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Review

VEGF-B

A survival, or an angiogenic factor2
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Despite its early discovery and high sequence homology to
the other VEGF family members, the biological function of
VEGE-B remained debatable for a long time, and VEGEF-B has
received little attention from the field thus far. Recently, we and
others have found that (1) VEGF-B is a potent survival factor for
different types of cells by inhibiting apoptosis via suppressing the
expression of BH3-only protein and other apoptotic/cell death-
related genes. (2) VEGEF-B has a negligible role in inducing blood
vessel growth in most organs. Instead, it is critically required for
blood vessel survival. VEGE-B targeting inhibited pathological
angiogenesis by abolishing blood vessel survival in different
animal models. (3) Using different types of neuro-injury and
neurodegenerative disease models, VEGF-B treatment protected
endangered neurons from apoptosis without inducing undesired
blood vessel growth or permeability. Thus, VEGE-B is the first
member of the VEGF family that has a potent survival/anti-
apoptotic effect, while lacking a general angiogenic activity. Our
work thus advocates that the major function of VEGE-B is to act
as a “survival,” rather than an “angiogenic” factor and implicates
a therapeutic potential of VEGF-B in treating different types of

vascular and neurodegenerative diseases.

Introduction

More than a decade ago, when vascular endothelial growth
factor B (VEGF-B) was first discovered,!? we were excited. Who
would not be excited? VEGF-A was then, and still is, in the spot-
light of biomedical research. Loss of even one allele of VEGF-A
caused early embryonic lethality in mice.>* VEGF-B, as a newly
discovered VEGF-A homolog at that time,'> might prove to
be equally, if not more, important, we expected. However, the
subsequent journey to reveal the biological function of VEGEF-B
had been largely full of disappointments. As a VEGF-A homolog,
VEGE-B failed to produce most of the functionality of VEGEF-A,

for example, inducing new blood vessel growth and vascular
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permeability, etc. Further, unlike VEGE-A, loss of VEGE-B in mice
did not seem to matter greatly, since VEGF-B-null mice appeared
largely healthy.>® Years of work investigating the biological func-
tion of VEGF-B had mostly led to negative findings. Is VEGE-B a
redundant molecule? This was suspected. With the recent advances
in VEGE-B research,” !> perhaps now is the time to answer that
question with greater confidence. And the answer is no.

The VEGF family includes five structurally related ligands that
bind differentially to three receptor tyrosine kinases (VEGFR-1,
2 and 3) and the semaphorin receptors neuropilin (NP)-1 and -2.
Among the five VEGF family members, VEGF-A is considered to
be the prototype angiogenic factor with a potent and “universal”
angiogenic effect under most physiological and pathological condi-
tions. 1618 The placenta growth factor (PIGF) is believed to play
important roles in pathological angiogenesis.!” However, when
PIGF-1 is produced in the same population of cells with VEGF-A,
it can act as a natural antagonist of VEGF-A.2%2! VEGF-C and
VEGF-D are mainly involved in lymphangiogenesis.?>?3 VEGF-B
shares a high degree of sequence homology to VEGF-A and PIGE
Like VEGF-A and PIGE VEGEF-B binds to the tyrosine kinase
VEGF receptor-1 (VEGFR-1) and its co-receptor neuropilin-1.1-24
Even though VEGEF-B is highly expressed in most tissues and
organs,?>2¢ VEGF-B under most conditions appeared to be
“redundant” or “inert” without an obvious function. The in vivo
role of VEGEF-B therefore remained elusive for a long time. This
review summarizes the recent advances on VEGF-B studies, with
particular interest on its survival versus angiogenic effects.”"1>

Is VEGF-B an Angiogenic Factor?

The angiogenic activity of VEGF-B has been a debatable issue
for a long time. Because of its high sequence homology and similar
receptor binding patterns to VEGF-A,?7-?8 VEGF-B was naturally
considered as an angiogenic factor. However, studies along this line
have only led to inconsistent results. VEGF-B was reported to be
angiogenic in some studies,?’? but lack of an angiogenic activity
in others.>”3334 Below is an overview of the reports with regard
to the angiogenic activity of VEGE-B.

VEGE-B deficiency does not affect angiogenesis in most
organs. VEGF-A or VEGF-C deficiency caused embryonic
lethality in mice.34+3> VEGE-B deficient mice, however, are
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largely healthy with regard to embryonic development, lifespan,
fertility, angiogenesis, etc.>® PIGF deficient mice display impaired
pathological angiogenesis.!?3® VEGF-B deficiency, however, does
not affect pathological angiogenesis in most organs studied, such
as wounded skin, hypoxic lung, ischemic retina or ischemic limb.!%
Even though one study reported a role of VEGF-B in pathological
(inflammatory) angiogenesis using arthritis models,>” we did not
see such an effect in our study thus far (unpublished observation).
In contrast to VEGF-A and PIGE VEGE-B is not required for
neovessel formation in proliferative retinopathy” or blood vessel
remodeling in pulmonary hypertension.® Taken together, genetic
deletion of VEGF-B in mice showed that VEGE-B, at least under
most conditions studied thus far, has a minimum role in angiogen-
esis in most organs tested in development, normal physiology or
under pathological conditions.

VEGE-B transgenic expression in different organs induces no
or minimum angiogenesis. Transgenic expression of all the other
VEGF family members, such as VEGE-A,38-40 PIGE4! VEGE-
C,%2 VEGF-D* or VEGF-E,* induced either angiogenesis or
lymphangiogenesis. VEGE-B is the only member of the VEGF
family, transgenic overexpression of which in different organs did
not induce angiogenesis or lymphangiogenesis.!3! VEGF-B over-
expression in cardiac myocytes under the alpha-myosin heavy chain
promoter did not induce angiogenesis in the heart.'# Instead, blood
vessel density was decreased in the hearts overexpressing VEGE-
B.!# Furthermore, VEGF-B transgenic expression in endothelial
cells under Tie2 promoter did not induce angiogenesis in different
types of organs (liver, heart, kidney, etc).>! Moreover, VEGF-B
transgenic expression in the skin under keratin-14 promoter led to
only marginal angiogenesis.'* Thus, VEGF-B transgenic expres-
sion in different types of organs did not induce angiogenesis, or
only led to minimum angiogenesis, in contrast to the other VEGF
family members.

VEGE-B gene or protein delivery does not induce angiogenesis
in most organs and under most conditions. Several studies have
shown that VEGEF-B gene or protein transfer into different types
of organs did not induce angiogenesis under most conditions.
Adenoviral gene transfer of the other VEGF family members, such
as VEGF-A, VEGF-C and VEGEF-D, into rabbit hindlimb skeletal
muscles induced strong angiogenesis, vascular permeability, or
lymphangiogenesis.>> VEGF-B adenoviral gene transfer, however,
did not induce angiogenesis or lymphangiogenesis in this model.?3
Similarly, adenoviral gene transfer of VEGF-A and VEGEF-D
to adventitia induced robust adventitial angiogenesis, whereas
VEGEF-B adenoviral gene transfer failed to do s0.344> Another
study also showed that VEGF-B, ., gene delivery to the skin or
ischemic limb did not induce blood vessel growth.!® Furthermore,
VEGF-B, ¢, recombinant protein injection into mouse eyes at a
dose effective for retinal neuron survival did not induce ocular
angiogenesis.” Poesen K, et al. has also shown recently that VEGF-
B g recombinant protein intracerebroventricular injection did
not cause blood vessel growth or blood-brain barrier leakiness.'?
Thus, reports from different groups indicate that VEGF-B gene or
protein delivery did not induce angiogenesis in most organs under
most conditions studied.
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VEGE-B does not induce blood vessel permeability. It is
known that all the other VEGF family members, VEGEF-A,46
PIGE3® VEGF-C,* VEGF-D% and VEGF-E* induce blood
vessel permeability. However, numerous studies using a variety
of different tools and approaches, such as VEGF-B deficient
mice, VEGF-B transgenic mice, recombinant proteins, or gene
transfer, have shown that VEGF-B does not affect blood vessel
permeability. VEGF-B deficient mice displayed no difference in
blood vessel permeability as compared with wild-type mice.””
Transgenic expression of VEGF-B in endothelial cells, or applica-
tion of VEGEF-B protein to the skin of mice did not affect blood
vascular permeability using Miles assay.>! Intradermal injection
of VEGF-A, 5, VEGF-A|,, and VEGF-C in mice ears increased
vascular permeability, while VEGF-B administration had no such
effect using a modified Miles assay.*’ In addition, VEGEF-B,
recombinant protein injection into mouse brain or eye did not
induce blood vessel permeability. It is reported that in preserved
lung grafts, VEGF-A and VEGEF-C, but not VEGF-B mediate
increased vascular permeability.’® Indeed, when overexpressed in
the lung by adenoviral gene transfer, VEGF-B had no effect on
blood vessel permeability.® Adenoviruses expressing VEGF-A and
VEGE-D delivered into rabbit hindlimb skeletal muscles induced
vascular permeability using the modified Miles assay, while adeno-
viruses expressing VEGEF-B did not affect blood vessel permeability
in skeletal muscles in rabbit.3> Thus, data derived from different
model systems showed that VEGE-B is the only member of the
VEGEF family that does not induce blood vessel permeability.

Cardiac-specific angiogenic activity of VEGF-B. VEGE-B is
most abundantly expressed in the heart.!?> Therefore, even though
VEGE-B gene or protein delivery did not induce angiogenesis in
most of the other organs, we still studied the role of VEGF-B in
cardiac ischemia by occlusion of the left coronary artery in mice.
We found that VEGE-B deficiency led to decreased blood vessel
density in ischemic myocardium in mice, even though no vascular
defect was found in other organs studied, such as wounded skin,
hypoxic lung, ischemic retina or limb.!® Further, VEGF-B,,
protein or gene transfer increased blood vessel density in the
infarct and ischemic border zone in mouse hearts. These data thus
suggest that VEGF-B has a restricted role in the revascularization
of ischemic myocardium.'®!! Indeed, this observation was also
recently reported by another study demonstrating thac VEGE-
B4 gene transfer induced myocardium-specific angiogenesis and
arteriogenesis in both pigs and rabbits.!> Adenoviral VEGF-B
(AdVEGEF-B 4) gene transfer upregulated the expression of many
antiapoptotic genes in cardiomyocytes.!3 Yet another study further
showed that AdVEGF-B,, gene transfer into murine hearts
with myocardial infarction led to increased capillary density.>!
Taken together, our and others work has shown that even though
VEGE-B is dispensable for blood vessel growth in development,
normal physiology and pathological conditions in most organs,
VEGE-B has an angiogenic activity specifically in the heart.

However, one question remains unverified. It is thus far unclear
whether the heart-specific angiogenic activity of VEGF-B is a direct
“growth promoting” effect on vascular cells, or an indirect effect
through its survival effect on different types of cells, including
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Figure 1. VEGF-B is a vascular survival factor, rather than an angiogenic
factor. (A) In a mouse cornea pocket assay, three weeks after removing the
bFGF implants in the cornea, fewer bFGF-induced blood vessels (green)
were left in VEGF-B deficient cornea, suggesting that VEGF-B is required
for blood vessel survival. (B) Based on our and others recent work on
VEGF-B, we advocate a conceptual change of the function of VEGF-B in
the vascular system as a “survival,” rather than an “angiogenic” factor.
As a survival factor, VEGF-B has a negligible role in inducing blood vessel
growth in most organs. However, under conditions where blood vessels
are stressed and need to struggle to survive (left), VEGF-B is then critically
required, and VEGF-B treatment under such conditions can indeed lead to
more (survived) blood vessels. Under such conditions, VEGF-B may appear
to be “angiogenic,” but most likely only due to its vascular survival effect.
Our ongoing work in our laboratory shows that VEGF-B is expressed by
different types of vascular cells, and its expression is upregulated under
stressed conditions (unpublished data).

SMC PC

Figure 2. Pleiotropic survival effect of VEGF-B on multiple types of vascu-
lar cells. VEGF-A (orange particles) targets mainly vascular endothelial
cells (EC, yellow). VEGF-B (green particles), however, targets not only
vascular ECs, but also pericytes (PC, blue) and smooth muscle cells (SMC,
red). Since blood vessels covered by PCs or SMCs are more resistant to
antiangiogenic reagents and difficult to prune, antiangiogenic strategies
targeting not only vascular ECs, but also PCs and SMCs simultaneously
are desired. Our data showed that VEGF-B may be one such multi-target
molecule.
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nonvascular cells, such as cardiac myocytes. Since VEGF-B
upregulated the expression of many antiapoptotic genes in cardiac
d therefore has a di ival eff hem,!3 i
myocytes, and therefore has a direct survival effect on them,!” it
is possible that the angiogenic activity of VEGF-B in the heart
could be an indirect effect subsequent to the direct survival effect
of VEGF-B on cardiac myocytes, which in turn may lead to an
increased angiogenesis. Further studies are needed to verify this.

VEGF-B is a Survival, Rather than an Angiogenic Factor

In our recent work,? using different animal models including
cornea pocket assay, hind limb ischemia model, hyaloid blood
vessel regression assay and oxygen-induced retinal blood vessel
degeneration model, we demonstrated that VEGE-B is dispensable
for blood vessel growth under most conditions. However, VEGE-B
is critically required for blood vessel survival.!? In vivo, VEGF-B
deficiency led to poorer blood vessel survival in the cornea after
growth factor withdrawal, fewer surviving hyaloid vessels in post-
natal mouse eyes, and greater oxygen-induced retinal vascular
degeneration in neonatal mice.'? In vitro, VEGE-B deficient
vascular cells displayed increased apoptosis when the cells were
challenged by serum deprivation or oxidative stress.!?> Moreover,
VEGE-B protein treatment rescued blood vessel cells from apop-
tosis in vitro and led to better blood vessel survival in vivo.12

Our data thus advocates a conceptual change of the function
of VEGEF-B as a “survival” rather than an “angiogenic” factor (Fig.
1). This explains and reconciles, at least to a certain extent, the
controversies on the “angiogenic” nature of VEGF-B in previous
studies. That is—as a survival factor, VEGF-B has a negligible
role in inducing blood vessel growth under most conditions. This
explains why most of the time VEGEF-B did not induce blood
vessels growth after protein or gene delivery.>7-?3334 On the other
hand, under other conditions where blood vessels are challenged
and need to struggle to survive, VEGF-B is then critically required
and VEGEF-B treatment can indeed lead to more (survived) blood
vessels.?29:30:32 Under such conditions, VEGE-B can appear to
be “angiogenic.”10’29’30’32 However, this “angiogenic” effect of
VEGE-B is most likely only due to its survival effect on both
vascular and non-vascular cells (Figs. 1 and 3). Ongoing work in
our laboratory demonstrated that VEGEF-B is expressed by different
types of vascular cells and VEGEF-B expression level is upregulated
in pathological conditions (unpublished data).

The Survival Effect of VEGF-B is Pleiotropic

One important feature of the survival activity of VEGF-B
is that it appears to be a general effect on many different types
of cells, including three types of vascular cells, different types
of neurons, and cardiac myocytes. VEGF-B is highly expressed
in many different types of tissues.!>>?” The receptors used by
VEGE-B, VEGFR-1 and NP-1 are also expressed by various types
of cells.>253 Therefore, future work might reveal other unknown
cellular targets of VEGE-B.

VEGE-B is a survival factor for different types of vascular
cells. We recently found that VEGE-B is a survival factor for
multiple types of vascular cells, including vascular endothe-

lial cells (EC), pericytes (PC) and smooth muscle cells (SMC)
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(Fig. 2).!? In vitro, using both isolated primary vascular
cells and established vascular cell lines, VEGF-B, ¢, protein
treatment increased survival of not only ECs, but also that
of PCs and SMCs as measured by TUNEL staining, when
the cells were cultured in serum-free medium.'> On the
contrary, VEGF-B shRNA treatment led to apoptosis in both
ECs and PCs. Moreover, VEGF-B deficient ECs and SMCs
isolated from VEGEF-B deficient mice displayed increased
apoptosis when cultured in serum-free medium or under
H,0,-induced oxidative stress.!> Thus, both gain- and loss-
of-function analysis showed that VEGF-B is required for the
survival of multiple types of vascular cells (Fig. 2).

VEGE-B is a survival factor for multiple types of
neurons. We and others have shown that VEGF-B has a
survival effect on different types of neurons, including brain
cortex neurons,”>% retinal neurons,’ (Fig. 3) and motor
neurons in the spinal cord.!> In vitro, VEGF-B protein treat-
ment dose-dependently increased survival of cultured primary
brain cortex neurons.”>* In vivo, VEGF-B treatment inhib-
ited apoptosis of brain cortex neurons and reduced stroke
volume using a middle cerebral artery ligation-induced brain
stroke model.? In the retina, we have shown that VEGE-B
treatment protected different types of retinal neurons from
apoptosis under different pathological conditions. In the
optic nerve crush injury model, VEGF-B treatment increased
survival of retinal ganglion cells. In the NMDA-induced
retinal neuron apoptosis model, VEGF-B treatment protected
retinal neurons in the ganglion cell layer, inner nuclear layer
and outer nuclear layer.9 Moreover, Poesen K, et al. has
recently shown that VEGEF-B treatment protected cultured
primary motor neurons from apoptosis.'> Indeed, VEGF-B
deficient mice developed a more severe form of motor neuron
degeneration when intercrossed with mutant SOD1 mice,
whereas VEGF-B intracerebroventricular injection prolonged
the survival of mutant SOD1 rats.!> Taken together, different

in vivo models have shown that VEGF-B is a survival factor for

different types of neurons (Fig. 3).

VEGE-B is a survival factor for cardiac myocytes. Apart from
its survival effect on different types of vascular cells and neurons,
several recent studies have also demonstrated a survival effect of
VEGF-B on cardiac myocytes. AdVEGEF-B, 4 delivery to the heart
upregulated the expression of many antiapoptotic genes in cardio-
myocytes, and inhibited cardiac myocyte apoptosis, demonstrating
a survival effect of VEGF—B186 on them.!? Indeed, VEGE-B
overexpression in cardiac myocytes under the alpha-myosin heavy
chain promoter did not induce angiogenesis in the heart, but,
instead, protected cardiomyocytes from damage after ischemia
insult.'4 Moreover, intravenous injection of AdVEGF-B, - in mice
with myocardial infarction led to increased cardiomyocyte area and
improved myocardial function,?! also indicating a protective effect
of VEGF-B on cardiac myocytes. Taken together, data derived
from different groups showed that VEGF-B has a survival effect

on cardiac myocytes.
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Figure 3. VEGF-B is a survival factor for multiple types of neurons. (A) N-methyl-
D-aspartic acid (NMDA) intravitreal injection led to massive apoptosis (green
color) in different layers in the mouse retina as shown by the TUNEL staining
(green color). VEGF-B,, protein treatment significantly reduced the number
of apoptotic cells in all the three layers of the retina injured by NMDA. RGC:
retinal ganglion cell, INL: inner nuclear layer, ONL: outer nuclear layer. (B) Ours
and others data have shown that VEGF-B has a survival effect on different types
of neurons. VEGF-B treatment inhibited apoptosis of brain cortex neurons and
reduced stroke volume in a mouse stroke model. VEGF-B treatment increased
survival of retinal ganglion cells in vivo. Thus, VEGF-B is a potent survival factor
for different types of neurons and may have therapeutic implications in treating
different types of neurodegenerative diseases.

VEGFR-1 and NP-1 Mediate the Survival Effect of VEGF-B

VEGF-B binds to VEGFR-1 and NP-1.124 It is recently
reported that NP-1 is expressed in vascular endothelial cells®>>°
and smooth muscle cells,’”>® and plays an important role in
vascular cell survival.’® In our recent study,'? using an NP-1
neutralizing antibody that blocks VEGE-B binding to NP-1, in
both in vitro and in vivo assays, the vascular survival effect of
VEGE-B was abolished by the NP-1 neutralizing antibody to a
certain extent, suggesting that NP-1 is required for the vascular
survival effect of VEGEF-B. The other receptor used by VEGF-B,
VEGEFR-1, is also expressed in vascular and neuronal cells and
plays a role in cell survival.®*®! In our study,'? we found that in
vitro, VEGFR-1 neutralizing antibody abolished the regulatory
effect of VEGF-B on the expression of many pro-survival genes
in immortalized retinal pericytes. In vivo, VEGFR-1 neutralizing
antibody largely abolished the survival effect of VEGF-B on retinal
vasculature in the oxygen-induced blood vessel regression model.
Thus, VEGFR-1 also plays a role in mediating the vascular survival
effect of VEGF-B. Since NP-1 and VEGFR-1 interact with each
other and can form heterodimers,®? it is possible that the vascular
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survival effect of VEGF-B can be mediated by the NP-1-VEGFR-1
complex.

Conclusion

In summary, VEGE-B is the only member of the VEGF family
that has a potent survival/anti-apoptotic effect, while lacking a
general angiogenic activity (except in the heart). Thus, VEGEF-B
can hardly be regarded as a “vascular endothelial growth factor.”
Instead, VEGF-B has a potent survival effect on a broad spec-
trum of different types of cells. VEGF-B promotes the survival
of vascular cells, neurons and cardiac myocytes by inhibiting
cell apoptosis via suppressing the expression of the BH3-only
protein and other apoptotic/cell death-related genes. Even though
VEGE-B has a negligible role in inducing blood vessel growth
in most organs, VEGF-B targeting inhibited pathological angio-
genesis by abolishing blood vessel survival in different animal
models. On the other hand, in different types of neuro-injury and
neurodegenerative disease models, VEGF-B treatment protected
neurons from apoptosis without inducing undesired blood vessel
growth or permeability. Our work thus advocates that VEGE-B is
a “survival,” rather than an “angiogenic/growth” factor, and further
implicates a therapeutic value of VEGF-B in treating different
types of vascular and neurodegenerative diseases.
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