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ABSTRACT Vascular endothelial growth factor (VEGF),
also known as vascular permeability factor, is a cytokine of
central importance for the angiogenesis associated with can-
cers and other pathologies. Because angiogenesis often in-
volves endothelial cell (EC) migration and proliferation
within a collagen-rich extracellular matrix, we investigated
the possibility that VEGF promotes neovascularization
through regulation of collagen receptor expression. VEGF
induced a 5- to 7-fold increase in dermal microvascular EC
surface protein expression of two collagen receptors—the
o181 and a,fB; integrins—through induction of mRNAs en-
coding the a; and «, subunits. In contrast, VEGF did not
induce increased expression of the a;3f3; integrin, which also
has been implicated in collagen binding. Integrin a;-blocking
and a,-blocking antibodies (Ab) each partially inhibited at-
tachment of microvascular EC to collagen I, and «;-blocking
Ab also inhibited attachment to collagen IV and laminin-1.
Induction of a1 31 and «,f3; expression by VEGF promoted cell
spreading on collagen I gels which was abolished by a com-
bination of a;-blocking and «»-blocking Abs. In vivo, a com-
bination of «;-blocking and «,-blocking Abs markedly inhib-
ited VEGF-driven angiogenesis; average cross-sectional area
of individual new blood vessels was reduced 90% and average
total new vascular area was reduced 82% without detectable
effects on the pre-existing vasculature. These data indicate
that induction of o3y and a,f3; expression by EC is an
important mechanism by which VEGF promotes angiogenesis
and that «;3; and «,f3; antagonists may prove effective in
inhibiting VEGF-driven angiogenesis in cancers and other
important pathologies.

Vascular endothelial growth factor (VEGF), also known as
vascular permeability factor, is a potent angiogenic cytokine
that stimulates endothelial cells (EC) through two receptor
tyrosine kinases, Flt-1 and KDR/Flk-1 (reviewed in ref. 1).
Although there are potentially numerous angiogenesis factors
(reviewed in ref. 2), considerable evidence has accumulated
indicating that VEGF is particularly important. VEGF induces
angiogenesis in a variety of experimental models (3-5); and
conversely, antagonism of VEGF function or VEGF expres-
sion inhibits angiogenesis (6-9). Also, targeted inactivation of
a single VEGF allele disrupted normal blood vessel develop-
ment resulting in embryonic death in utero (10). Finally,
elevated expression of VEGF and its receptors has been shown
to correlate with the neovascularization associated with em-
bryogenesis (11, 12), wound healing (13), cancer (reviewed in
ref. 1), rheumatoid arthritis (14), psoriasis (15), delayed hy-
persensitivity reactions (16), and proliferative retinopathy
17).
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Angiogenesis is a complex process that involves extracellular
matrix remodeling, EC migration and proliferation, and the
functional maturation of new EC into mature blood vessels
(reviewed in ref. 18). Cell surface integrins, which are the
major receptors for extracellular matrix, have been implicated
in all of these processes (reviewed in ref. 19). Consistent with
the importance of integrin function during angiogenesis, tar-
geted deletion of as and «, integrin subunits in mice resulted
in embryonic vascular defects (20), and an antibody (Ab) that
broadly inhibits members of the B; integrin family inhibited
development of the embryonic vasculature (21). Furthermore,
an B3 integrin-blocking Ab inhibited angiogenesis in several
experimental models (22-24). We reported previously (25)
that VEGF induces expression of the ayf3; integrin in dermal
microvascular EC; a,83 is a receptor for several ligands
including vitronectin, fibronectin, fibrin, and osteopontin (19)
that are present in the provisional extracellular matrix during
VEGF-driven angiogenesis (26). However, angiogenesis often
proceeds in a microenvironment consisting predominantly of
interstitial collagens. For example, collagens account for
~75% of the dry weight of the skin and most of this collagen
in the adult is type I (27). Although denatured collagen is
recognized by a3 (28), native collagen is not bound signif-
icantly by this integrin. Therefore, we investigated whether
VEGF also induces expression of the «1B1, azB1, and a3f;
integrins that are receptors for native collagens (19). More-
over, we investigated the importance of collagen receptors for
VEGF-driven angiogenesis in vivo with specific integrin-
blocking Abs.

MATERIALS AND METHODS

Cells, Cell Culture, and VEGF Stimulation. Human dermal
microvascular EC were isolated from neonatal foreskins (29,
30) and cultured as described (25). For experiments involving
Northern blot analysis, cells were shifted to EC basal medium
(Clonetics, San Diego, CA) supplemented with 2% fetal calf
serum and antibiotics 24 h prior to stimulation with VEGF. For
experiments involving stimulation with VEGF for 72 h or
longer, cells were shifted to this medium when VEGF was
added. Recombinant human VEGF¢s, which is the principal
VEGEF isoform, was purchased from R & D Systems and added
to cultures as indicated in the figure legends. All experiments
were performed at least twice with similar results.

RNA Isolation and Northern Blot Analyses. Total cellular
RNA was isolated and Northern blot analyses performed as
previously described (25). 32P-labeled ¢cDNA probes were
prepared as described (25) with purified cDNA inserts isolated
from the following: human «; integrin plasmid (clone 2.72F)
and human a3 integrin plasmid (clone 3.10) from the American
Type Culture Collection, human «; integrin plasmid (clone
3RA) (31), generously provided by Eugene Marcantonio
(Columbia University, New York), and a plasmid containing a

Abbreviations: VEGF, vascular endothelial growth factor; EC, endo-
thelial cell; Ab, antibody.
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2.5-kb human B; cDNA insert, generously provided by Larry
Fitzgerald (University of Utah, Salt Lake City). A purified
2.0-kb human B-actin cDNA was purchased from CLON-
TECH.

Cell Surface Biotinylation and Immunoprecipitation Anal-
yses. Surface labeling with biotin was performed essentially as
described (32) except that cells were suspended at a final
concentration of 2 X 10° cells/ml and NHS-LC-biotin (Pierce)
was dissolved in PBS and added to cells at a final concentration
of 1 mM. The labeling reaction was allowed to proceed for 30
min at room temperature with gentle agitation to maintain
cells in suspension. After washing twice in PBS with 50 mM
ammonium chloride to eliminate and quench the biotinylating
reagent, cells were lysed in detergent-containing immunopre-
cipitation buffer as described previously (25). After extraction
for 30 min at 4°C, 1.0 ml lysates were centrifuged (29,000 X g)
at 4°C for 30 min. To control for differences in cell recovery
and/or biotinylation efficiency, equal volumes of lysates were
subjected to polyacrylamide gel electrophoresis and trans-
ferred to poly(vinylidene difluoride) membrane (Millipore)
and total biotinylated protein was visualized with chemilumi-
nescence (32). Images were captured on x-ray film and quan-
titated with a Gel Doc 1000 Imaging Densitometer (Bio-Rad).
Differences, if any, were minor, and lysate volumes were
normalized accordingly for immunoprecipitation.

Immunoprecipitation was performed as described previ-
ously (25). Specific rabbit polyclonal Abs to oy integrin, a;
integrin, and a3 integrin subunits were purchased from Chemi-
con. Rabbit polyclonal Ab to the B; subunit (33) was gener-
ously provided by Richard Hynes (Massachusetts Institutes of
Technology, Cambridge). All of these Abs were raised to
synthetic peptides representing C-terminal sequences of the
respective integrin subunits. Immunoprecipitates were sub-
jected to electrophoresis, transferred to polyvinylidene diflu-
oride membrane, visualized with chemiluminescence, and
protein bands were quantitated as above. Biotinylated protein
standards purchased from Bio-Rad included myosin (M,
200,000), B-galactosidase (M, 116,000), and phosphorylase B
(M, 97,400).

Cell Attachment and Spreading Assays. For cell attachment
assays, 96-well plates (catalog no. 3603, Corning Costar) were
coated with matrix proteins at a concentration of 10 ug/ml for
1 h followed by 100 mg/ml BSA (catalog no. A9306, Sigma) for
2 h to block remaining protein binding sites. Matrix proteins
included human placental collagen I and mouse EHS lami-
nin-1 (Life Technologies, Grand Island, NY) and human
placental collagen IV (Collaborative Biomedical Products,
Bedford, MA). Cells were prelabeled with fluorescent Cell
Tracker Dye (Molecular Probes) at a concentration of 3 uM
for 30 min and then incubated with fresh medium for 60 min
to remove unincorporated dye. Labeled cells were gently
trypsinized and suspended in serum-free medium at 1.5 X 10°
cells/ml, mixed with Ab (see below) as indicated for 15 min,
and 100 ul of cell suspension was added to each well. After 45
min, unattached cells were removed by washing, and attached
cells were quantitated with a fluorescence plate reader. At-
tachment of cells to wells coated with BSA alone was negli-
gible. Control mouse IgG and mouse monoclonal blocking Ab
to the human B; integrin subunit (clone P4C10) were purified
from control serum and P4C10 ascites (Life Technologies),
respectively, with the MAPS II Ab purification kit (Bio-Rad).
Purified mouse monoclonal blocking Abs to the human oy
integrin subunit (clone SES8DY) and «; integrin subunit (clone
A2-1IE10) were purchased from Upstate Biotechnology (Lake
Placid, NY).

To assess cell spreading on collagen I gels, Vitrogen (bovine
dermal collagen I, Collagen Corp.) was neutralized according
to the manufacturer’s instructions, diluted to a final concen-
tration of 500 pug/ml with serum-free medium, and added to
24 well plates (500 ul per well). After the diluted Vitrogen had
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polymerized at 37°C, 1.2 X 103 cells were added to each well
with Abs (see above).

Mouse Angiogenesis Assays and Analyses of Angiogenesis
Inhibition by Integrin Abs. The assay used was essentially as
described (34) with the following modifications. Athymic NCr
nude mice (7-8 week old, females) were injected subcutane-
ously midway on the right and left back sides with 0.25 ml
Matrigel (Collaborative Biomedical Products) at a final con-
centration of 10 mg/ml together with 2.5 X 10° VEGF-
transfected SK-MEL-2 cells (5). Soon after injection, the
Matrigel implant solidified and persisted without apparent
deterioration throughout the 6-day assay interval. Animals
were treated (see Results) with the following purified, low
endotoxin (=0.01 ng/ug protein) hamster mAbs (PharMin-
gen): og-blocking Ab (clone Ha31/8) and ap-blocking Ab
(clone Hma?2), or control isotype standard anti-TNP Ab (clone
G235-2356). After six days, the animals were euthanized and
dissected, and the implants were photographed.

Implants together with associated skin were fixed for 60 min
in 10% formalin and embedded in paraffin. Sections were cut,
deparaffinized, and treated with 0.1% trypsin for 30 min at
37°C to enhance antigen availability to CD31 rat mAb (clone
MEC13.3, PharMingen). Bound rabbit anti-rat secondary Ab,
coupled to horseradish peroxidase (Vector Laboratories), was
visualized with True Blue peroxidase substrate (Kirkegaard &
Perry Laboratories). Sections were counterstained with Eosin
Y (Richard-Allan Scientific, Kalamazoo, MI). Cross-sectional
diameters of individual new blood vessels at the implant/host
interface were measured from representative photographs
(obtained from three specimens of each group) and data
expressed as average diameter = standard deviation (n = 60
for each group). Also, total new blood vessel cross-sectional
area was measured from digitized representative photographic
images obtained from four specimens of each group with the
N.ILH. Image Program 1.61 (n = 26 for each group). To
determine statistical significance, data were subjected to the
unpaired ¢ test.

RESULTS

VEGF Induction of «;8; and «,f3; Expression by Human
Dermal Microvascular EC. EC were stimulated with VEGF 45
(20 ng/ml) for up to 24 h, and mRNAs encoding a1, aa, az, and
B integrin subunits were quantitated by Northern blot anal-
ysis. VEGF stimulation resulted in a >6-fold induction of oy
and ax mRNAs as compared with unstimulated EC; however,
no induction of a3 mRNA or By mRNA was detected (Fig. 14
and B). As reported by us previously (25), as mRNA was not
induced by VEGF stimulation (data not shown).

To determine whether induction of «; and o, mRNAs by
VEGEF translated to increased expression of «18; and axf
heterodimers at the EC surface, we stimulated cells with
VEGF for 72 h or 96 h, labeled cell surface proteins, and
subjected equal numbers of cells to surface biotinylation.
Minor differences in cell recovery and biotinylation were
controlled for by quantitating incorporated biotin (see Mate-
rials and Methods). As shown in Fig. 2, stimulation of EC with
VEGEF resulted in markedly increased expression of a3, and
a1 at the cell surface. The induction of «13; and axB; was
confirmed in multiple experiments (>5), and densitometric
quantitation indicated 5- to 7-fold induction for both integrins.
In contrast, expression of the a3 integrin was not induced by
VEGEF stimulation (Fig. 2).

EC Attachment Mediated by a1 and «,f; Integrins. The
a1B;1 and a,B; integrins bind collagens and laminin-1 (35, 36),
and a3 also has been reported to bind tenascin (37). How-
ever, the ligand binding specificities of these integrins are not
absolute and differ among cell types (35, 38). Therefore, we
tested attachment of 72 h VEGF-stimulated microvascular EC
to collagens I and IV and laminin-1 in the presence of
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FiG. 1. (A) Northern blot analyses of integrin subunit mRNASs in
human dermal microvascular EC stimulated with VEGF (20 ng/ml)
for up to 24 h. Ten micrograms of total cellular RNA was loaded in
each well. (B) Densitometric quantitation of Northern blot analyses.
The signal associated with each integrin mRNA was normalized to the
internal B-actin mRNA standard to adjust for minor differences in
RNA loading.

aj-blocking Ab and/or ap-blocking Ab in comparison with
Bi-blocking Ab and control IgG. As shown in Fig. 3, the a; Ab
and ay Ab each partially blocked cell attachment to collagen
I, and the two Abs in combination inhibited attachment >90%.
The B; Ab similarly inhibited attachment >95%. Although
a1 Ab and B; Ab inhibited attachment of VEGF-stimulated
cells to collagen I'V and laminin-1, attachment to these ligands
was not inhibited significantly by a, Ab. As expected, we
observed no inhibition of cell attachment to fibronectin with
aj Ab or ay Ab. Thus, these experiments indicated that both
the a8 and a3, integrins present on the surface of VEGF-
stimulated microvascular EC were important for mediating
cell attachment to collagen I and that the oy integrin also
mediated attachment to collagen IV and laminin-1.
VEGF-Induced Expression of oy 3; and «,1: Consequences
for EC Interactions with Three-Dimensional Collagen Gels in
Vitro. Interactions between microvascular EC and three-
dimensional collagen gels (i.e., polymeric collagen) presum-
ably are more relevant to angiogenesis than interactions be-
tween cells and collagen-coated plastic (i.e., planar collagen)
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F1G. 2. Integrin expression at the surface of dermal microvascular
EC following stimulation with VEGF (20 ng/ml) for 72 h and 96 h.
Lysates from biotinylated cells were subjected to immunoprecipita-
tion, and immunoprecipitates were subjected to electrophoresis in
7.5% polyacrylamide gels under nonreducing conditions. Control cells
were cultured and biotinylated in parallel. As determined by densi-
tometry, o131 and azf3; typically were induced 5- to 7-fold by VEGF
treatment.

(39). Therefore, we investigated the consequences of increased
a1 and apP; expression for interactions between microvas-
cular EC and polymeric collagen. Unstimulated control and
72 h VEGF prestimulated EC were plated on type I collagen
gels in the presence of control or integrin-blocking Abs. As
shown in Fig. 4, 72 h VEGF prestimulation promoted EC
spreading on polymeric collagen as compared with unstimu-
lated EC that attached but did not spread significantly. We
obtained similar results with EC embedded in type I collagen
(data not shown). Addition of «y-blocking Ab in combination
with az-blocking Ab completely inhibited spreading of the
VEGF-stimulated cells (Fig. 4). Addition of oy Ab and «a; Ab
separately resulted in intermediate inhibition of cell spreading
indicating that both «;8; and a,B; participate in interactions
between microvascular EC and polymeric collagen I (not
shown). Thus, basal expression of a1 and a»f3; by microvas-
cular EC was not sufficient to promote cell spreading on
collagen I gels, and VEGF induction of «;8; and axf3; expres-
sion correlated with EC spreading on collagen I gels that was
abolished by a combination of «;-blocking and «»-blocking
Abs.

Inhibition of VEGF-Driven Angiogenesis in Vivo by Abs that
Block a; and «; Integrins. To test directly the importance of
o131 and apB; integrins for VEGF-driven angiogenesis in vivo,
we used a modified version of a mouse angiogenesis model
described previously (34), involving subcutaneous injection of
athymic nude mice with Matrigel containing human SK-
MEL-2 tumor cells stably transfected for expression of murine
VEGFies (5). Untransfected SK-MEL-2 tumor cells do not
provoke an angiogenic response (5), and therefore angiogen-
esis induced by the VEGF transfectants was entirely or pre-
dominantly attributable to VEGF. Each animal received im-
plants by subcutaneous injection, midway on the right and left
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Attachment assays performed with dermal microvascular EC and integrin-blocking Abs. Cells were stimulated with VEGF (20 ng/ml,

72 h) before assay for maximal induction of a1 and a»Bi. Control IgG and Abs were used at a concentration of 10 ug/ml.

back sides on day zero. Isotype-matched control hamster mAb
(300 pg) or a combination of hamster monoclonal a; Ab and
az Ab (150 ug each) were administered to five animals per
group by i.p. injection on days 1, 3, and 5. These Abs do not
recognize the respective human integrin subunits and, there-
fore, did not interact with the transfected SKMEL-2 cells. On
day 6 animals were sacrificed and implants were photographed
and processed for immunohistochemical analyses. Thus, a total
of 10 implants per group were analyzed. Findings were highly
consistent within each of the two groups, and typical examples
are shown in Fig. 5. In the oy Ab + a; Ab treatment group, the
overlying skin adjacent to the implants contained substantially
reduced numbers of grossly visible small tortuous blood vessels
in comparison with controls (Fig. 5, Upper). We observed no
effects of Abs on the larger pre-existing blood vessels. Con-
sistent with these gross observations, immunohistochemical
staining for the EC marker CD31 (40) demonstrated that the
average cross-sectional diameter of individual new blood
vessels adjacent to the angiogenic stimulus was significantly
(P < .001) reduced to 8.4 = 1.5 um in the a; Ab + a, Ab
treatment group, in comparison with 26.2 = 6.6 um in the
control Ab group (Fig. 5, Lower). This reduction in average
new blood vessel diameter translated into a 90% reduction in
average cross-sectional area. Similarly, average total new
blood vessel cross-sectional area was reduced by 82% in the oy
Ab + ap Ab treatment group (P < .0001). Thus, the combi-
nation of «;-blocking and ay-blocking Abs potently inhibited
VEGF-driven angiogenesis in vivo without detectable adverse
effects on the pre-existing vasculature.

DISCUSSION

In vitro, the o181 and aB; integrins have been shown to
function in cell migration (38, 41-43) and in reorganization
and contraction of collagen (41, 44). Also, the a»f3; integrin has
been implicated in capillary lumen and tube formation by EC
(45), EC proliferation in collagen (46), and cell survival (47).
Thus, the previously established functions of these integrins
raised the possibility of important roles for these integrins in
angiogenesis in vivo.

Findings reported here indicate that the angiogenesis factor
VEGF potently induces microvascular EC expression of both
the a;B; and aB; integrins and that each serves significantly
as a receptor for collagen I on this cell type. Accordingly,
VEGF induction of a;8; and a,f; substantially promoted EC
spreading on collagen I gels in vitro. Furthermore, we found
that together a;- and aj-blocking mAbs markedly inhibited
VEGF-driven angiogenesis in vivo, directly implicating the
a1B1 and aB; integrins functionally in VEGF-driven angio-
genesis.

Previously, deletion of integrin «; by homologous recombi-
nation was shown to be permissive for normal murine devel-
opment, indicating that «;8; expression is not essential for
development of the vasculature (38). However, that observa-
tion is not inconsistent with those reported here because our
experiments involved angiogenesis in adult animals rather than
embryos and because the a3 integrin may compensate for
a1 31 during angiogenesis. This latter possibility is supported by
our findings that a combination of a; Ab + a, Ab was required

72 h VEGF prestimulation

No

Control

F1G. 4. Spreading of dermal microvascular EC on type I collagen gels after 4 h. Control = unstimulated cells cultured in parallel with cells
prestimulated with VEGF (20 ng/ml) for 72 h. A combination of a;-blocking Ab and ax-blocking Ab (10 ug/ml of each) abolished cell spreading
of the VEGF prestimulated cells; control IgG (20 pg/ml) was without effect.
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F1G.5. Inhibition of VEGF-driven angiogenesis in adult skin by a combination of a1-blocking Ab and a»-blocking Ab. (Upper) Gross observation
after dissection: Matrigel implants, visible at bottom of photographs, together with overlying skin. Small tortuous blood vessels, typical of
neovascularization, were visible in the skin adjacent to the implant in animals treated with control Ab (left). These vessels were absent or
substantially less visible in animals treated with a; Ab + a Ab (right). In contrast, the larger pre-existing blood vessels appear unaffected by «;
Ab + ay Ab. (Lower) Light microscopy of paraffin sections: Immunohistochemical staining for CD31 (blue color) illustrates that new blood vessels
at the interface between the Matrigel implant (M) and host dermis (D), and in association with large nerves (), were reduced in cross-sectional
area 90% in the oy Ab + ao AD treated animals (Right), in comparison with controls (Left). Similarly, total new vascular area was reduced 82%
(see text). In each panel, two representative vessels are marked with arrows.

to abolish both EC attachment to collagen I (Fig. 3) and
spreading of VEGF-stimulated EC on collagen I gels (Fig. 4),
whereas each Ab alone was only partially inhibitory. Also,
because integrins can exhibit trans-dominant effects over other
integrins (48), the consequences of blocking an integrin with
a specific Ab need not correlate with the phenotype of mice
that lack expression of that integrin. Thus, integrin antagonists
such as blocking Abs may produce effects that are more severe
than those predicted by the phenotype of corresponding null
mice.

It has been reported previously that an a,B3-blocking Ab
inhibited tumor angiogenesis (22, 23) and development of the
normal vasculature (24) indicating that a3 is important for
neovascularization. In addition to «;8; and ayf; as reported
here, VEGF also induces expression of oy, 33 (3- to 4-fold) (25),
suggesting an additional mechanism by which VEGF regulates
angiogenesis. In multiple experiments, we found that VEGF-
induction of «1B; and ayB; was nearly 2-fold greater than
VEGF-induction of «,f3. Future investigations are required to
establish the relative contribution of a;f1/azB1 vs. ayBs in
angiogenesis assays and in the pathological angiogenesis that
occurs in human neoplastic and inflammatory diseases.

Because the normal vasculature is generally quiescent and
because angiogenesis is required for neoplastic tumor growth,
there is much interest in developing cancer therapies designed
to inhibit angiogenesis (49), and our findings suggest that the
a1 and apP; integrins are attractive targets for therapeutic
intervention. It could be argued that because «;8; and a,; are
expressed normally by microvascular EC (50) and a variety of
other cell types (38, 51), considerable toxicity might be asso-
ciated with systemic administration of «;3; and a3 antago-

nists. However, integrin function can require activation
through signaling pathways inside the cell, and therefore
expression of a particular integrin need not correlate with
functional activity (32, 52). Furthermore, and consistent with
findings reported here, a3 was found to be overexpressed by
tumor blood vessels (53) and increased expression of ay3; was
demonstrated at the sprouting tips of neonatal blood vessels
(54). Thus, it is an intriguing possibility that «;8; and a,fB;
integrins are expressed by quiescent microvascular endothe-
lium in low abundance relative to stimulated endothelium and
also that they are less active and therefore less influenced by
a1 and apPB; antagonists. Furthermore, because «;8; and
a3 integrins promote cell migration, proliferation, and ma-
trix reorganization—none of which are relevant to quiescent
cells—it is reasonable to expect that antagonists of «;3; and
a1 would most strongly influence dynamic situations such as
angiogenesis, where cell proliferation, cell migration, and
matrix reorganization are critical. Thus, our findings that Abs
to a181 and ayB; selectively inhibited VEGF-driven angiogen-
esis in vivo without any detectable adverse consequences for
the pre-existing vasculature are entirely consistent with these
possibilities and suggest that «;3; and az; antagonists may
prove effective in inhibiting the VEGF-driven angiogenesis
associated with cancers and other pathologies.
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B1 cDNA, Richard Hynes for 81 Ab, and Carol Foss for help in
preparing the manuscript. This work was supported by a grant from
Biochem Therapeutic, National Institutes of Health Grants HL54465,
CA69184, and CA64436, and the V. Kann Rasmussen Foundation.
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