to insufficient or unclear efficacy. Among the vascular targets,
PIGF has received considerable attention. As already noted,
PIGF is a member of the VEGF family that binds VEGFR1 but fails
to bind to VEGFR2 (Park et al., 1994). The role of PIGF in angio-
genesis and its significance as a therapeutic target remained
largely unclear, with conflicting reports on the effects of anti-
PIGF antibodies on tumor angiogenesis and growth (Bais et al.,
2010; Fischer et al., 2007). A series of early-stage clinical trials
in patients with multiple tumor types were conducted a few years
ago with a humanized anti-PIGF antibody in combination with
bevacizumab (reviewed in Ferrara and Adamis, 2016). A study
in GBM patients has been published that indicates a lack of addi-
tional benefit from the combination anti-PIGF/bevacizumab
compared to bevacizumab alone (Lassen et al., 2015). However,



the same anti-PIGF antibody is being evaluated in ongoing clinical
trials in medulloblastoma patients, based on the hypothesis that
PIGF, in this setting, promotes tumor growth by a non-angiogenic
mechanism involving a direct stimulation of tumor cell growth
through NRP-1 (Snuderl et al., 2013). In addition, this anti-PIGF
antibody is being developed for ophthalmological indications,
such as diabetic macular edema (DME) (Nguyen et al., 2018).

Clinical trials in multiple malignancies with aflibercept—a high-
affinity chimeric soluble VEGF receptor that binds not only VEGF,
but also PIGF and VEGF-B (Holash et al., 2002) —also provide in-
direct evidence that the role of PIGF in tumor angiogenesis may
be relatively limited. Indeed, in spite of the promise that higher-
affinity VEGF binding combined with the ability to bind two addi-
tional ligands may confer a substantial clinical advantage, the
impact of aflibercept in cancer therapy has been somewhat
more limited than bevacizumab, gaining FDA approval only for
second-line therapy in colorectal cancer (reviewed in Ferrara
and Adamis, 2016).

Even though combination therapies of anti-VEGF agents with
conventional vascular targets have so far not achieved the
expected benefits, several groups are exploring the possibility
that combinations with various targets within the tumor microen-
vironment, including myeloid cell-derived angiogenesis media-
tors, may lead to better outcomes (De Palma et al., 2017; Negri
and Ferrara, 2018) (Junttila and de Sauvage, 2013).
Immunotherapy. Over the last several years, cancer immuno-
therapy with immune checkpoint inhibitors has transformed can-
cer treatment, resulting in improvements in OS (Kelly, 2018).
However, despite this benefit, patients who experience durable
response and/or survival are only a subset of those treated,
hence the need for identifying novel combinations (Chen and
Mellman, 2013). One likely reason for this finding is that human
cancer can utilize multiple immune inhibitory mechanisms, lead-
ing to primary or secondary immune escape (Chen and Mellman,
2017). One such mechanism relates to VEGF (Ott et al., 2015).

The biologic role of VEGF has, over the years, extended
beyond its impact on neovascularization and angiogenesis.
Numerous studies have suggested that VEGF is a central
mediator of wound repair. Indeed, VEGF is generally associated
with a gene expression signature associated with other wound
repair genes, and this has been attributed to an impact on a
multitude of cell types (Birkenhauer and Neethirajan, 2015).
Physiologic wound repair generally follows on tissue damage,
inflammation, and an immune response. However, to effectively
engage in tissue repair, inflammation and active immune re-
sponses are necessarily downmodulated. This is consistent
with the observed role of VEGF in downmodulating immunity
(Motz and Coukos, 2013; Ohm and Carbone, 2001). Despite
these considerations, the effects on wound repair could be
mediated, directly or indirectly, by the vasculature, as wound
healing and repair have been classically associated with angio-
genesis (Folkman and Klagsbrun, 1987).

VEGF can have a direct effect on multiple cells involved in im-
munity, including dendritic cells, T cells, regulatory T cells, and
myeloid-derived suppressor cells (Khan and Kerbel, 2018). Early
observations suggested that the presence of VEGF could skew
maturation of myeloid progenitors away from differentiation
into dendritic cells and toward endothelial cells, impacting prim-

ing and activation of cancer-specific T cells (Gabrilovich et al.,
1998). VEGF can also impact endothelial cell expression of
immunologically important molecules, decreasing expression
of vascular cell adhesion molecule-1 (VCAM-1), important for
anti-cancer T cell adhesion and infiltration into tumors, and
increasing expression of FASL, leading to apoptosis of anti-can-
cer T cells at the vascular border to cancer. VEGF inhibition has
been shown to increase the number of tumor-infiltrating lympho-
cytes in animal models (Chung et al., 2013; Shrimali et al., 2010)
and in humans (Wallin et al., 2016). Additionally, high levels of
VEGF in the tumor microenvironment can further stimulate prolif-
eration of myeloid-derived suppressor cells and regulatory
T cells, both of which express VEGFR (Hegde et al., 2018)
(Figure 3). Recent preclinical studies have also shown that anti-
VEGF therapy can improve anti-PD-L1 (programmed death-
ligand 1) treatment, specifically when it generates intratumoral
high endothelial venules (HEVs) that facilitate enhanced cyto-
toxic T lymphocyte (CTL) infiltration and tumor cell destruction
(Allen et al., 2017). Other studies have suggested that a dual
anti-angiogenic approach with a bi-specific anti-VEGF/Ang2
antibody potentiated the activity of anti-PD-L1 treatment in
multiple models (Schmittnaegel et al., 2017).

Recent clinical studies have further supported the role of VEGF
in anti-cancer immunity (McDermott et al., 2018). Immuno-
therapy with PD-L1/PD-1 inhibitors has demonstrated clinical
benefit across a wide range of cancer types. However, despite
this benefit, patients who experience durable response and/or
survival are only a subset of those treated, hence the need to
identify novel combinations (Chen and Mellman, 2013). In a
recently reported phase Il study, the addition of bevacizumab
(15 mg/kg) to cytotoxic chemotherapy (carboplatin, paclitaxel)
and anti-PD-L1 antibody (atezolizumab) was confirmed to
extend OS for patients with NSCLC (Socinski et al., 2018). In
December 2018, the FDA approved atezolizumab, in combina-
tion with bevacizumab, paclitaxel, and carboplatin, for the first-
line treatment of patients with metastatic, non-squamous
NSCLC with no EGFR or ALK genomic tumor aberrations.

Itis noteworthy that, at the dose of 15mg/kg, bevacizumab has
been shown to reduce tumor uptake of chemotherapy in NSCLC
patients (Van der Veldt et al., 2012), suggesting that the above
described combinatorial benefits are not related to vascular
normalization. As already pointed out, normalization has been
associated with significantly lower doses of anti-VEGF anti-
bodies (Fukumura et al., 2018). As noted, the mechanism of
the anti-VEGF/anti-PD-L1 interaction is likely multifactorial, but
it is tempting to speculate that anti-vascular effects of VEGF in-
hibition, especially in combination with cytotoxic agents, may
result in release of tumor antigens, thus facilitating immuno-
therapy. Interestingly, the survival benefit was particularly pro-
nounced in high-VEGF settings, such as patients with EGFR
mutant lung cancer following progression after an EGFR-tar-
geted agent, ALK-rearranged lung cancer following progression
after an ALK-targeted agent, and/or patients with liver metasta-
ses. In these settings, VEGF expression can be driven by EGFR
signaling, ALK signaling, or the high vascular state present in the
liver (Chen and Hurwitz, 2018). Additionally, a phase Ill study
combining bevacizumab with atezolizumab in RCC has also
confirmed benefit for this combination in this high-VEGF disease
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Figure 3. VEGF and Tumor Angiogenesis

VEGF secreted by cancer and stromal cells stimulates the proliferation and survival of endothelial cells, leading to the formation of new blood vessels, often with
impaired tight junctions and increased permeability. Combining VEGF inhibitors with cytotoxic agents is synergistic and improves therapeutic outcomes.
Although the mechanisms of synergy are debated, it has been suggested that the anti-vascular effects of the cytotoxic agents complement the pro-apoptotic
effects of anti-VEGF agents on the vascular endothelium. Normalization of the vasculature by anti-VEGF agents that allows enhanced uptake of chemothera-
peutic agents may also play a role but requires further investigation. VEGF may skew maturation of myeloid progenitors away from differentiation into dendritic
cells and toward endothelial cells, impacting T cell activation. VEGF can also decrease expression of VCAM-1, important for anti-cancer T cell adhesion and
infiltration into tumors, and increase expression of FASL, leading to apoptosis of anti-cancer T cells at the vascular border of the cancer. Clinical studies have
recently supported a role for anti-VEGF agents in combination with in PD-L1/PD-1 inhibitors in anti-cancer immunity.

(Chen and Hurwitz, 2018). Furthermore, early-phase studies
complete the clinical body of evidence supporting the role of
VEGF inhibition in potentiating immunity. In phase | studies, the
combination of VEGF inhibition and PD-L1/PD-1 blockade
has reportedly led to increased response rates in hepatocellular
carcinoma. VEGF inhibition with VEGF TKI and PD-L1/PD-1
blockade also appears to further enhance response rates in
RCC in phase | studies (Atkins et al., 2017, 2018). Some of these
anti-VEGF-based therapeutic approaches in cancer are summa-
rized in Figure 3.

VEGF in the Eye: A Window to the Diverse Roles of VEGF
VEGF in Retinal Vascular Development

As mentioned previously, the retina is a complex neurovascular
tissue made up of at least two types of glial cells, seven types
of neurons, and a rich network of endothelial cells precisely
layered in capillaries at various levels within the retina (Wechs-
ler-Reya and Barres, 1997; Macosko et al., 2015). How endothe-
lial cells that form capillaries within plexiform layers in the retina
receive the appropriate cues was better understood once it was
demonstrated that oxygen levels in the retina tightly regulated
the formation of the retinal vasculature during development (Ash-
ton, 1966). Retinal hyperoxia led to obliteration of the retinal
vasculature, while hypoxia promoted vascular growth and prolif-
eration (Miller, 1997; Smith, 2003). The discovery of VEGF and
subsequent demonstration that VEGF production spatially and
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temporally localized to the areas of vascular development
provided strong evidence that it was the driving force in develop-
mental angiogenesis and in ischemic/hypoxic regulation of
the retinal vasculature. It was also demonstrated that neurons
such as retinal ganglion cells (RGCs) in conditions of metabolic
hypoxia released growth factors such as basic fibroblast growth
factor (bFGF) and PDGF. These in turn regulated secretion of
VEGF by retinal microglia and Muller cells so as to stimulate
blood vessel growth in order to meet the metabolic tissue de-
mands and achieve homeostasis (Okabe et al., 2014; Wechs-
ler-Reya and Barres, 1997). In elegant studies using animal
models, it was also shown that when animals were exposed to
high levels of oxygen during development, retinal VEGF produc-
tion shut down dramatically (Penn et al., 1994; Smith et al., 1994).
This led to capillary dropout and obliteration of the developing
peripheral retinal vasculature. Upon return to normoxic condi-
tions, there was a dramatic upregulation in local VEGF produc-
tion that promoted massive neoangiogenesis. These new ves-
sels are unfortunately abnormal, leaky, and often mislocalized
to the preretinal space and lose the layered, plexiform intraretinal
features. As such, they leak and can eventually cause intractable
fibrosis that can lead to retinal detachment and blindness. These
studies have led to a sophisticated understanding of retinopathy
of prematurity (ROP), a blinding condition that affects premature
infants. Retinal vascular development in these infants is incom-
plete and sensitive to the levels of VEGF in the eye. Unregulated



exposure to high levels of oxygen, a common practice several
decades ago, leads to a phenotype of unbridled neovasculariza-
tion as described above in animal models.

ROP is a leading cause of blindness in children around the
world. The discovery of VEGF enhanced our understanding
of the molecular pathogenesis of ROP (Smith, 2003). Retinal
vascular development in humans begins at the fourth month
of gestation and progresses from the central to the peripheral
retina. In cases of premature birth, normal retinal vascular
development stops. The avascular retina that lacks the
oxygenation and nutrients becomes metabolically active and
hypoxic around 32-34 weeks of development. In animal
models of ROP and in humans, it has been conclusively
demonstrated that retinal ischemia drives VEGF production
prior to neovascularization, thus driving the neovascular phase
of disease (Sonmez et al., 2008). In addition, randomized clin-
ical trials that have enrolled infants with ROP have demon-
strated that intraocular injections of agents that neutralize
VEGF are efficacious in treating neovascularization and pre-
venting complications associated with advanced stages of
ROP (Mintz-Hittner et al., 2011). These studies also demon-
strated that VEGF inhibition in ROP reduced the incidence of
vision loss in these infants (Geloneck et al., 2014). This has
opened the possibility of anti-VEGF pharmacotherapy in this
disease in addition to the previously available option of laser
or cryotherapy to ablate the non-vascularized retina in order
to eliminate the release of VEGF from the ischemic peripheral
retinal cells.

A Conceptual Vision for VEGF in Ocular
Neovascularization

The role of VEGF in the development and molecular pathogen-
esis of ROP was established early on in our understanding of
how VEGF influences the complex retinal neurovascular unit. In
parallel, it became apparent that VEGF played a cardinal role
after development both in the maintenance of physiologic ho-
meostasis and in retinal vascular diseases such as diabetic
retinopathy (DR) and AMD (Duh and Aiello, 1999; Jager et al.,
2008). The neurovascular complex is best understood in the
context of DR, a systemic disease that manifests as end-organ
damage in the eye with cell death in both neuronal and vascular
elements of the retina (Duh et al., 2017). Initial manifestations of
DR were thought to be vascular with pericyte loss followed by
apoptotic capillary cell death. Loss of retinal capillaries led to
ischemia and VEGF-induced aberrant retinal neovascularization.
It is now becoming increasingly clear that cellular dysfunction
and death can manifest early in the life cycle of diabetes and
that non-vascular elements of the retina, including neurons and
glia, can be affected. It has been demonstrated both in animal
models and in human patients with diabetes that damage to
inner retinal neurons, including RGC and amacrine cells, can
be seen prior to any vascular manifestations of disease (Fortune
etal., 1999; Harrison et al., 2011; Rajagopal et al., 2016). In addi-
tion, activation of Muller glia that maintain VEGF homeostasis in
the retina can also occur early in disease, a possible trigger for
molecular inflammation, an important feature later in DR. In
patients, these abnormalities in the neural and glial components
of the retina manifest as impaired contrast sensitivity and dark
adaptation.

In diseases such as AMD that affect the outer retina and the
RPE, the role of VEGF in maintaining choroidal health in both ag-
ing and AMD is becoming increasingly appreciated. Although the
role of VEGF in vascular endothelial cell homeostasis was high-
lighted above, nowhere is this function more important than
in the choriocapillaris (Bhutto et al., 2006). The choroid is
composed of a rich vascular plexus called choriocapillaris, lined
by choroidal endothelial cells (CECs). This layer is anatomically
juxtaposed underneath the RPE and separated from it by an
acellular laminar layer called Bruch’s membrane, partially formed
from the basal lamina of the RPE. The RPE, a highly polarized
monolayer of terminally differentiated cells, performs several
important functions. As an anatomic monolayer underneath the
outer retina, it contains key enzymes and substrates involved
in recycling of chromophores essential to the photoreceptor-
driven visual cycle (Apte, 2018). It is also responsible for phago-
cytosis of the diurnally shed photoreceptor outer segments. In
addition to these functions performed at the apical aspect
of the cell, the basolateral RPE secretes VEGF in a polarized
manner that is indispensable to CEC health. In animal models,
loss of VEGF secreted by the basolateral RPE leads to CEC atro-
phy and significant thinning of the choriocapillaris (Saint-Geniez
et al., 2009). Although true during development, a number of
other studies have failed to document such CEC atrophy in adult
animals treated with anti-VEGF pharmacotherapy (Kim et al.,
2006; Long et al., 2018). In addition, aging RPE cells lose their
polarity and can secrete VEGF from the apical aspects of the
cell surface that is thought to stimulate pathologic choroidal neo-
vascularization (CNV), a blinding complication of AMD. VEGF is a
critical signal for ocular neovascularization in DR and in neovas-
cular AMD (Duh et al., 2017; Miller et al., 2013; Sene and Apte,
2014; Sene et al., 2015). Although the ischemic drive in AMD is
not quite as profound as in diabetic retinopathy, molecular
drivers such as monocytes/microglia and the RPE create a
micromilieu that is prime for VEGF-driven CNV (reviewed in
Sene et al., 2015).

Non-VEGF Factors that Drive Angiogenesis

Although it is now well established that VEGF plays a major role
in initiating and sustaining pathologic angiogenesis in the eye,
both animal and human studies have demonstrated that factors
other than VEGF also contribute to these processes. Multiple
large, placebo-controlled, randomized clinical trials have proven
the efficacy and safety of intraocular anti-VEGF pharmaco-
therapy in AMD, DR, and retinal vascular diseases (Gross
et al., 2015; Martin et al., 2011; Scott et al., 2017; Wells et al.,
2015). What these studies have also shown is that VEGF-based
pharmacotherapy requires chronic treatment, potentially over
many years, and that a large proportion of patients treated with
anti-VEGF medications can often be under-responsive and
occasionally unresponsive to the treatment (Sene et al., 2015).
These human studies highlight the possibility that there may be
additional pathways independent of VEGF that regulate angio-
genesis in disease states of the eye (reviewed in Sene and
Apte, 2014; Sene et al., 2015). For example, semaphorins 3A
(Joyal et al., 2012), 3F (Buehler et al., 2013), and 6A (Segarra
et al., 2012) suppress normal revascularization in the ischemic
retina but promote pathogenic vascularization, guiding vascular
sprouts to the preretinal vitreous cavity. Other factors that
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promote aberrant angiogenesis in and underneath the retina
include PIGF (Nguyen et al., 2018), PDGF (Dong et al., 2014),
erythropoietin (Caprara and Grimm, 2012), stromal-derived
factor-1 (Lima e Silva et al., 2007), jak-stat3 hyper-activation
(Nakamura et al., 2015), and factors associated with abnormal
activation of monocyte derived macrophages and glial cells as
they age (Apte et al., 2006; Ban et al., 2018; Combadiere et al.,
2007; Kelly et al., 2007; Ma and Wong, 2016; Sene et al., 2013).
The Vista for Multitarget, Synergistic Approaches in
Clinical Pharmacotherapy

Although VEGF is key to the pathogenesis of neovascular
eye disease, it has become clear, as in cancer treatment, that
VEGF-targeted monotherapy has its limitations. For example,
DME associated with increased vascular permeability and vision
loss is exquisitely sensitive to anti-VEGF pharmacotherapy.
Nevertheless, a large proportion of patients remain under-
responsive to therapy with persistent edema at 3-5 years after
therapy (Apte, 2016; Bressler et al., 2016). However, despite
some discrepancies based on the disease and the individual trial
examined (Maguire et al., 2016), the need for anti-VEGF therapy
in general declined over time (Elman et al., 2011, 2012). In the
RISE and RIDE trials, approximately a quarter of DME patients
were able to discontinue therapy after 3 years, suggesting that
anti-VEGF therapy may be disease modifying (Brown et al.,
2013). In AMD, despite the successes of anti-VEGF therapy in
preventing catastrophic vision loss, long-term studies demon-
strate that patients who have been successfully treated may
still continue to lose vision from atrophic retinal neurodegenera-
tion rather than neovascularization (Maguire et al., 2016). Never-
theless, about half of neovascular AMD patients had good
vision—i.e., visual acuity 20/40 or better on Snellen testing—af-
ter 5-year treatment with ranibizumab or bevacizumab, an
outcome that would have not been possible before anti-VEGF
agents were available (Maguire et al., 2016). In real-life clinical
settings, it has been demonstrated that patients receive fewer
anti-VEGF injections than in clinical trials, and it has been sug-
gested that this may correlate with poor visual outcomes due,
at least in part, to insufficient anti-VEGF treatment (Holz et al.,
2015). There has also been renewed interest in sustained-
release anti-VEGF formulations or delivery vehicles that may
allow testing the hypothesis that continuous VEGF inhibition
may result in better long-term visual outcomes (Ferrara and Ada-
mis, 2016). Higher doses (2 mg) of the anti-VEGF agent ranibizu-
mab did not provide additional visual acuity benefit over conven-
tional dosing (0.5 mg), suggesting that a plateau had been
reached. However, the higher-dose group required a reduced
number of injections compared to the lower-dose group in the
second year of the study in AMD patients (Ho et al., 2014; Sepah
et al., 2016). Interestingly, a recent study comparing 6 mg of bro-
lucizumab, a single-chain variable fragment (scFV) that binds
VEGF with high affinity, to a standard dose of aflibercept
(2 mg) in AMD suggested a need for fewer injections with brolu-
cizumab, with comparable safety and efficacy profiles (Dugel
et al., 2017). Considering the molecular masses, the brolucizu-
mab dose was almost 10-fold higher than the aflibercept dose
and ~20-fold higher than the standard dose of ranibizumab.
The success of this approach seems almost counterintuitive in
view of the already discussed hypothesis that high doses of
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VEGF-blocking agents may be associated with hypoxia and
followed by tissue damage and other detrimental effects (Jain,
2014). As such, additional research is needed, but as the burden
of intravitreal injections can reduce patient compliance, there is a
need to develop more durable formulations/devices. A prom-
ising approach is a refillable slow-release device system that
enables continuous delivery of ranibizumab in the vitreous cavity
of the eye. According to a recently presented phase Il study in
neovascular AMD patients (LADDER, presented at the Retina
Society Annual Meeting, 2018), at the highest concentration
(100 mg/mL), 80% of patients went >6 months until the first
required medication refill and had visual acuity comparable to
that achieved with monthly injections with ranibizumab. A phase
Il trial is now underway. These studies should allow for testing
the hypothesis that more steady VEGF inhibition than that
achieved by periodic intravitreal injections may result in better
long-term visual outcomes. Another potential approach is to
use gene therapy to deliver VEGF antagonists to the eye in order
to achieve durability and reduce therapeutic burden. Although
non-human primate and human studies using recombinant
adeno-associated vectors (rAAVs) to deliver a highly potent
naturally occurring VEGF inhibitor, sFLT-1, or an anti-VEGF
Fab fragment suggest that sub-retinal or intravitreal delivery of
gene therapy is safe, larger trials need to be conducted to deter-
mine whether this approach is efficacious and durable (Heier
et al.,, 2017; Maclachlan et al., 2011; Rakoczy et al., 2015).
Box 2 summarizes the diversity of anti-VEGF compounds that
have been tested in human clinical trials for ophthalmic diseases.

As such, therapeutic approaches that complement VEGF-
based strategies are of high interest and relevance. The desired
goals of multitarget approaches would be to find a combination
that can reduce the high treatment burden of frequent intraocular
injections, improve visual outcomes, and prevent continued
vision loss from atrophic neurodegeneration. Unfortunately,
several strategies that have targeted novel pathways have so
far failed to demonstrate efficacy in clinical trials. Examples of
such failures include an antibody fragment targeting comple-
ment factor D, a key activator of the complement pathway,
strongly implicated in the retinal neovascularization and atrophic
neurodegeneration associated with AMD. In spite of encour-
aging phase Il data (Yaspan et al., 2017), two phase Il studies
failed to show any change in the progression of atrophy (Holz
et al., 2018). In addition, a PDGF-B antagonist (an aptamer)
and steroids (such as dexamethasone) both failed to meet
primary efficacy endpoints in combination therapy trials of
neovascular AMD with approved anti-VEGF agents despite initial
promising results (Calvo et al., 2015; Chaudhary et al., 2016;
Dunn et al., 2017; Jaffe et al., 2017). Considerable research is
being devoted to the hypothesis that combining VEGF inhibitors
with activators of the tyrosine kinase Tie2 may achieve greater
efficacy than anti-VEGF monotherapy owing to the stabilizing
role of Tie2 on the vasculature, with potential reduction in
vascular leakage (Augustin et al., 2009; Campochiaro and
Peters, 2016; Saharinen et al., 2017). Different approaches to
activate Tie2 have been attempted, including the use of phos-
phatase inhibitors and antagonists of Ang2, a Tie2 ligand with
antagonistic properties. A recent phase Il study in DME patients
reported that administration of AKB-9778, a small molecule



Box 2. Anti-VEGF Agents Investigated in Human Clinical Trials for Ophthalmic Diseases

1. Pegaptanib Na: anti-VEGF165 aptamer that was approved by the US FDA for treatment of neovascular AMD and DME

2. Bevacizumab: humanized whole antibody targeting all isoforms of VEGF-A initially approved by the FDA for intravenous therapy of several
cancers but repurposed for intravitreal delivery in eye diseases, such as neovascular AMD, DME, neovascular glaucoma, and retinal vascular
occlusions (RVO). This agent is widely used for eye disease, extensively studies in clinical trials, and covered by insurance payors including the
Centers for Medicare and Medicaid Services (CMS) but did not go through the regulatory approval pathways for eye diseases.

3. Ranibizumab: humanized Fab antibody fragment targeting all isoforms of VEGF-A approved by the FDA for intravitreal delivery in the treatment
of neovascular AMD, DR and DME, and RVO

4. Aflibercept: recombinant fusion protein consisting of the VEGF-binding portions from the extracellular domains of human VEGFR1 and VEGFR2
fused to the Fc portion of human immunoglobulin (Ig)G1. It is approved by the FDA for intravitreal administration in the treatment of neovacular
AMD, DME, and RVO.

5. Ziv-aflibercept: the active aflibercept ingredient approved for the treatment of metastatic colorectal cancer that has been used off label by
intravitreal injection for the treatment of retinal diseases

6. Brolucizumab: humanized scFV targeting VEGF-A designed for the treatment of neovascular AMD and recently tested in phase Ill human
clinical trials for intravitreal delivery. It is currently making its way through the regulatory process for approval by the FDA. Additional studies are
in the planning stages for testing its efficacy in DME and RVO.

7. DARPIns: various formulations of recombinant-designed ankyrin repeat proteins with anti-VEGF-A activity are being investigated in phase Il and
phase lll human clinical trials for neovascular AMD. These genetically engineered proteins mimic antibodies in their ability to bind specific
proteins with high affinity.

8. Anti-VEGF biosimilars: a number of ranibizumab and aflibercept biosimilars targeting VEGF are also currently being investigated in human
clinical trials to determine efficacy and safety in retinal diseases.

9. Gene-therapy-targeting VEGF or combination approaches: there are a number of approaches currently being investigated to target VEGF in eye
diseases with gene therapy. These include use of different packaging vectors and either subretinal or intravitreal delivery to the eye. A summary

lar AMD.

of some of these agents being investigated in human clinical trials is listed below.
a. RGX-314 is a recombinant NAV AAV8 gene-therapy vector carrying a coding sequence for a soluble anti-VEGF monoclonal antibody
fragment administered by subretinal delivery currently in planning stages for phase Il for patients with previously treated neovascu-

b. ADVM-022 is a recombinant AAV.7m8 gene-therapy vector capsid carrying an aflibercept coding sequence that expresses an anti-VEGF
protein for intravitreal delivery currently in phase | for patients with neovascular AMD.

c. AAV2-sFLTO1 expresses soluble Flt-1 receptor and is being investigated in clinical trials for neovascular AMD.

d. AAV2CAGsCD59 is being investigated in a human phase | trials in combination with an intravitreal anti-VEGF agent for the treatment of
neovascular AMD. CD59 is a naturally occurring membrane bound inhibitor of the membrane attack complex.

inhibitor of the phosphatase VE-PTP that inactivates Tie2, poten-
tiated the ability of ranibizumab to reduce DME (Campochiaro
et al., 2016). In other studies, the benefits of such combination
were less clear. Adding an anti-Ang2 antibody (nesvacumab)
to aflibercept did not improve visual outcomes in DME and
AMD patients (results presented at the Retina Society Annual
Meeting, 2018 and the American Academy of Ophthalmology
Annual Meeting, 2018). However, faricimab, a bispecific anti-
VEGF/Ang2 antibody, was reported to have greater efficacy
than anti-VEGF alone in a non-human primate laser-induced
CNV model (Regula et al., 2016) and has been compared to
ranibizumab in phase Il studies. Initial data provide hints of
improved efficacy at the higher dose of faricimab, at least in
DME, and potentially increased durability in neovascular AMD
(results presented at the Retina Society Annual Meeting, 2018
and the American Academy of Ophthalmology Annual Meeting,
2018). Phase Il studies for evaluating faricimab in DME and
AMD are being planned.

Resistance to Anti-VEGF Therapy and Forward-Looking
Approaches

An important question is why VEGF-based approaches some-
times fail to achieve complete therapeutic response in cancers
and eye disease. The answer is complex, and several possibil-
ities have been examined. Interestingly, the mechanisms of
reduced response/resistance to anti-VEGF in cancer are likely

different from those in response to treatment with inhibitors of
well-defined oncogenic pathways, as there is no evidence of se-
lection of preexisting or acquired mutations in VEGF itself or in its
signaling pathway (Wagle et al., 2011). The report that adminis-
tration of bevacizumab, despite disease progression in metasta-
tic colorectal cancer, still resulted in a small but significant OS
benefit raised the possibility that resistance may be reversible,
at least in some circumstances, and suggested that re-treating
with the same or an alternate VEGF inhibitor may have clinical
benefit (Bennouna et al., 2013). In retinal diseases, some clinical
studies have reported an interesting positive therapeutic
response upon switching from one anti-VEGF agent to another
after a clinical determination of treatment resistance with the
initial agent used for therapy (Bakall et al., 2013; Gasperini
et al., 2012; Spooner et al., 2018; Yonekawa et al., 2013).
Although intriguing, this finding has not been universally
observed across all clinical studies (Stepien et al., 2009). It is
conceivable that such plasticity may be mediated at least in
part by the dynamic nature of the microenvironment (Chung
et al., 2010). Preclinical studies have implicated the release of
hematopoietic growth factors from tumor or host cells and the
resulting tumor infiltration of myeloid and other inflammatory
cell types in the induction of VEGF-independent angiogenesis
and escape (Bergers and Hanahan, 2008; De Palma et al.,
2017; Shojaei et al., 2007, 2009). In a recent study, it was
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reported that human and mouse ovarian tumors implanted
intraperitoneally in mice secreted microseminoprotein, pros-
tate-associated (MSMP) under conditions of hypoxia. MSMP
activated MAP kinase signaling leading to endothelial cell prolif-
eration and tube formation. Serum levels of MSMP were also
elevated in ovarian cancer patients treated with bevacizumab
who were non-responsive to therapy (Mitamura et al., 2018).
Obese breast cancer patients had elevated systemic concentra-
tions of interleukin (IL)-6 and/or FGF-2 and a tumor vasculature
that was more resistant to anti-VEGF agents. In mouse models,
obesity neutralized the effects of VEGF blockade on tumor
growth, angiogenesis, and metastasis. By neutralizing IL-6 or
normalizing FGF-2 levels, tumor VEGF sensitivity in mice was
restored (Incio et al., 2018). This is significant, as FGF signaling
has also been reported to be important in promoting angiogen-
esis in tumors and the eye independent of VEGF (Batchelor
et al., 2007; Casanovas et al., 2005; Itatani et al., 2018; Kopetz
et al., 2010; Mitsuhashi et al., 2015; Oladipupo et al., 2014).
Nevertheless, the role of FGF in angiogenesis/tumor escape
remains to be clinically validated. Components of the immune
system may also contribute to anti-VEGF resistance. Monocytes
and macrophages promote resistance to anti-VEGF therapy by
altering VEGF receptor expression (Dalton et al., 2017) or inhib-
iting adaptive immunity (Jung et al., 2017). Of interest, multitarget
approaches that inhibit both Ang-2 and VEGF in an animal model
of GBM are able to improve survival by re-programming tumor
associated macrophages from an alternatively activated pheno-
type to a classically activated phenotype (Kloepper et al., 2016).
It remains to be established whether these observations in pre-
clinical models are clinically relevant. In eye disease, factors
such as age, IL-10, and aberrant complement activation pro-
mote monocyte- and macrophage-driven proliferative neovas-
cularization independent of VEGF (Apte et al., 2006; Calippe
et al., 2017; Kelly et al., 2007; Sene et al., 2013).

Studies into VEGF biology have provided tremendous insights
into physiologic homeostasis and the molecular mechanisms
of cancers and eye disease. These channels of discovery have
also illuminated our understanding of the complex interactions
between VEGF and other signaling pathways and been an
amazing demonstration of how molecular discovery can inform
drug development and clinical trial design.
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