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VEGF-B, a homolog of VEGF discovered a long time ago, has not
been considered an important target in antiangiogenic therapy.
Instead, it has received little attention from the field. In this study,
using different animal models and multiple types of vascular cells,
we revealed that although VEGF-B is dispensable for blood vessel
growth, it is critical for their survival. Importantly, the survival
effect of VEGF-B is not only on vascular endothelial cells, but also
on pericytes, smooth muscle cells, and vascular stem/progenitor
cells. In vivo, VEGF-B targeting inhibited both choroidal and retinal
neovascularization. Mechanistically, we found that the vascular
survival effect of VEGF-B is achieved by regulating the expression
of many vascular prosurvival genes via both NP-1 and VEGFR-1. Our
work thus indicates that the function of VEGF-B in the vascular
system is to act as a ‘‘survival,’’ rather than an ‘‘angiogenic’’ factor
and that VEGF-B inhibition may offer new therapeutic opportuni-
ties to treat neovascular diseases.

apoptosis � vascular survival � ocular neovascularization

A lthough current antiangiogenic reagents have shown clinical
efficacy, immerging issues such as drug resistance, adverse

side effects, selective usage/up-regulation of other angiogenic
factors, etc., warrant the identification of other molecules im-
portant to antiangiogenic therapy. Further, it is known that
blood vessels that have acquired pericyte (PC) or smooth muscle
cell (SMC) coverage are more resistant to antiangiogenic ther-
apy and are particularly difficult to prune (1–3). Antiangiogenic
strategies targeting not only vascular endothelial cells (ECs), but
also PCs and SMCs are therefore desired for greater antiangio-
genic efficacy.

Among the 5 VEGF family members (VEGF-A, -B, -C, -D,
and PlGF) VEGF-B is probably the least studied thus far.
VEGF-B binds to VEGFR-1 and NP-1 (4, 5); Because of its high
sequence homology and similar receptor binding patterns to
VEGF-A (6), VEGF-B has naturally been 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 (7–10) but not in others (11–15). VEGF-B was
reported to play a role in pulmonary hypertension (16), but this
was unconfirmed by other studies (17). One study reported
abnormal coronary artery vasculature and smaller heart in
VEGF-B deficient mice (18), while others failed to observe the
same (11). Yet another puzzle in understanding the function of
VEGF-B has been its’ seeming lack of an obvious function. In
contrast to VEGF-A or VEGF-C deficient mice (19–21),

VEGF-B deficient mice appear largely healthy under normal
conditions (11, 12, 17, 18). Unlike other VEGF family members,
in most conditions VEGF-B does not affect angiogenesis and
blood vessel permeability (9, 11–15, 17, 22–25). Moreover, the
cellular and molecular targets of VEGF-B remain thus far
unclear. Taken together, data derived from previous studies on
VEGF-B have not positioned it as an important target in
antiangiogenic therapy. Instead, VEGF-B has received little
attention from the field thus far.

In this study, using different animal models and multiple types
of cultured vascular cells, we found that even though VEGF-B
has a negligible role in inducing blood vessel growth, it is critical
for blood vessel survival under pathological conditions. Impor-
tantly, the survival effect of VEGF-B is not only on vascular EC
but also on vascular SMCs and PCs. VEGF-B is therefore a
pleiotropic vascular survival factor affecting all 3 types of
vascular cells. In vivo, VEGF-B targeting inhibited both choroi-
dal and retinal neovascularization, implicating VEGF-B as an
important target in antiangiogenic therapy.

Results
Dispensable Role of VEGF-B in Blood Vessel Growth. To test the role
of VEGF-B in blood vessel growth, we first used the mouse
cornea pocket assay. Exogenously supplied VEGF-A- and
bFGF-induced blood vessel growth in VEGF-B deficient and
wild-type mouse cornea to a similar extent (Fig. 1A, Upper, n �
8), indicating that in the presence of sufficient amount of other
angiogenic factors, VEGF-B is dispensable for blood vessel
growth. In the rabbit hind limb ischemia model, VEGF-B167
adenoviral gene delivery did not induce blood vessel growth (Fig.
S1 A–D, n � 12, P � 0.05), while VFGF-A adenoviral gene
delivery-induced robust angiogenesis in the ischemic hind limb
muscles (Fig. S1 A–D, n � 12, P � 0.001). BrdU incorporation
assay showed that VEGF-B167 adenoviral gene transfer did not
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affect cell proliferation (Fig. S1E, n � 12, P � 0.05), while
VEGF-A adenoviral gene transfer increased the number of
proliferating cells in ischemic muscles (Fig. S1E, n � 12, P �
0.05), further indicating a dispensable role of VEGF-B in
inducing blood vessel growth. In cultured bovine aortic endo-
thelial (BAEC) and human vascular SMCs (HVSMS), VEGF-
B167 protein did not affect their migration at different concen-
trations tested (Fig. S1 F–I, n � 4, P � 0.05), while VEGF-A-
induced BAEC migration (Fig. S1 F and G, n � 4, P � 0.05) and
PDGF-B-induced HUSMC migration (Fig. S1 H and I, n � 4,
P � 0.001). Thus, different model systems showed that VEGF-B
has a dispensable role in inducing blood vessel growth.

VEGF-B Is Critical for Blood Vessel Survival Under Pathological Con-
ditions. We next used the mouse cornea pocket assay to test the
potential role of VEGF-B in blood vessel survival. When
VEGF-A or bFGF implanted in the cornea was removed, the
VEGF-A- or bFGF-induced blood vessels in the cornea degen-
erated faster in VEGF-B deficient cornea compared with those
in wild-type cornea (Fig. 1 A, lower panel, n � 8). Three weeks
after removal of bFGF there were many fewer vessels left in the
VEGF-B deficient cornea (Fig. 1 B–E, n � 8, P � 0.01 or 0.05),
indicating that although VEGF-B is dispensable for blood vessel
growth, it is critical for blood vessel survival. Indeed, VEGF-B
deficient hyaloid blood vessels (HBVs) displayed poorer survival
at different time points (Fig. 1 F and G, n � 12–18, P � 0.01 or
0.001). Moreover, in the oxygen-induced retinal blood vessel
regression model, VEGF-B deficiency led to a greater degree of

blood vessel regression compared with wild-type mice (Fig. 1 H
and I, n � 10, P � 0.01). Further, intravitreal injection of
VEGF-B neutralizing antibody exacerbated blood vessel regres-
sion (Fig. 1 J and K, n � 8, P � 0.05; similar to VEGF-B shRNA
treatment in Fig. S2), while intravitreal administration of VEGF-
B167 protein inhibited blood vessel regression (Fig. 1 J and K, n �
8, P � 0.01; also in Fig. S3 and Fig. S4). VEGF-B, VEGFR-1, and
NP-1 were highly expressed in the developing retina (P8) mea-
sured by immunohistochemical staining (Fig. 1L, green fluores-
cence). Real-time PCR showed that VEGF-B, VEGFR-1, and
NP-1 were expressed in both normal avascular cornea and
vascularized cornea (Fig. 1 M–O), with the later 2 up-regulated
in vascularized cornea (Fig. 1 N and O, n � 6, P � 0.01). Thus,
different model systems demonstrated that VEGF-B is critically
required for blood vessel survival in pathological conditions.

VEGF-B Promotes Survival of Not Only Vascular EC, but also PCs, SMC,
and Their Stem/Progenitor Cells. To pinpoint the cellular target of
VEGF-B, we starved different types of vascular cells in serum-
free medium and investigated their survival status. VEGF-B167
protein treatment (100 ng/ml) increased survival of not only
vascular ECs [Fig. 2 A and B, immortalized rat retinal EC
(TR-iBRB), choroidal ECs, n � 6, P � 0.01 or 0.05], but also that
of PCs [Fig. 2C, immortalized rat retinal EC (TR-rPCT), n � 6,
P � 0.05] and SMCs [Fig. 2D, primary mouse aortic SMC
(mSMC), n � 6, P � 0.01]. Real-time PCR showed that the
TR-iBRB, choroidal EC, TR-rPCT, and mSMC cells expressed
both VEGFR-1 and NP-1 (data not shown). VEGF-B167 protein

Fig. 1. VEGF-B is required for blood vessel survival in
pathological conditions. (A) VEGF-A- and bFGF-induced
blood vessel growth in wild-type (WT) and VEGF-B defi-
cient (VEGF-B �/�) mouse cornea to a similar extent
(Upper). After removing the growth factors, blood vessels
degenerated faster in the VEGF-B �/� cornea (Lower).
(B–E)Threeweeksafter removingthebFGFimplants, fewer
vessels were left in VEGF-B deficient cornea. (F and G)
VEGF-B �/� hyaloid blood vessels (HBVs) displayed poorer
survival at postnatal day 3 and 8 (P3, P8). (Scale bar: 200
�m.) (H and I) VEGF-B deficiency led to more blood vessel
regression (bigger avascular areas) in the hyperoxia-
induced retinal blood vessel degeneration model mea-
suredbyAlexa568-isolectinGS-IB4 (IB4) staining. (Scalebar:
300 �m.) (J and K) VEGF-B neutralizing antibody intrav-
itreal injection exacerbated blood vessel regression;
VEGF-B167 protein intravitreal treatment inhibited blood
vessel regression measured by IB4 staining. (Scale bar:
300 �m.) (L) VEGF-B, VEGFR-1, and NP-1 (green color)
were expressed in P8 retina. RGC: retinal ganglion cell
layer; IPL: inner plexiform layer; INL/ONL: inner/outer
nuclear layer; IS/OS: inner/outer segment. (Scale bar:
50 �m.) (M–O) VEGF-B, VEGFR-1, and NP-1 were ex-
pressed in avascular and vascularized cornea measured
by real-time PCR (arbitrary unit normalized against
beta-actin), with the later 2 up-regulated in vascularized
cornea. *, P � 0.05, **, P � 0.01, ***, P � 0.001.
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treatment did not increase survival of T47D human ductal breast
carcinoma epithelial tumor cells (Fig. 2C, n � 6, P � 0.05), which
expressed minimum level of VEGFR-1 and NP-1 measured by
real-time PCR (data not shown), indicating that the survival
effect of VEGF-B was specific. In ECs, the survival effect of
VEGF-B167 was as potent as that of VEGF (Fig. 2 A and B). In
PCs and mSMCs, VEGF-B167, but not VEGF, increased cell
survival (Fig. 2 C and D). VEGF-B167 treatment inhibited serum
deprivation-induced apoptosis in both ECs and PCs, while
VEGF inhibited apoptosis only in ECs measured by terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining (Fig. 2 E–G, n � 8, P � 0.05 or 0.01). The other VEGF-B
isoform, VEGF-B186, displayed a similar survival effect as
VEGF-B167 on vascular ECs, PCs, and SMCs using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay
(Fig. S5, n � 6, P � 0.05). Two different VEGF-B shRNA
treatment, which decreased VEGF-B expression to about 50% of
normal level (Fig. S2C, n � 3, P � 0.01), increased apoptosis in
both ECs and PCs (Fig. 2 H–J n � 8, P � 0.001 or 0.01). VEGF-B
deficient primary choroidal ECs (CHEC), retinal ECs (REC),
primary adult bone marrow-derived CD133�CD34� vascular
progenitor/stem cells, and primary aortic SMCs isolated from
VEGF-B deficient mice displayed an increased apoptosis, when
cultured in serum-free medium or under H2O2-inducedoxidative
stress (Fig. 2 K–O, n � 8, P � 0.01). VEGF-B167 protein
treatment (100 ng/ml) reduced apoptosis in different types of
VEGF-B deficient cells (Fig. S6, n � 8, P � 0.001, or 0.01, or
0.05), even though the rescue effect did not reach wild-type

level, which might be explained by a suboptimal concentration
of VEGF-B167 protein, a requirement of both VEGF-B167 and
VEGF-B186 protein, or the altered genetic composition of the
VEGF-B deficient cells. VEGF-B shRNA knock-down in-
creased expression level of TNF-� and Olr1, 2 potent cell
death/apoptosis inducers in vascular ECs and SMCs, as well as
other proapoptotic genes (Fig. 2 P and Q). VEGF-B thus
promoted survival of multiple types of vascular cells.

Genome-Wide Gene Profiling Reveals That VEGF-B Up-Regulates the
Expression of Numerous Vascular Prosurvival Genes. To understand
the molecular mechanism underlying the vascular survival effect
of VEGF-B, we performed genome-wide gene expression pro-
filing. VEGF-B167 protein treatment of the mouse primary aortic
SMCs under a hypoxic condition (1% oxygen) up-regulated the
expression of numerous prosurvival genes, such as Sgk1, by more
than 2-fold (Table S1). We validated the microarray data using
5 different types of vascular cells, which expressed NP-1 and
VEGFR-1 measured by real-time PCR (data not shown).
VEGF-B treatment up-regulated the expression of many pro-
survival genes in the cells tested (Fig. 3 A–E). Thus, the vascular
survival effect of VEGF-B is achieved, at least partially, by
up-regulating the expression of numerous prosurvival genes.

VEGF-B Targeting Inhibits Choroidal Neovascularization (CNV). It
remains thus far unknown whether VEGF-B targeting could
inhibit CNV. VEGF-B was highly expressed in the choroid
measured by Western blot (Fig. 4A). Immunohistochemical

Fig. 2. VEGF-B is a survival factor for mul-
tiple types of vascular cells and their progen-
itors. (A–D) VEGF-B167 protein treatment
increased survival of rat retina-derived ECs
(A) TR-iBRB, mouse choroidal ECs (B) choroi-
dal EC, rat retina-derived vascular pericytes
(C) TR-rPCT, and mouse aortic SMCs (D)
mSMC cultured in serum-free medium. In
TR-iBRB and choroidal ECs, the survival ef-
fect of VEGF-B167 was as potent as VEGF. In
TR-rPCT pericytes and mSMC cells, VEGF-
B167, but not VEGF, promoted their survival
(C and D). VEGF-B167 did not increase sur-
vival of T47D human tumor cells (C), which
expressed minimum level of VEGFR-1 and
NP-1 (data not shown). (E–G) VEGF-B167

treatment inhibited serum starvation-
induced apoptosis in TR-iBRB and TR-rPCT
cells [TUNEL staining at day 6 after serum
starvation, (E Upper and Lower) green and
red fluorescein-labeled dUTP incorpora-
tions, respectively]. VEGF had an effect only
on the TR-iBRB cells. (Scale bar: 20 �m.)
(H–J) Two different VEGF-B shRNA treat-
ment increased apoptosis in both TR-iBRB
and TR-rPCT cells cultured in serum free
medium (day 6 after serum starvation).
(Scale bar: 20 �m.) (K–M) VEGF-B deficient
CHEC and adult bone marrow derived
CD133�CD34� vascular progenitor/stem
cells displayed an increased apoptosis when
cultured in serum-free medium (day 6 after
serum starvation) or under H2O2-induce-
doxidative challenge. (Scale bar: 20 �m.)
(N and O) VEGF-B deficient aortic SMCs and
retinal ECREC displayed an increased apo-
ptosis when cultured in serum-free me-
dium. (P and Q) VEGF-B shRNA treatment
up-regulated the expression of many apo-
ptotic/cell death-related genes in TR-iBRB
and TR-rPCT cells measured by real-time
PCR. *, P � 0.05, **, P � 0.01, ***, P � 0.001.
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staining showed that 7 days after laser-induced CNV, VEGF-B
was highly expressed in the CNV area (Fig. 4B, lined). The
expression level of VEGF-B, VEGFR-1, and NP-1 was increased
during CNV development measured by real-time PCR (Fig. 4C,

n � 8, P � 0.01 or 0.05). Immunofluorescent staining confirmed
the abundant expression of VEGFR-1 and NP-1 in the CNV area
and their colocalization with IB4� staining (EC marker) (Fig. 4
D and E). Intravitreal injection of VEGF-B shRNA, which
reduced VEGF-B expression in the retina to about 37% of
normal level (Fig. 4F, n � 8, P � 0.001), decreased CNV area
significantly (Fig. 4 G and I, n � 7, 8, P � 0.001) and reduced
smooth muscle �-actin (SMA)� (SMC marker) area (Fig. 4H).
VEGF-B neutralizing antibody (nab) intravitreal injection also
reduced CNV area (Fig. 4I, n � 7, P � 0.05). TUNEL staining
showed that VEGF-B shRNA treatment led to more TUNEL�

cells within the CNV area (Fig. 4 J–L, n � 7, 8, P � 0.05).
Further, VEGF-B inhibition by shRNA and neutralizing anti-
body increased the expression of numerous proapoptotic genes
in both choroids and retinae with CNV (Fig. 4 M and N) and
decreased the expression of many prosurvival genes measured by
real-time PCR (Fig. 4O). Thus, VEGF-B targeting inhibited
choroidal neovascularization.

VEGF-B Targeting Inhibits Ischemia-Induced Retinal Neovasculariza-
tion. VEGF-B is abundantly expressed in the retina (Fig. 1L).
However, it remained unknown whether VEGF-B targeting
could inhibit retinal neovascularization. VEGF-B, VEGFR-1,
and NP-1 expression was up-regulated in ischemic retinae mea-
sured by real-time PCR (Fig. 5A, n � 6, P � 0.05, or 0.01, or
0.001). Immunofluorescent staining showed that both VEGFR-1
and NP-1 were expressed by retinal blood vessels (Fig. 5 B and
C, arrowheads) with a much higher expression level by the newly
formed neovascular tufts (Fig. 5 B and C, arrows). VEGF-B
shRNA and neutralizing antibody intravitreal injection at P12
reduced retinal neovascularization at P17 (Fig. 5 D–G, n � 8,

Fig. 3. VEGF-B up-regulates the expression of many prosurvival genes in
vascular cells. VEGF-B167 protein treatment up-regulated the expression of many
prosurvival genes in vascular ECs, (A) human umbilical vein EC (HUVEC) and (B)
TR-iBRB; vascular pericytes, (D) TR-rPCT; and SMCs, (C) human umbilical vein SMC
(HUVSMC) and (E) (mSMC) in hypoxia (1% oxygen) measured by real-time PCR.

Fig. 4. VEGF-B targeting inhibits CNV.
(A) Western blot showed that VEGF-B was
highly expressed in adult mouse choroid.
(B) Immunofluorescent staining showed
that VEGF-B was highly expressed in the
choroidal neovascularization area (lined).
RGC: retinal ganglion cell layer, IPL: inner
plexiform layer, INL/ONL: inner/outer nu-
clear layer, IS/OS: inner/outer segment; Ch:
choroid. (Scale bar: 20 �m.) (C) Real-time
PCR (arbitrary unit normalized against be-
ta-actin) showed that VEGF-B, VEGFR-1,
and NP-1 expression increased at day 7 after
laser treatment in choroid. (D and E) Immu-
nofluorescent staining showed that
VEGFR-1 (green, D) and NP-1 (green, E)
were expressed in the CNV area and colo-
calized with IB4 staining (red). (F) VEGF-B
shRNA intravitreal treatment decreased
VEGF-B transcript level in adult retina mea-
sured by the real-time PCR. (G and I) VEGF-B
shRNA and neutralizing antibody (nab) in-
travitreal treatment reduced CNV area.
(H) VEGF-B shRNA treated CNV displayed
less SMA staining. (J and L) VEGF-B shRNA
treatment led to more apoptotic cells
(TUNEL staining) within the CNV area.
(K) The TUNEL positive cells within the CNV
area were colocalized with IB4 staining.
(Scale bar: 50 �m.) (M–O) VEGF-B inhibition
by neutralizing antibody (nab) or shRNA
up- and down-regulated the expression of
many apoptotic/cell death-related (M and N)
and prosurvival (O) genes respectively in cho-
roids and retinae measured by real-time PCR.

*, P � 0.05, **, P � 0.01, ***, P � 0.001.
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P � 0.05 or 0.01) and led to fewer neovascular tufts (Fig. 5 I–K,
n � 8, P � 0.05). VEGF-B shRNA treatment decreased
VEGF-B expression level to about 40% of normal level in the
retina (Fig. S2 A and B, n � 6, P � 0.01). The VEGF-B shRNA
and neutralizing antibody treated retinae displayed greater
avascular areas, at least partially, due to less neovascular for-
mation (Fig. 5 D–F, H, n � 8, P � 0.01). VEGF-B inhibition led
to more TUNEL� cells colocalized with IB4� staining (vascular
EC marker, Fig. 5 L–N, n � 8, P � 0.05). Further, VEGF-B
inhibition suppressed considerably the expression of numerous
prosurvival genes (Fig. 5O), and increased the expression of
several proapoptotic genes in the neovascular retina (Fig. 5P).
Thus, VEGF-B targeting inhibited retinal neovascularization.

Both NP-1 and VEGFR-1 Mediate the Vascular Survival Effect of
VEGF-B. VEGF-B binds to NP-1 (5). To verify whether NP-1
mediates the vascular survival effect of VEGF-B, we screened
for an NP-1 neutralizing antibody that can block VEGF-B
binding to NP-1 using a surface plasmon resonance assay. We
found that the antiNrP-1B neutralizing antibody to a certain
extent blocked VEGF-B167 binding to NP-1 (Fig. S3 A and B). In
cultured TR-rPCT cells, antiNrP-1B treatment largely abolished
the regulatory effect of VEGF-B167 on the expression of many
prosurvival genes (Fig. S3 C, n � 3, P � 0.001 or 0.01). In the
oxygen-induced retinal blood vessel regression model, anti-
NrP-1B intravitreal injection abolished, to a certain extent, the
survival effect of VEGF-B167 on retinal vasculature (Fig. S3
D–G, n � 8, P � 0.01 or 0.05). VEGF-B also binds to VEGFR-1
(4). VEGFR-1 was detected in TR-iBRB cells using Western blot
assay (Fig. S4A). VEGF-B167 stimulation (100 ng/ml) resulted in
VEGFR-1 activation in these cells in hypoxia (1% oxygen) (Fig.
S4A). VEGFR-1 neutralizing antibody treatment largely abol-

ished the regulatory effect of VEGF-B167 on the expression of
many prosurvival genes in TR-rPCT cells (Fig. S4B, n � 6, P �
0.001, or 0.01, or 0.05). In vivo, VEGFR-1 neutralizing antibody
intravitreal injection to a large extent abolished the survival
effect of VEGF-B167 on retinal vasculature in the oxygen-
induced blood vessel regression model (Fig. S4 C–F, n � 7, P �
0.01). Thus, both NP-1 and VEGFR-1 play a role in mediating
the vascular survival effect of VEGF-B.

Discussion
In this study, using different animal models and multiple
cultured vascular cells, we found that VEGF-B is a vascular
survival factor rather than an angiogenic factor. Further, the
vascular survival effect of VEGF-B is not only on vascular ECs,
but also on vascular SMCs and PCs. VEGF-B targeting
inhibited both choroidal and retinal neovascularization in vivo,
implicating VEGF-B as an important target in antiangiogenic
therapy.

We showed in this study that VEGF-B deficiency or protein/
gene delivery did not affect blood vessel growth. Instead,
VEGF-B deficiency/inhibition led to poorer blood vessel sur-
vival in the cornea pocket assay after growth factor withdrawal,
fewer surviving hyaloid vessels in postnatal mouse eyes, and
greater oxygen-induced retinal vascular degeneration in neona-
tal mice. In vitro, VEGF-B deficient vascular cells displayed
greater apoptosis when challenged by serum deprivation or
oxidative stress. Conceivably, VEGF-B treatment rescued blood
vessel survival both in vitro and in vivo under stressed conditions.
Consistent with these findings, genome-wide gene profiling
revealed that VEGF-B up-regulated the expression of numerous
prosurvival genes in different types of vascular cells. Thus,
although VEGF-B is dispensable for blood vessel growth, it is
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Fig. 5. VEGF-B targeting inhibits retinal
neovascularization. (A) VEGF-B, VEGFR-1,
and NP-1 expression was up-regulated in ret-
inal ischemia measured by real-time PCR (ar-
bitrary unit normalized against beta-actin).
(B and C) VEGFR-1 and NP-1 were expressed
(immunofluorescent staining) in both nor-
mal retinal vasculature (arrowheads) and in
retinal neovascular tufts (arrows) with a
higher expression level in the later (arrows).
(Scale bar: 50 �m.) (D–H) VEGF-B shRNA and
neutralizingantibody(nab) intravitreal injec-
tion reduced retinal neovascularization and
led to greater avascular areas in the retinae.
VEGF-B nab � shRNA treatment inhibited
retinal neovascularization to a greater ex-
tent. (Scale bar: 300 �m.) (I–K) VEGF-B shRNA
and nab treatment reduced neovascular tuft
numbers in the retina. (Scale bar: 50 �m.)
(L–N) VEGF-B shRNA treatment led to more
TUNEL� cells colocalized with IB4 staining in
thetuftarea. (OandP)Real-timePCRshowed
that VEGF-B inhibition (nab � shRNA) sup-
pressed and increased the expression of
many prosurvival (O) and cell death-related/
apoptotic (P) genes respectively in the isch-
emic retinae.*,P�0.05,**,P�0.01,***,P�
0.001.
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critical for blood vessel survival in pathological conditions. Our
data therefore advocates a conceptual change of the function of
VEGF-B in the vascular system as a ‘‘survival’’ rather than an
‘‘angiogenic’’ factor. This explains 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, explaining why in many conditions VEGF-B
protein treatment or gene delivery did not induce blood vessels
growth (11–14, 26). On the other hand, under certain patholog-
ical conditions when blood vessels are stressed, VEGF-B is then
critically required and VEGF-B treatment can indeed lead to
more (survived) blood vessels (7, 8, 26, 27). Under such condi-
tions, VEGF-B may appear to be ‘‘angiogenic’’ (7, 8, 26, 27).
However, this ‘‘angiogenic’’ effect is likely due to its vascular
survival activity.

Another important finding in this study is that the survival
effect of VEGF-B is on multiple types of vascular cells,
including vascular ECs, PCs, and SMCs. This was observed in
both isolated primary vascular cells and established vascular
cell lines, using both loss- and gain-of-function assays. It is
known that once blood vessels acquire PC or SMC coverage
and become more mature, they are more resistant to antian-
giogenic reagents and difficult to prune (1, 3). Antiangiogenic
strategies targeting not only vascular ECs, but also PCs and
SMCs simultaneously are much desired. Our data showed that
VEGF-B may be one such pleiotropic molecule to be inhibited.
Indeed, VEGF-B targeting by genetic deletion, neutralizing
antibody or shRNA inhibited both choroidal and retinal
neovascularization. VEGF-B therefore may be an important
target in antiangiogenic therapy and VEGF-B blockade may
have clinical implications in treating different types of vascular
malformations, such as hemangioma (28, 29).

In summary, we showed in this study that although VEGF-B is
dispensable for blood vessel growth, it is critical for their survival.
Our work advocates a conceptual change of the function of

VEGF-B in the vascular system as a ‘‘survival,’’ rather than an
‘‘angiogenic’’ factor. Importantly, the vascular survival effect of
VEGF-B is pleiotropic and on multiple types of vascular cells.
VEGF-B inhibition may therefore offer new therapeutic opportu-
nities to treat different types of neovascular diseases.

Materials and Methods
Blood Vessel Survival, Retinal Neovascularization, and Rabbit Hind Limb Isch-
emia Models. All animal experiments were approved by the Animal Care and
Use Committee at the National Eye Institute/National Institutes of Health
(animal study protocol #06–553) and were performed according to the NIH
guidelines. VEGF-B deficient mice were described previously and were bred
onto C57Bl6 strain for more than 6 generations (25). Blood vessel survival,
retinal neovascularization, and rabbit hind limb ischemia models are de-
scribed in SI Materials and Methods.

Primary Cell Isolation, Culture, and Survival/Migration/Real-Time PCR Assays.
Primary mouse retinal/choroidal ECs, aortic artery SMCs, and bone marrow
CD133�CD34� cells were isolated and cultured as described in SI Materials and
Methods. All cell culture experiments were performed in triplicates and
repeated at least twice. Primers used for real-time PCR are listed in Table S2.

Laser-Induced CNV Model and Surface Plasmon Resonance (SPR) Assay. The
laser-induced CNV model was described previously (25) and in SI Materials and
Methods. The SPR assay used to screen for an NP-1 neutralizing antibody to
block VEGF-B binding to NP-1 was described previously (30) and in SI Materials
and Methods.

Microarray Analysis, VEGFR-1 Expression/Activation Assay, and Statistics. Mi-
croarray analysis using primary mouse aortic artery SMCs and VEGFR-1 expres-
sion/activation assay were described previously (25). Two tailed Student’s t test
was used for statistical analysis. Difference was considered statistically signif-
icant when P � 0.05. Data are presented as mean � SEM of the number of
determinations.
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