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Angiogenesis is a complex process, involving func-
tional cooperativity between cytokines and endothe-
lial cell (EC) surface integrins. In this study, we inves-
tigated the mechanisms through which the �1�1 and
�2�1 integrins support angiogenesis driven by vascu-
lar endothelial growth factor (VEGF). Dermal micro-
vascular EC attachment through either �1�1 or �2�1

supported robust VEGF activation of the Erk1/Erk2
(p44/42) mitogen-activated protein kinase signal
transduction pathway that drives EC proliferation.
Haptotactic EC migration toward collagen I was de-
pendent on �1�1 and �2�1 as was VEGF-stimulated
chemotaxis of ECs in a uniform collagen matrix. Con-
sistent with the functions of �1�1 and �2�1 in sup-
porting signal transduction and EC migration, anti-
body antagonism of either integrin resulted in potent
inhibition of VEGF-driven angiogenesis in mouse
skin. Moreover, combined antagonism of �1�1 and
�2�1 substantially reduced tumor growth and angio-
genesis of human squamous cell carcinoma xeno-
grafts. Collectively, these studies identify critical col-
laborative functions for the �1�1 and �2�1 integrins
in supporting VEGF signal transduction, EC migra-
tion, and tumor angiogenesis. (Am J Pathol 2002,
160:195–204)

Vascular endothelial growth factor (VEGF) is a cytokine
essential for the vasculogenesis associated with normal
embryonic development and for the angiogenesis asso-
ciated with wound healing, cancers, and a variety of other
important pathologies.1–3 Through its receptors, which
include two distinct receptor tyrosine kinases,4 VEGF
exerts multiple effects on vascular endothelium including
stimulation of endothelial cell (EC) proliferation,5 rapid
induction of microvascular permeability,6,7 promotion of
EC survival,8–10 stimulation of EC adhesion and migra-

tion,11 and induction of EC gene expression.12 Thus, the
mechanisms by which VEGF promotes angiogenesis are
highly complex and involve the regulation of multiple EC
functions.

Adhesion to extracellular matrix through cell surface
integrins is generally required for cell proliferation, sur-
vival, and migration, and for cytokine-stimulation of these
processes.13–15 The complex integrin family of trans-
membrane proteins consists of heterodimers, each con-
sisting of one � and one � chain.16,17 Previously, we
reported that VEGF potently induces dermal microvascu-
lar ECs to express the �1�1 and �2�1 integrins, two
important members of the �1 integrin subfamily.18 De-
pending on cell type, �1�1 and �2�1 generally bind col-
lagens and laminins.16,17 On dermal microvascular ECs,
�1�1 and �2�1 are the principal receptors for interstitial
collagen type I, a major component of the extracellular
matrix; and �1�1 also is a receptor for collagen IV and
laminin-1.18

Our previous findings that VEGF induces �1�1 and
�2�1 expression by microvascular ECs suggested that
these integrins are important to the mechanism by which
VEGF promotes angiogenesis. Consistent with this hy-
pothesis, we found that a combination of �1-blocking and
�2-blocking antibodies (Abs) inhibited VEGF-driven an-
giogenesis in the skin of adult mice.18 However, the in-
dividual functional contributions of these integrins re-
mained undefined. In this study we investigated specific
functions of the �1�1 and �2�1 integrins in supporting
VEGF-stimulated signal transduction and EC migration.
Furthermore, we used a mouse model of VEGF-driven
skin neovascularization to test the importance of the �1�1

and �2�1 integrins individually for angiogenesis in vivo. To
assess the involvement of �1�1 and �2�1 in tumor angio-
genesis, we examined the consequences of combined
�1�1 and �2�1 antagonism in a xenograft model of human
squamous cell carcinoma. Collectively, findings reported
here indicate that the �1�1 and �2�1 integrins each serve
important functions in supporting VEGF signaling, EC
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migration, and tumor angiogenesis within the collagen-
rich matrix of skin.

Materials and Methods

VEGF, ECs, and Cell Culture

Purified recombinant human VEGF165, expressed in Sf21
cells, was obtained from the National Cancer Institute
Preclinical Repository, Biological Resources Branch,
Frederick, MD. Human dermal microvascular ECs were
isolated from neonatal foreskins and cultured as previ-
ously described.19 All experiments were performed with
cells at the fourth to seventh passage.

Mitogen-Activated Protein Kinase (MAPK)
Analyses

Experiments were performed in Costar 96-well EIA plates
coated first overnight with 10 �g/ml Fc-specific goat anti-
mouse IgG (Sigma Chemical Co., St. Louis, MO), fol-
lowed by blocking of remaining nonspecific protein bind-
ing sites with 100 mg/ml bovine serum albumin (BSA)
(fraction V, no. A9306; Sigma) for 2 hours at 37°C, fol-
lowed by incubation for 1 hour with either 10 �g/ml or 0.2
�g/ml mouse monoclonal Abs (mAbs), as indicated.
mAbs included the following: anti-human integrin �1
[(clone 5E8D9 (Upstate Biotechnology, Lake Placid, NY)
and clone FB12 (Chemicon, Temecula, CA)], anti-human
integrin �2 (clone A2-IIE10, Upstate Biotechnology), iso-
type IgG1 control Ab (clone G192-1; PharMingen, La
Jolla, CA), and IgG2a isotype control Ab (clone G192-
428, PharMingen). After incubation with mAbs, wells were
washed three times with phosphate-buffered saline.

Cells were gently trypsinized, and washed twice in
serum-free medium (EBM-2; Clonetics, San Diego, CA),
and 8 � 104 cells in serum-free medium were added to
Ab-coated wells. Cells were allowed to attach and
spread, and after decay of MAPK activity to baseline,
cells were stimulated with 20 ng/ml of VEGF. At harvest,
the entire contents (cells and medium) of each well were
lysed in standard Laemmli sodium dodecyl sulfate sam-
ple buffer without reducing agents but containing pro-
tease and phosphatase inhibitors: 1 mmol/L 4-(2-amino-
ethyl)-benzenesulfonyl fluoride (AEBSF), 1 �m aprotinin,
20 �m leupeptin, 35 �m bestatin, 15 �m pepstatin A, and
15 �m E-64 (all from Sigma), and 1 mmol/L ethylenedia-
minetetraacetic acid, 1 mmol/L EGTA, 2.5 mmol/L sodium
pyrophosphate, 5 mmol/L sodium orthovanadate, and 50
mmol/L sodium fluoride. One half the total volume of each
sample was electrophoresed under reducing conditions
on standard Laemmli gels containing 10% (w/v) poly-
acrylamide followed by electrophoretic transfer to Trans-
blot membranes (BioRad, Richmond, CA). Blots were
blocked for 1 hour with 5% (w/v) nonfat dry milk and
stained with phospho-MAPK (Erk1/2) rabbit polyclonal
Ab (New England Biolabs, Beverly, MA) and subse-
quently with total Erk1/2 rabbit polyclonal Ab (K-23; Santa
Cruz Biotechnology, Santa Cruz, CA). Bound primary Ab
was detected by staining with horseradish peroxidase-

conjugated goat anti-rabbit IgG (New England Biolabs)
followed by visualization with chemiluminescence (NEN
Renaissance). All experiments were repeated at least
three times with similar results.

Cell Migration Assays

Before assay, cells were induced for maximal expression
of �1�1 and �2�1 by stimulating with 20 ng/ml of VEGF165

for 3 days as previously described.19 Cell migration was
assayed with 8-�m-pore size Transwell migration cham-
bers (Costar). For haptotaxis assays, the undersides of
membranes were coated at room temperature for 1 hour
with 10 �g/ml rat tail collagen (BD Biosciences). For
chemotaxis assays, both sides of the membranes were
coated with collagen. After 60 minutes, coating solutions
were removed and remaining protein-binding sites were
blocked by incubation with a solution of 100 mg/ml of
BSA at room temperature for 60 minutes. For chemotaxis
assays only, 20 ng/ml of VEGF165 was included in the
lower chambers as a chemoattractant. Cells (8 � 104)
were added to the upper chambers in serum-free EBM-2
containing 10 mg/ml of BSA. Integrin-blocking or control
isotype Abs in solution (10 �g/ml) were mixed with cells
for 15 minutes before the addition of cells to chambers.
The integrin Abs were identical to those used as immo-
bilized ligands to support cell adhesion (see MAPK anal-
yses, above). Cell migration was allowed to proceed for 4
hours at 37°C in a standard tissue culture incubator; cells
then were removed from the upper surface of the mem-
branes with a cotton swab, and cells that migrated to the
lower surface were stained with 0.2% (w/v) crystal violet
in 2% ethanol for 15 minutes and washed with water.
Dried membranes were cut out and mounted on glass
slides in immersion oil. At least 10 random high-power
fields from each of triplicate membranes were counted
for each experimental condition. No cell migration was
observed when membranes were coated with BSA alone,
and in no cases did we observe cells in the lower cham-
ber that had traversed the membranes but did not remain
attached. All migration assays were repeated at least
twice with similar results.

Induction of Angiogenesis in Mouse Skin,
Administration of Integrin-Blocking Abs, and
Quantitation of Angiogenesis

Assays were based on a previously described model20

with the following modifications. Athymic NCr nude mice
(females, 11 weeks old) were injected subcutaneously
midway on the right and left backsides with 0.25 ml of
Matrigel (BD Biosciences) at a final concentration of 9
mg/ml together with 1.5 � 106 SK-MEL-2 cells trans-
fected for stable expression of human VEGF165. Soon
after injection, the Matrigel implant solidified and per-
sisted without apparent deterioration throughout the
6-day assay interval. Isotype-matched control hamster
mAb (150 �g, clone Ha 4/8) or blocking hamster anti-
mouse �1 antibody (Ab) (clone Ha 31/8)21 or blocking

196 Senger et al
AJP January 2002, Vol. 160, No. 1



hamster anti-mouse �2 Ab (clone Ha 1/29)21 were admin-
istered to five animals per group by intraperitoneal injec-
tion on days 1, 3, and 5. Five additional animals were
treated with �1 Ab and �2 Ab in combination (150 �g
each), and five animals were treated with the correspond-
ing dose (300 �g) of control isotype Ab. After 6 days, the
animals were euthanized and dissected.

Implants together with associated skin were fixed for 3
hours in 10% buffered formalin and embedded in paraf-
fin. Sections were cut, deparaffinized, and treated with
0.1% trypsin for 30 minutes at 37°C to enhance antigen
availability before staining with 2 �g/ml rat anti-mouse
CD31 mAb (clone MEC 13.3, PharMingen). Bound Ab
was stained with secondary rabbit anti-rat Ab coupled to
horseradish peroxidase (Vectastain Elite Kit; Vector Lab-
oratories, Burlingame, CA) and visualized with liquid
DAB-Plus substrate (Zymed, San Francisco, CA). Sec-
tions were counterstained with hematoxylin (Vector Lab-
oratories). Cross-sectional diameters of individual new
blood vessels within the overlying skin at the Matrigel
implant/host interface were measured from representa-
tive digitized images (three specimens from each group)
with NIH Image Program 1.61 and data were expressed
as average diameter � SE (n � 80 for each group).
Combined blood vessel cross-sectional areas within the
overlying skin at the Matrigel/host interface, determined
as a percentage of the total tissue, were measured from
representative digitized images obtained from six spec-
imens of each group, using NIH Image (n � 30 for each
group). Statistical analyses were performed with the two-
sided unpaired t-test (InStat Program).

Tumor Xenograft Model and Ab Administration

A431 squamous cell carcinoma cells (2 � 106) (American
Type Culture Collection, Rockville, MD) were injected
intradermally into both flanks of 8-week-old female
BALB/c (nu/nu) mice (two sites per mouse) as de-
scribed.22 Beginning 1 day after implantation, mice (n �
5) received intraperitoneal injections, every third day, of
250 �g of the hamster �1 mAb (clone Ha 31/8) together
with 250 �g of the hamster �2 mAb (clone Ha 1/29). The
control group (n � 5) received 500 �g of isotype control
Ab according to the same schedule. The smallest and
largest tumor diameter were measured weekly, using a
digital caliper, and tumor volumes were calculated using
the following formula: volume � (4/3)(�)(1/2 � smaller
diameter)2 (1/2 � larger diameter). Tumor data were
analyzed by the two-sided unpaired t-test. Mice were
sacrificed after 18 days.

Computer-Assisted Morphometric Analysis of
Tumor Vessels

Blood vessel size and number within the viable regions of
tumors were determined as follows. Six-�m cryostat sec-
tions were stained with an anti-mouse CD31 mAb
(Pharmingen). Representative sections obtained from
five tumors from each cell clone were analyzed using a
Nikon E-600 microscope. Images were captured with a

Spot digital camera (Diagnostic Instruments, Sterling
Heights, MI), and morphometric analyses were per-
formed using the IP LAB software (Scanalytics, Billerica,
MA). Three different fields in each section were examined
at �10 magnification, and the number of vessels per
mm2, the average vessel size, and the relative area oc-
cupied by tumor blood vessels were determined as de-
scribed.23 The two-sided unpaired t-test was used to
analyze differences in microvessel density and vascular
size.

Results

The �1�1 and �2�1 Integrins Each Support
VEGF Signal Transduction Necessary for EC
Proliferation

Angiogenesis requires EC proliferation, and activation of
the Erk1/Erk2 (p44/42) MAPK signal transduction path-
way is pivotal for cell cycle progression.24,25 VEGF po-
tently activates the MAPK pathway and VEGF-stimulated
EC proliferation is blocked by inhibitors of MAPK activa-
tion.26,27 Consequently, VEGF activation of this pathway
in ECs is most probably required for VEGF stimulation of
angiogenesis. Integrins have been implicated critically in
supporting cytokine activation of the MAPK pathway,15

raising the possibility that �1�1 and/or �2�1 collaborate
with VEGF in promoting MAPK activation and angiogen-
esis.

To test directly �1�1 and �2�1 integrin function in reg-
ulating VEGF activation of the Erk1/Erk2 (p44/42) MAP
kinase pathway, dermal microvascular ECs in suspen-
sion were added to plastic wells coated with isotype
control Abs or functional integrin mAbs directed against
either the �1 integrin subunit or the �2 integrin subunit.
Because these two � subunits pair exclusively with the �1

integrin subunit, the chosen �1 and �2 Abs selectively
probe �1�1 and �2�1 function, respectively. Although
these Abs in solution function as integrin antagonists by
sterically blocking attachment of �1�1 and �2�1 to colla-
gen I, these same Abs, when immobilized to plastic sub-
stratum, serve as �1�1-specific and �2�1-specific ligands
that support cell attachment and spreading similar to
collagen I. ECs did not attach and spread on plastic
coated with control Abs, and VEGF only marginally acti-
vated the Erk1/Erk2 MAP kinases in these cells (Figure
1A). In contrast, dermal microvascular ECs adhered and
spread efficiently on plastic coated with either �1 Ab or �2

Ab, and attachment of ECs through either �1 Ab or �2 Ab
supported marked activation of Erk1/Erk2 by VEGF, as
determined with phospho-specific Abs (Figure 1A). Phos-
phorylation of Erk1/Erk2 after VEGF stimulation in cells
attached to either �1 Ab or �2 Ab was rapid (within 10
minutes) and sustained through 30 minutes. Thus, these
data demonstrate that dermal microvascular EC adhe-
sion through either the �1�1 integrin or the �2�1 integrin is
sufficient to support VEGF activation of the Erk1/Erk2
MAPK pathway. Furthermore, activation was comparable
to that observed in cells attached to natural ligands in-
cluding type I collagen and vitronectin (not shown). At the
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concentrations of Abs used in Figure 1A (10 �g/ml), we
did not observe additive effects of coating substratum
with �1 Ab in combination with �2 Ab. However, in related
experiments in which substratum was coated with re-
duced concentrations of Abs (0.2 �g/ml), we observed
that both Abs in combination supported MAPK activation
by VEGF more potently than either Ab alone, suggesting
cooperation between �1�1 and �2�1 (Figure 1B). Finally,
we have observed that microvascular EC adhesion
through integrins �5�1 and �v�3 also fulfills the adhesion
requirement for MAPK activation by VEGF (data not
shown). Regardless, as the most prominent receptors for
collagen on dermal microvascular ECs,18 integrins �1�1

and �2�1 likely serve prominent roles in supporting VEGF
activation of MAPK in the collagen-rich matrix of skin.

The �1�1 and �2�1 Integrins Support Migration
of Dermal Microvascular ECs

We first examined the functions of the �1�1 and �2�1

integrins in supporting haptotactic migration in a gradient
of immobilized collagen I. The activities of the �1�1 and
�2�1 integrins in supporting haptotaxis were tested by
including soluble �1 Ab and �2 Ab at concentrations
sufficient to provide the maximum inhibition of cell attach-
ment to collagen I as determined with cell adhesion as-

says.18 As shown in Figure 2, antagonism of each integrin
individually resulted in �40% inhibition of migration to-
ward collagen type I, in comparison with isotype control
Abs. Thus, these data indicate that the �1�1 and �2�1

integrins each function in directed migration toward col-
lagen I. Importantly, both �1 Ab and �2 Ab in combination
blocked haptotaxis toward collagen I by nearly 90% (Fig-
ure 2).

Next, we tested the functions of �1�1 and �2�1 in
supporting VEGF-driven chemotaxis, ie, migration in a
gradient of soluble VEGF. Filters were coated uniformly
with collagen I, soluble Abs were included with the cells
in the upper chambers, and VEGF was included in the
bottom chambers. As shown in Figure 3, antagonism of
�2 alone inhibited chemotaxis by �45%, whereas antag-
onism of �1 resulted in only �15% inhibition relative to
controls. Combined antagonism of �1 and �2 provided
the greatest inhibition (�60%). Thus, we observed
greater inhibition of haptotaxis than chemotaxis with com-
bined antagonism of �1 and �2 and this may relate to the
fact that haptotaxis is primarily an adhesion-driven phe-
nomenon. Regardless, experiments described here iden-
tify important functions for the �1�1 and �2�1 integrins in
supporting directed migration of microvascular ECs.

Antagonism of Either the �1�1 Integrin or the
�2�1 Integrin with Blocking Ab Suppresses
VEGF-Driven Angiogenesis in Skin

The foregoing observations implicated both the �1�1 and
�2�1 integrins in supporting a key VEGF-signaling path-

Figure 1. Adhesion of dermal microvascular ECs through either the �1�1

integrin or the �2�1 integrin supports VEGF activation of Erk1/Erk2 MAP
kinases. Functional integrin Abs or control Abs were immobilized on plastic
and remaining protein-binding sites were blocked with BSA, as described in
Materials and Methods. After plating, cells attached and spread on substratum
coated with �1 Ab or �2 Ab, but remained unattached to wells coated with
isotype control Abs or BSA alone. After plating, MAPK phosphorylation was
allowed to decay for 3 hours before stimulation with VEGF. A: Wells coated
with 10 �g/ml Ab. As indicated by staining with phospho-specific MAPK Abs,
VEGF induced marked activation in cells plated on �1 Ab or �2 Ab but poorly
induced MAPK activation in cells plated on control Abs or BSA. Staining with
Ab that recognizes both phosphorylated and nonphosphorylated forms of
Erk1 and Erk2 established that they were present equally in all samples. B:
VEGF more efficiently induced activation of MAPK in cells plated on sub-
stratum coated with a combination of �1 Ab and �2 Ab (0.2 �g/ml of each)
than in cells plated on substratum coated with each Ab alone (0.2 �g/ml). For
all experiments (A and B), failure of VEGF to activate MAPK in cells plated
on BSA or control (Ctl) Abs was not attributable to anoikis because cell
viability remained �90%, as determined by replating of cells on collagen-
coated plastic.

Figure 2. The �1�1 and �2�1 integrins each support dermal microvascular
EC-directed migration toward collagen I (haptotaxis). Cells were incubated
with integrin-blocking or control Abs, and then placed in Transwell migration
chambers containing filters coated on the undersides with collagen I. �1 Ab
and �2 Ab were each inhibitory, but isotype control Abs (C1 Ab, C2 Ab) were
without effect, indicating that both �1�1 and �2�1 function in migration
toward collagen I. Error bars indicate standard deviations.
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way together with EC migration, raising the possibility that
antagonism of either integrin alone might significantly
suppress angiogenesis. To test the consequences of
individual antagonism of the �1�1 and �2�1 integrins for
dermal angiogenesis in vivo, we used blocking Abs in an
athymic nude mouse model involving subdermal injection
of Matrigel together with immortalized human cells stably
transfected for expression of human VEGF165. Neither
Matrigel alone nor the untransfected cells in Matrigel
provoked angiogenesis in the overlying dermis. In con-
trast, Matrigel containing VEGF transfectants potently in-
duced neovascularization. Moreover, the hamster mono-
clonal blocking Abs used in these experiments do not
recognize the respective human integrins and therefore
did not interact with the transfected cells expressing
VEGF. Animals were injected intraperitoneally with inte-
grin-blocking Abs on days 1, 3, and 5. All animals were
harvested on day 6, and skin overlying the Matrigel im-
plants was dissected and processed for immunohisto-
chemical analyses. Thus, overlying skin specimens from
a total of 10 implants per group were analyzed, and
results were highly consistent within each group. Figure 4
illustrates blood vessels in a cross-section stained with
Ab to CD 31, indicating that treatment of animals with
either �1 Ab or �2 Ab suppressed angiogenesis, and
inhibition was greatest with both Abs in combination.
Average vessel diameter (�SE) was reduced with Ab
treatment from 9.58 � 0.51 �m (control Ab) to 5.21 �
0.24 �m (�1 Ab), 5.23 � 0.23 �m (�2 Ab), and 3.58 �
0.22 �m (�1 Ab � �2 Ab). Quantitation of total vascular

Figure 3. Antagonism of �1�1 and �2�1 integrins suppresses dermal micro-
vascular EC chemotaxis toward VEGF. Cells were incubated with integrin-
blocking or matched isotype control Abs and then placed in Transwell
migration chambers containing filters coated uniformly on both sides with
collagen I. To stimulate chemotaxis, VEGF was added to the lower chamber;
note that migration was relatively insignificant in the absence of VEGF (left,
single open column). Error bars indicate standard deviations.

Figure 4. Inhibition of VEGF-driven angiogenesis in mouse skin by �1 Ab and �2 Ab, as visualized by CD31 Ab staining of sections cut from paraffin-embedded
specimens. New blood vessels (V) at the interface between the Matrigel implant containing the angiogenic stimulus (M) and the overlying dermis and smooth
muscle cell layer (D) are stained for CD31 (brown color). Note reduced blood vessel diameters and reduced percentage of vascular cross-sectional area in integrin
Ab groups in comparison with control. Scale bar, 50 �m.
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area as a percentage of total tissue area in cross-section
(Figure 5) established that cross-sectional area of new
blood vessels in the �1 Ab and �2 Ab treatment groups
were each reduced �45% relative to controls (P �
0.001). Administration of �1 Ab together with �2 Ab re-
sulted in further inhibition of neovascularization, yielding
an �70% reduction in total vascular area in cross-section
(P � 0.001).

Combined Antagonism of the �1�1 and �2�1

Integrins Suppresses Squamous Cell
Carcinoma Angiogenesis and Growth

Because there is considerable evidence linking VEGF to
tumor angiogenesis, we next investigated whether antag-
onism of these integrins might also suppress angiogen-
esis in tumors, using human A431 squamous carcinoma
cells implanted orthotopically in nude mice. These cells
express VEGF and angiogenesis associated with A431
tumors is at least partially VEGF-dependent.28 We chose
to treat tumor-bearing animals with �1 Ab in combination
with �2 Ab because combined antagonism yielded more
substantial suppression of VEGF-driven skin angiogene-
sis than that observed with either Ab alone. Abs were
administered every third day beginning with the day of
tumor inoculation, and tumors were harvested on day 18.
Combined antagonism of �1�1 and �2�1 resulted in re-

duced tumor vascularity (Figure 6; A to D) with significant
reduction both in average vessel density (P � 0.01, Fig-
ure 6E) and average vessel size (P � 0.05, Figure 6, F
and H), an �60% overall reduction in total vascular area
(P � 0.01, Figure 6G). Furthermore, average tumor vol-
umes were reduced �40% (Figure 7), consistent with
suppression of tumor angiogenesis. We observed no
adverse effects on animal health resulting from Ab ad-
ministration in either of these tumor experiments or in the
skin angiogenesis experiments described above; �1 Ab

Figure 5. Quantitation of angiogenesis inhibition by �1 Ab and �2 Ab in
mouse skin. Vascular cross-sectional area as a percentage of total tissue area
was measured at the interface between dermis and the angiogenic stimulus
(see Figure 4, above) as described in Materials and Methods. Data are
presented as the mean � SEM. Total cross-sectional area of new blood
vessels in the �1 Ab and �2 Ab treatment groups were each reduced �45%
relative to controls (P � 0.001). Administration of �1 Ab together with �2 Ab
resulted in further inhibition of neovascularization, yielding an �70% reduc-
tion (P � 0.001).

Figure 6. Combined treatment with �1 Ab plus �2 Ab inhibits tumor angio-
genesis. Rarefaction of blood vessels in human A431 tumors from nude mice
treated with �1 Ab plus �2 Ab (B), as compared with control Ab (A) (scale
bar, 5 mm). Immunostaining with an anti-CD31 mAb demonstrated rarefac-
tion and decreased size of tumor blood vessels in the �1 Ab plus �2 Ab
treatment group (D) as compared to controls (C) (scale bar, 100 �m). E–H:
Quantitative, computer-assisted image analysis revealed a significant inhibi-
tion of angiogenesis in A431 tumors from animals treated with �1 Ab plus �2

Ab (P � 0.01), as measured by the number of blood vessels per mm2 tumor
cross-sectional area (E). Furthermore, in A431 tumors from animals treated
with �1 Ab plus �2 Ab, there was a significant reduction (P � 0.05) in average
vessel size (F) with strong reduction in number of vessels with cross-
sectional area �1000 �m2 (H). G: Overall, blood vessel area in cross-section
as a percentage of total tumor area was reduced by �60% (P � 0.01) in A431
tumors from animals treated with �1 Ab plus �2 Ab, as compared with control
Ab. CD31-stained blood vessels were evaluated in three different �10 fields
in sections obtained from five different tumors for each group.
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and �2 Ab groups were indistinguishable from controls in
all aspects other than effects on angiogenesis and tumor
growth.

Discussion

Activation of the ERK1/ERK2 (p44/42) MAPK signal trans-
duction pathway is essential for VEGF stimulation of EC
proliferation26,27. Consequently, VEGF activation of this
pathway is likely crucial for VEGF-driven angiogenesis in
vivo. Integrin ligation is critical for supporting cytokine
activation of the Erk1/Erk2 MAP kinases;15 without cell
attachment to extracellular matrix, serum and growth fac-
tors activate early components of the MAPK pathway
including Ras, but activation of the intermediate effectors
Raf and MEK1 is markedly impaired, and consequently
the downstream MAP kinases are poorly activated.29,30

This impaired MAPK signaling has been attributed to
deactivation of both focal adhesion kinase and p21-acti-
vated kinase that occurs on cell detachment from ma-
trix.31,32

Our findings reported here indicate that VEGF only
marginally stimulated activation of the MAPK pathway in
suspended early passage human dermal microvascular
ECs, consistent with previous observations made with
human umbilical vein ECs and various cell lines. In con-
trast, in the presence of sufficient ligand, dermal micro-
vascular EC attachment through either �1�1 or �2�1 in-
dependently supported robust activation of the Erk1/Erk2
MAP kinases by VEGF. Furthermore, in the presence of
low ligand concentrations, ligation of �1�1 and �2�1 to-
gether supported VEGF activation of MAPK more potently
than ligation of either �1�1 or �2�1 alone. Thus, for dermal
microvascular ECs, data presented here clearly implicate
the �1�1 and �2�1 integrins as important collaborators
with VEGF in MAPK signaling.

Together with EC proliferation, EC migration also plays
an important role in angiogenesis, particularly during

sprouting of new blood vessels from the existing vascu-
lature.33 Therefore, we examined the function of the �1�1

and �2�1 integrins in supporting dermal microvascular
EC migration in a gradient of immobilized collagen I
(haptotaxis) and migration in a uniform collagen I matrix
toward VEGF (chemotaxis). During the early stages of
dermal neovascularization after dissolution of the base-
ment membrane, haptotaxis toward collagen may func-
tion in vascular sprouting by driving EC migration toward
the collagen-rich interstitial matrix of skin. In addition,
chemotaxis, driven by a gradient of VEGF secreted by
tumor cells or stromal cells under hypoxic stress, is also
likely important in driving EC motility. We found that hap-
totaxis toward collagen I was suppressed �40% by ei-
ther �1 Ab or �2 Ab, and a combination of �1 Ab and a �2

Ab blocked haptotaxis �90%. Thus, our findings indicate
that both �1�1 and �2�1 are important in supporting EC
migration toward collagen I, the principal matrix compo-
nent of skin. Also, we found that the �1 Ab and especially
the �2 Ab inhibited chemotaxis toward VEGF; and, con-
sistent with the haptotaxis migration assays, both Abs in
combination provided greatest inhibition. Given that col-
lagens comprise �75% of the dry weight of skin and most
of it is type I,34 we conclude from these experiments that
the �1�1 and �2�1 integrins likely provide important sup-
port for EC migration during dermal angiogenesis.

Previously, we had found that VEGF potently induces
expression of the �1�1 and �2�1 integrins in dermal mi-
crovascular ECs, suggesting that these two integrins are
particularly important to the mechanism by which VEGF
promotes neovascularization.18 We had confirmed this
prediction by demonstrating that combined antagonism
of these integrins markedly inhibited VEGF-driven angio-
genesis in vivo,18 however the individual contributions of
�1�1 and �2�1 remained to be determined. Therefore, we
designed experiments with mice to test the importance of
�1�1 and �2�1 individually. We used blocking Abs that do
not recognize the corresponding human integrins, and
therefore Ab effects were limited to corresponding inte-
grins of the murine host. Antagonism of either �1�1 or
�2�1 blocked VEGF-driven angiogenesis in skin �45%
as determined by measuring total vascular area in cross-
section, indicating that both of these receptors partici-
pated importantly in neovascularization. Moreover, com-
bined antagonism of �1�1 and �2�1 provided �70%
inhibition of dermal angiogenesis indicating that com-
bined antagonism of �1�1 and �2�1 was more effective
than antagonism of either integrin alone. This finding is
consistent with our in vitro experiments demonstrating
that �1�1 and �2�1 each support a key VEGF-signaling
pathway and EC migration. Notably, our observed reduc-
tions in total blood vessel cross-sectional areas associ-
ated with antagonism of �1�1 and �2�1 was primarily
attributable to a reduction in average blood vessel diam-
eters, similar to findings made by others using VEGF-
neutralizing Abs.35

The skin angiogenesis experiments discussed above
used VEGF transfectants as the angiogenic stimulus; and
therefore they were designed specifically to test �1�1 and
�2�1 function in a setting in which neovascularization was
driven principally by VEGF. Because there is consider-

Figure 7. Combined treatment with �1 Ab plus �2 Ab inhibits tumor growth.
Administration of �1 Ab plus �2 Ab (closed circles) significantly (P � 0.01)
inhibited intradermal tumor growth of human A431 cells, as compared with
control Ab (open circles). Values represent mean values � SEM for 10
tumors for each treatment group and time point. Note that the Abs used
recognize mouse but not human integrins, and therefore Ab did not bind
A431 tumor cells. Thus, effects of integrin Abs were limited to the mouse
host.
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able evidence implicating VEGF in tumor neovasculariza-
tion, it seemed likely that antagonism of these integrins,
particularly in combination, would also suppress tumor
angiogenesis and growth. Consistent with this prediction,
administration of �1 Ab together with �2 Ab to nude mice
bearing human A431 squamous cell carcinoma xeno-
grafts suppressed angiogenesis by �60% and tumor
growth by �40%. Thus, these tumor xenograft experi-
ments demonstrated that combined antagonism of �1�1

and �2�1 also suppressed angiogenesis in a complex
setting in which neovascularization was provoked by or-
thotopic transplantation of a representative human carci-
noma.

Collectively, the animal studies presented here under-
score the fundamental importance of the �1�1 and �2�1

integrins for angiogenesis in skin, and the in vitro exper-
iments illustrate direct involvement of these integrins in
supporting VEGF signaling and EC migration. Studies
from other laboratories have provided additional support
for the importance of these integrins for angiogenesis
and have implicated them functionally in other processes
directly relevant to neovascularization. Integrin �2�1 has
been implicated in vascular morphogenesis in vitro;36

and, in particular, in the formation of the vascular lu-
men,37 as required for blood vessel maturation. In addi-
tion, vascularity of the skin from �1-null mice was found to
be reduced in comparison with controls,38 similarly to
findings reported here with animals treated with �1 Ab.
Absence of �1 integrin expression in null mice also re-
sulted in elevated expression of matrix metalloproteases
and elevated plasma concentrations of angiostatin, an
inhibitor of neovascularization, indicating that increased
angiostatin was responsible for reduced vascularity.38

However, antagonism of integrin �1�1 with Ab is function-
ally different from absence of �1�1 expression, and we
did not investigate angiostatin concentrations in mice
treated with �1-blocking Ab. Nevertheless, our observa-
tions that �1-blocking Ab suppressed VEGF-driven der-
mal angiogenesis are consistent with observations that
�1-null mice exhibit reduced vascularity of the skin.

Although the significance of the �1�1 and �2�1 inte-
grins for angiogenesis in tissues other than skin remains
to be determined, our findings predict that these integrins
are important in environments where �1�1 and �2�1 li-
gands, such as collagens, are major components of the
extracellular matrix. Given that collagens are abundantly
and widely expressed, it seems likely that �1�1 and �2�1

are important for angiogenesis in a variety of tissues.
However, it remains to be determined whether the de-
pendence of angiogenesis on particular integrins differs
among vascular beds.

Thus far, inhibition of angiogenesis through antagonism
of integrins has centered mostly on integrins �v�3 and �v�5
that serve as receptors for matrix proteins such as vitro-
nectin, fibrinogen, and fibronectin that contain an argin-
ine-glycine-aspartate (RGD) cell-binding domain.39–41

Antagonism of �5�1, a fibronectin receptor, was also
reported to inhibit angiogenesis induced by basic fibro-
blast growth factor, but minimal effects on VEGF-stimu-
lated angiogenesis were observed.42 Surprisingly, and in
contrast to angiogenesis assays performed in the pres-

ence of �v�3 and �v�5 antagonists, �3-null and �5-null
mice develop to maturity without apparent vascular de-
fects.43,44 �v-null mice, which lack all �v integrins includ-
ing �v�3 and �v�5, die at birth with vascular defects in
the brain.45 Thus, experiments with integrin antagonists
have not always correlated with the phenotype of corre-
sponding null mice. One possibility relates to observa-
tions that some integrins can exert trans-dominant effects
over other integrins;46,47 and therefore, blocking a dom-
inant integrin need not correlate with the phenotype of
mice lacking that same integrin. Regardless, as dis-
cussed above, our findings with �1-blocking Abs are
consistent with the phenotype of �1-null mice that display
reduced vascularity in skin.38 We are unaware of any
published analyses of vascular development in �2-null
mice, however our Ab experiments suggest that vascular
development may be most affected in mice with com-
bined deletions of �1 and �2.

Although our studies and those of others suggest that
integrins are attractive targets for inhibition of angiogen-
esis, it could be argued that integrins are widely ex-
pressed, thus predicting adverse side-effects associated
with integrin antagonism. Nevertheless, we did not ob-
serve detectable toxicity during the maximal experimen-
tal interval of 18 days. Explanation for a lack of apparent
side-effects associated with integrin antagonism may be
drawn from experience with cells in culture. For example,
stably adherent cells in culture are remarkably resistant
to detachment with integrin antagonists; but conversely,
integrin antagonists readily inhibit cell migration and the
formation of new adhesive contacts. Consequently, in
vitro experiments indicate that integrin antagonism is
likely selective toward dynamic cellular processes involv-
ing the breaking and re-assembly of adhesive contacts,
such as occurs widely during angiogenesis. Such func-
tional selectivity combined with our previous observa-
tions that VEGF markedly induces expression of the �1�1

and �2�1 integrins on dermal microvascular ECs provides
a dual rationale for a net therapeutic benefit associated
with antagonism of these integrins. Importantly, antago-
nism of �1�1 and �2�1 with Abs also has been shown to
suppress leukocyte infiltration and edema in several
mouse models of inflammation, thus also supporting the
utility of �1�1 and �2�1 antagonism toward suppressing
cell invasion and colonization of the interstitium.48

In summary, studies described here identify important
functional cooperativity between the �1�1 and �2�1 inte-
grins and VEGF, a cytokine centrally important for angio-
genesis. In particular, they indicate that �1�1 and �2�1

provide critical support not only for EC migration but also
for VEGF signal transduction in the collagen-rich matrix of
skin. Either antagonism of �1�1 alone or antagonism of
�2�1 alone suppressed VEGF-driven dermal angiogene-
sis; and combined antagonism provided greater inhibi-
tion, consistent with the complementary functions of
these two integrins identified in vitro. Studies described
here also illustrate that antagonism of the �1�1 and �2�1

integrins suppresses the growth and vascularization of
human squamous cell carcinoma xenografts without the
appearance of adverse consequences for the host. Thus,
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�1�1 and �2�1 antagonists may prove beneficial in the
control of tumor angiogenesis, either alone or in combi-
nation with antagonists of other integrins implicated in
neovascularization.
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