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Synonyms

MVCDI; Vascular endothelial growth factor;
Vascular endothelial growth factor A; Vascular
permeability factor; VEGFA; VEGF-A; VPF

Historical Background

Vascular Endothelial Growth Factor (VEGF) was
first identified as a molecule secreted by tumor
cells that promoted breakdown of endothelial bar-
rier and induced vascular permeability (Senger
etal. 1983). Subsequent purification of the protein
and amino acid sequence revealed that this mole-
cule was identical to a cDNA that coded for a
protein with mitogenic properties when applied
to endothelial cells (Leung et al. 1989; Senger
et al. 1990). It became clear that both molecules
were identical with functional attributes that
included induction of proliferation, migration,
and disruption of barrier function on endothelial
cells (Connolly et al. 1989; Dvorak 2006). It was
quickly determined that VEGF exerted its effects
through binding to two cell-surface receptor tyro-
sine kinases expressed by endothelial cells. There-
fore, VEGF signaling was established as a
paracrine ligand-receptor pathway where the
ligand (VEGF) is secreted by a variety of cells,
including tumor cells, and the receptors are
expressed in the endothelium with broad conse-
quences to the vasculature.

Subsequent gene-targeting studies in mice
revealed that VEGF is a key coordinator of angio-
genesis and that absence of half of the amount of
VEGF is insufficient to support vascular develop-
ment, as even heterozygous animals die at
mid-gestation (Ferrara et al. 1996; Carmeliet
et al. 1996). These findings together with the fact
that VEGF was secreted by tumor cells and it
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promoted blood vessel formation in tumors,
attracted vast interest to the emerging angiogene-
sis field. Major impetus was placed in understand
function, unravel molecular mechanisms, and
explore potential therapeutic targeting of VEGF.
Rapidly, it became clear that VEGF belongs to a
family of five growth factors (VEGF-A, B, C, D,
and PIGF) responsible for the morphogenesis of
blood and lymphatic vessels. In 2004, the first
antibody to block VEGF-A function was
approved by the Food and Drug Administration
(FDA) to treat colon cancer (Ferrara et al. 2004).

VEGF-A Structure

VEGF-A is a homodimeric glycoprotein of
22-43 kDa (depending on the spliced form).
The receptor-binding domain is located in the
amino-terminal end, while the carboxy-terminus
of the protein is involved in establishing connec-
tions with the extracellular matrix. In a given endo-
thelial cell, VEGF-A binds to two receptor tyrosine
kinases: VEGFR1 and VEGFR2; and depending
on the isoform, it can also bind to neuropilinl
(NRP1). Because the preponderance of expression
of these receptors is in endothelial cells, the large
majority of the responses to VEGF relate to vascu-
lar effects. These responses include stimulation of
endothelial cell proliferation and migration, as well
as endothelial barrier disruption with consequent
vascular permeability. However, low levels of
these receptors are also found in neurons, hemato-
poietic cells, and tumor cells. Thus, VEGF effects
on cell types other than the endothelium have been
also reported. For example, VEGF-A has been
shown to have neurodevelopmental, neurotrophic,
and neuroprotective roles.

The human VEGFA gene is composed of eight
exons and seven introns. However, due to exten-
sive alternatively splicing, several isoforms have
been identified and classified by the number of
amino acids present in each form as: VEGF121,
VEGF145, VEGF165, VEGF189, and VEGF206.
Amongst all these isoforms, VEGF165 is the most
common, potent, and abundant. The main differ-
ence between the isoforms relates to their interac-
tion with the extracellular matrix, located in the
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VEGF, Fig. 1 VEGF signaling axis. The interaction
between the five different VEGF growth factors and recep-
tors is not random. As noted, PIGF and VEGFB only bind
to the tyrosine kinase VEGFRI. In contrast, VEGF-A

carboxy-terminal end of the protein and their abil-
ity to bind to neuropilins (VEGF121 and 145 are
unable to interact with neuropilins). The relevance
of these isoforms has been studied extensively,
and it is clear that their association with extracel-
lular matrix proteins modulates the input received
by receptors. Furthermore, the spatial distribution
of the different VEGF isoforms in the extracellu-
lar space is also critical for the balance between
vessel branching and growth. Importantly, in
addition to splicing, the interaction of VEGF
with the matrix is also regulated by intramolecular
cleavage of VEGF by extracellular proteases
including plasmin and matrix metalloproteinases
(Lee et al. 2005).

VEGF: A Diversity of Genes

There are five genes with extreme similarity to the
originally discovered VEGF gene (VEGF-A).

binds to VEGFR1, VEGFR2, and NRP1. Finally, VEGF-
C and D bind to VEGFR3 and NRP2 showing weak
interactions with VEGFR2

Thus, the VEGF family includes: VEGF-A,
VEGF-B, VEGF-C, VEGF-D, and placental
growth factor (PIGF) (Sullivan and Brekken
2010). Their respective protein products bind to
specific receptors that include both tyrosine
kinases: VEGFR1 and VEGFR2 and nontyrosine
kinase receptors that belong to the neuropilin
family: NRP1 and NRP2 (Fig. 1).

VEGF-B and PIGF are known to only bind to
VEGFR1. VEGF-B does not affect developmen-
tal angiogenesis, but it appears to regulate cardiac
muscle function and the coronary vasculature.
PIGF has been shown to induce angiogenesis
and inflammation.

The other two VEGF family members: C and
D bind strongly to VEGFR3 with very weak affin-
ity to VEGFR2. Consequently, they play minor
roles in postnatal angiogenesis and some
restricted roles in developmental angiogenesis,
but they are critical regulators  of
lymphangiogenesis, as VEGFR3 is highly
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expressed in lymphatic endothelial cells (Zheng
et al. 2014).

There are also family members not encoded by
mammals: VEGF-E and VEGF-F. VEGF-E
encodes a viral gene from a parapoxvirus that
infects goats, sheep, and at times humans inducing
local vascular growth at the site of infection.
VEGF-E has been shown to exclusively bind
and activate VEGFR2. VEGF-F was identified in
the venom of some snakes.

VEGF-A Signaling

VEGF binding induces dimerization of VEGFR1
and VEGFR2 promoting their phosphorylation
and downstream signaling effects (Simons et al.
2016). VEGFR?2 is considered the primary recep-
tor in endothelial cell activation, and responsible
for the initiation of proliferative and migratory
activities. VEGF-A has a higher affinity for
VEGFRI1 than for VEGFR2, yet its tyrosine
kinase activity is weaker. These attributes fit a
model in which VEGFRI1 functions as a decoy
receptor, sequestering VEGF, and thus, reducing
the amplitude of the response driven by VEGFR2.
However, VEGFR1 also has additional functions
on its own right, and it has been shown to promote
migration and invasion in certain settings.
VEGFRI can be alternatively spliced to generate
a soluble form of the receptor that lacks trans-
membrane and intracellular domains. The
resulting isoform called s-FLT1 inhibits VEGF
signaling by sequestering free VEGF, and thus,
SFLT1 acts as an inhibitor of angiogenesis.
VEGF binding to VEGFR2 stimulates
RAS/RAF/MEK/ERK and PI3 Kinase/AKT/mTOR
pathways that are responsible for promoting cell pro-
liferation and survival. Another branch of the sig-
naling cascade results in activation of
PLC-gamma which regulates ERK with critical
roles in adult arteriogenesis. Activation of SRC
downstream VEGFR2 promotes changes in
small GTPase, activation of the cytoskeleton,
changes in cell shape, cell migration, and endo-
thelial polarity. Signaling outputs by VEGFR2
are highly regulated through a myriad of inter-
actions  with  coreceptors,  particularly
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neuropilins, but also with proteoglycans,
integrins, and protein tyrosine phosphatases.

In addition to promote angiogenesis, VEGF
signaling also controls vascular permeability,
which is defined as an increase of leakage of
serum from blood. The effects of VEGF on per-
meability rely on the activation of VEGFR2 and
Src and additional intermediary molecules, such
as T cell-specific adaptor (TSAd), which is
responsible  for regulating VEGF-induced
rearrangement of junctional complexes (Simons
et al. 2016).

Another important effect of VEGF signaling is
to control the inflammatory status of endothelial
cells, by increasing the expression of E-selectin,
vascular cell adhesion molecule-1 (VCAM1), and
intracellular adhesion molecule 1 (ICAM-1).
All of these molecules are involved in recruitment
and extravasation of leukocytes from the blood
stream.

VEGF-A in Development, Physiology,
and Pathology

VEGF-A is essential for embryonic development,
as inactivation of the VEGF-A gene is incompat-
ible with life. In fact, deletion of a single VEGF-A
allele (VEGF-A +/—) results in embryonic lethal-
ity due to immature vascular development and
associated cardiac insufficiency (Ferrara et al.
1996; Carmeliet et al. 1996). Lethality resulting
from loss of a single allele of a gene is rare in
mammals, and therefore, the fact that heterozy-
gous mice are unable to live reveals a strict rela-
tionship  between = VEGF  dosage and
morphogenesis of the vasculature. In fact, VEGF
levels are tightly controlled by transcriptional and
posttranscriptional mechanisms.

Additional studies using cell-specific deletion
of VEGF showed essential requirements for this
growth factor in organogenesis and function of a
broad number of organs and tissues. While the
relationship between organ expansion and nutri-
ents is intuitive, endothelial cells provide more
than the means to organize tubes that deliver oxy-
gen and nutrients. There is increasing support to
the notion that endothelial cells also offer critical
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signals: angiocrine molecules, that are required
for the differentiation of cells and for the 3-D
architecture of organs (Rafii et al. 2016). Thus,
by impacting endothelial cell survival and prolif-
eration, VEGF is a fundamental growth factor in
organogenesis.

Experiments blocking VEGF signaling with
pharmacological inhibitors and also cell-specific
genetic inactivation experiments uncovered the
importance of this growth factor in endothelial
homeostasis and vascular stability. Treatment of
mice with small molecular inhibitors of VEGFRs
significantly reduces vascular density and pro-
motes proteinuria (Baffert et al. 2006). The find-
ings highlighted a requirement for VEGF in the
maintenance of an adequate volume/size of a vas-
cular network that is unique to each organ. VEGF
also regulates the stability of the glomerular cap-
illary network in the kidney and its role in filtra-
tion of blood. In endothelial cells, endogenously
produced VEGEF is critical to actively ensure sur-
vival, as deletion of VEGF specifically in the
endothelium result in spotty apoptosis of cells
within the vascular tree, thrombotic effects, and
microinfarcts (Lee et al. 2007).

Hypoxia, through hypoxia-inducible factor
1 alpha (HIF-lalpha) is a potent stimulator of
VEGF which subsequently promotes vascular
growth to mitigate oxygen deficiencies. This is a
frequent mechanism employed, time and again, to
induce vascular expansion (angiogenesis) in adult
tissues and needed during tissue expansion
(muscle growth upon prolonged exercise, adipose
or other tissue growth, and repair of endometrium
postmenses).

Traumatic injury of several tissues, particularly
injury of the central nervous system is associated
with acute upregulation of VEGF and VEGF
receptors. VEGF expression correlates with time
of vascular repair, but there is significant evidence
to support that VEGF is also neuroprotective
through the activation of VEGF receptors (low
levels) in neurons and glia.

VEGF-A is not only a driver of angiogenesis
during development but also in disease. VEGF is
highly expressed in tumors and in this setting,
drives abnormal vessel formation. High VEGF
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concentrations seem to correlate with poor
disease-free and overall survival in cancer
patients.

Increased expression of VEGF was also found
to be a relevant factor in the pathogenesis of a
myriad of ocular diseases and it is a common
feature of psoriasis, rheumatoid arthritis, diabetes,
bronchial asthma, and multiple inflammatory
conditions.

Targeting VEGF

Since VEGF and their respective receptors play a
central role in angiogenesis and are involved in so
many pathological conditions, the concept of
blocking the activity of these molecules for ther-
apeutic purposes held a strong appeal. The initial
impetus to pursue therapeutic avenues was cancer,
as the idea of inhibiting angiogenesis as a means
to starve tumors, was not only logical but had the
potential to be applicable to most, if not all,
tumors (Folkman 2007). Antibodies against
VEGF-A were initially developed and commer-
cialized by Genentech. Bevacizumab, a full-
length humanized recombinant monoclonal IgG
that binds and inhibits all VEGF isoforms was
approved by the FDA for treatment of several
solid tumors including colorectal, nonepithelial
lung, breast, ovarian, renal, and glioblastomas
(Ferrara et al. 2004). A similar drug, Ranibizumab
(Lucentis) was also developed by Genentech as a
Fab fragment of humanized monoclonal anti-
VEGF-A antibody also recognizing all VEGFA
isoforms. The drug was specifically designed for
eye disease and it was approved for intraocular
use in neovascular macular degeneration, macular
edema, diabetic macular edema, and diabetic ret-
inopathy (Cao et al. 2011; Sullivan and Brekken
2010). Another product that targets VEGF is
Aflibercept, a fusion decoy protein of 115 kD
that includes VEGF-binding domains of
VEGFRI1 and VEGFR2 fused to the Fc domain
of human immunoglobulin G1. The drug, devel-
oped by Regeneron, binds all forms of VEGF-A
but also PIGF-1 and PIFG-2 with high affinity. It
was approved for colorectal metastastic
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carcinoma and for ophthalmological pathologies
(Cao et al. 2011; Sullivan and Brekken 2010).

Intracellular targets to interfere with VEGF
were also developed. Pegaptanib (Macugen) is a
28base ribonucleic acid aptamer, covalently
linked to two branched 20 kD polyethylene glycol
moieties. The drug, developed by Pfizer binds to
and blocks VEGF165 and it has been used in the
treatment of wet macular degeneration (Cao et al.
2011).

In addition to blocking VEGF, targeting its
receptors, particularly the tyrosine kinase recep-
tors, has been an alternative therapeutic avenue.
The two most popular drugs have been sorafenib
and sunitinib and were both approved for treat-
ment of renal and hepatocellular carcinoma.
Although effective, these drugs are multikinase
inhibitors and they block VEGFR2, as well as
other receptor tyrosine kinases with multiple
targeting overlap, something that can bring both
advantages and disadvantages. For example,
drugs such as rosiglitazone and pioglitazone
developed as targets of the peroxisome
proliferators-activated receptor gamma also
inhibit VEGF signaling and are used clinically to
control diabetes; in fact, rosiglitazone delayed the
onset of diabetic retinopathy in type 2 diabetic
patients.

There is little question that today anti-VEGF
therapy is one of the most important advance-
ments in suppressing progression and, in some
cases, resolving age-related macular degenera-
tion, diabetic retinopathy, and retinal vein occlu-
sions. Anti-VEGF therapy has also been valuable
in the management of retinopathy of prematurity
and choroidal neovascularization. Given its suc-
cess, it is not surprising that the use of anti-VEGF
therapy in ophthalmological pathologies is
increasing with fortunately very minor adverse
effects noted. This reality contrasts the use of
anti-VEGF therapy in cancer, where systemic,
rather than local delivery is applied. Benefits are
not as robust as in ocular disease and resistance of
anti-angiogenic therapy is also associated with
side effects due to systemic administration of the
drugs. Bevacizumab has been associated with
hypertension, proteinuria, thromboembolic events
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with strokes, and gastrointestinal perforations
(Cao et al. 2011).

The tremendous success of anti-VEGF therapy
in the eye contrasts the relatively poor perfor-
mance of VEGF in cancer. The reasons for this
discrepancy are not entirely clear, but acquire
resistance, due to the versatility of the tumor
microenvironment to adapt switching to utilize
alternative proangiogenic factors are likely the
cause (Bergers and Hanahan 2008). The use of
biomarkers to discern between patients likely to
respond to therapy has received attention and it is
showing signs of success. For example, in meta-
static nonsquamous non-small cell lung cancer, a
serum proteomic signature was used to select
patients likely to respond to a combination ther-
apy of bevacizumab and erlotinib (EGFR inhibi-
tor) (Akerley et al. 2012).

Summary

Vascular endothelial growth factor includes a fam-
ily of five genes (VEGF-A, B, C, D, and PIGF)
that code for key regulators of physiological
angiogenesis and lymphangiogenesis VEGF-A is
the most abundant factor, critical for vascular
morphogenesis in development and postnatal
life. The human VEGF-A gene is organized as
eight exons separated by seven introns. Exons
6 and 7 can be spliced to generate a variety of
isoforms with distinct affinity for extracellular
matrix proteins and effects in blood vessel forma-
tion. Activity of VEGF-A is mediated by cell
surface receptors that are predominantly
expressed by endothelial cells. These receptors
include two tyrosine kinases: VEGFR1 and
VEGFR2 and two nonreceptor kinases
Neuropilin-1 and 2. VEGFR2 is a major mediator
of the mitogenic, migratory, and permeability
effects triggered upon binding to VEGF-A, but
the other receptors are critical in regulating
responses and imposing nuances to the angio-
genic outcome (size of branches, number of
branches). Because of the impact of angiogenesis
in disease progression, including cancer, a variety
of antiangiogenic drugs, including anti-VEGF
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antibodies have been developed and approved for
clinical use. Despite their remarkable success in
the treatment of ocular disease, in cancer, most
patients are either intrinsically resistant or acquire
resistance within months of treatment, resulting in
a few months of extended overall survival as
benefit of the therapy. Mechanisms of resistance
to anti-VEGF have been identified, and under-
standing the complex interactions between tumor
cells, endothelial, and the constituency of the
tumor microenvironment will be important in
effectively blocking neovascularization in cancer.
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