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Integrin a4p1—VCAM-1—-mediated adhesion
between endothelial and mural cells
IS required for blood vessel maturation

Barbara Garmy-Susini,! Hui Jin,' Yuhong Zhu,! Rou-Jia Sung,’ Rosa Hwang,2 and Judy Varner3

'John and Rebecca Moores Comprehensive Cancer Center, 2Department of Surgery, and 3Department of Medicine,
University of California, San Diego, La Jolla, California, USA.

Neovascularization depends on vascular cell proliferation and on the stabilization of vessels by association of
vascular smooth muscle-like pericytes with ECs. Here we show that integrin o431 (VLA-4) and VCAM-1 pro-
mote close intercellular adhesion between ECs and pericytes and that this interaction is required for blood
vessel formation. Integrin o.4f; is expressed by proliferating but not quiescent ECs, while its ligand VCAM-1
is expressed by proliferating but not quiescent mural cells. Antagonists of this integrin-ligand pair block the
adhesion of mural cells to proliferating endothelia in vitro and in vivo, thereby inducing apoptosis of ECs and
pericytes and inhibiting neovascularization. These studies indicate that integrin o43; and VCAM-1 facilitate a
critical cell-cell adhesion event required for survival of endothelial and mural cells during vascularization.

Introduction

Neovascularization, or the development of new blood vessels, pro-
motes embryonic development as well as the healing of injured
tissues and ovulation (1-3). It also plays a critical role in patholo-
gies such as tumor growth and inflammatory diseases (1-4). While
it is well known that blood vessels are composed of 2 cell types,
ECs and mural cells (VSMCs and pericytes), little is known about
the mechanisms by which these 2 cell types associate with each
other during developmental and pathological vascularization.
Most studies of the molecular mechanisms regulating neovascu-
larization have focused on the roles of ECs in the sprouting and
extension of new vessels from parent vessels (1-4). However, it has
recently become clear that mural cells also play critical roles in
vascularization (5-10). These desmin- and smooth muscle actin-
positive (SMA-positive) cells surround the endothelia and provide
structural support and regulate blood flow (8, 9). While larger ves-
sels such as arteries and veins are lined by VSMCs, capillaries and
postcapillary venules of normal tissues are lined by a sparse cov-
ering of pericytes (9). Pericytes also associate with tumor vessels,
although they are often more loosely associated with endothelia in
tumors than in normal tissues (7-10).

Recent studies demonstrated that pericytes are attracted to pro-
liferating endothelia by EC-derived PDGF and that both PDGF
and its receptor are critical for the proper formation of stable
blood vessels during development and tumorigenesis (7-8). Blood
vessels in PDGF~/- animals are characterized by dilation, rupture,
leakage, and hemorrhage and contribute to embryonic lethality
(5-6). Importantly, PDGF and PDGF-receptor inhibitors disrupt
mural cell association with ECs and block angiogenesis and tumor
growth (10). Thus, current studies indicate that both ECs and
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mural cell layers are critical for the formation of functioning blood
vessels and the support of growing tissues, including tumors.

Nevertheless, it remains unclear in what way ECs and mural cells
closely associate to form a single functional unit, the blood vessel
(8). Our studies on the roles of integrins and their ligands in vascu-
lar development revealed surprising roles for integrin o3 (VLA-4)
and its ligand VCAM-1 in this process. Integrin a4f; is best known
as a lymphocyte integrin that mediates adhesion of circulating
lymphocytes to VCAM-1 expressed on activated endothelia in
inflamed tissues, thereby promoting extravasation of lymphocytes
into inflamed tissue (11). Although some studies have suggested
roles for integrin a4f; in angiogenesis, particularly in inflamma-
tory angiogenesis, little is known about how this integrin might
contribute to vascularization in vivo (12-15).

Integrin au4B; and VCAM-1 have been shown to regulate embry-
onic development, as loss of either gene causes embryonic lethality
by E11.5-E12.5 from a failure of the endocardium to fuse with the
myocardium (16-18) and a failure of the chorion to fuse with the
allantois (16, 17). In addition, loss of either gene results in abortive
coronary artery formation, which results in cardiac hemorrhage
(16, 17). Nevertheless, little is known about the mechanisms by
which VCAM-1 and integrin o4f; contribute to the formation of
blood vessel development in vivo. In this report, we demonstrate
that this receptor-ligand pair mediates the adhesion of endothelia
and mural cells of developing vessels, an event that is required for
the survival of proliferating endothelial and mural cells and, there-
by, for neovascularization.

Results
Integrin 0P is expressed by proliferating but not mature ECs in vivo. To
evaluate potential roles for integrin o4f3; and its ligand VCAM-1
in neovascularization, we first determined the expression of these
proteins on vascular cells during neovascularization in vivo. We
found that integrin o4f; was strongly expressed on endothelia
of developing vessels but not on endothelia of quiescent vessels.
In initial studies, we stimulated the chorioallantoic membranes
(CAMs) of 10-day-old chicken embryos with saline or with a one
of a variety of factors that promote neovascularization, such as
Volume 115

Number 6  June 2005



>

bFGF

Saline

VWF/a, b,

B CD31
B
9
©
=
<
L
(G
L
>
B
o
o
=]
4]
£
5
E
zZ
5
E
2
W
(]
o
0
@
E
=
b=

C vWF
5
E
3
7
()
[
L
c
()
£
-
T

bFGF or VEGF. Cryosections of these CAMs were immunostained
to detect expression of the EC marker vIWF (Figure 1A, red) and
integrin ouf; (green). While the established blood vessels (Figure
1A, arrowheads) that are present in saline-treated tissues did not
express integrin 0B, those in bFGF- or VEGF-A-stimulated CAM
tissues did express abundant integrin a4f; within 24 hours after
growth factor stimulation. Integrin of; expression first appeared
after 24 hours of stimulation and remained elevated for up to 72
hours after stimulation. These studies indicate that this integrin is
expressed on neovessels but not on quiescent normal vessels.

We next evaluated the expression of integrin o4f3; on endothelia
in murine vessels. Murine tissues including normal breast, liver,
lungs, ovary, skin, and colon as well as VEGF-A-stimulated tissues
were immunostained with anti-integrin asf; antibodies (Figure
1B, green) and anti-CD31 (red), a marker of endothelia. While ves-
sels in normal, unstimulated tissues such as mouse breast (Figure
1B), liver (Supplemental Figure 1; supplemental material available
online with this article; doi:10.1172/JCI23445DS1), or skin (not
shown) did not express integrin a4fi, VEGF-A-stimulated ves-
sels (arrowheads) were uniformly integrin auf; positive (Figure
1B, yellow). To determine whether integrin ouf; is expressed on
tumor vessels, we immunostained spontaneous murine breast car-

The Journal of Clinical Investigation

VEGF-A

http://www.jci.org

research article

Figure 1

ECs in developing vessels express integrin a1 (A)
Cryosections of saline-, bFGF-, or VEGF-A—stimu-
lated chick CAMs were immunostained to detect
VWF (red) and integrin auf1 (caf1) (green). Yellow
color indicates overlap of expression patterns. (B)
Cryosections of normal mouse breast, growth fac-
tor-reduced Matrigel supplemented with 400 ug/ml
recombinant human VEGF-A, and MMTV-PyV-mT
spontaneous breast carcinoma were immunostained
to detect vascular EC CD31 (red) and integrin a.f31
(green). Yellow color indicates overlap of expression
patterns. (C) Cryosections of human ductal breast
carcinoma in situ were immunostained to detect vVWF
(red) and integrin a4 (green). Yellow color indicates
overlap of expression patterns. In A—C, Arrowheads
indicate blood vessels. NI, normal. Magnification,
x200. Scale bar: 100 um.

cinomas from MMTV-PyV-mT mice and human
breast carcinomas (dysplastic carcinoma in situ)
to detect integrin auf; and markers of the vascu-
lar endothelia. We detected strong integrin a4,
expression on virtually all of the blood vessels
(arrowheads) in both murine breast carcinomas
(Figure 1B) and human breast carcinomas (Fig-
ure 1C). Integrin a4P; expression was detected
on larger vessels (50-100 wm in diameter) as well
as on small capillaries (>10 um in diameter). No
expression of integrin af3; was observed on blood
vessels in any normal human tissues (not shown).

We also observed integrin a4f; expression on
virtually all of the vascular endothelia in experi-
mental subcutaneous HT29 colon carcinoma,
M21 melanoma, and Lewis lung carcinoma
tumors (Figure 2A). In addition, we were able to
demonstrate integrin a4f}; expression on neoves-
sels by intravenously injecting rat anti-murine
integrin ouf; (PS/2) antibodies into animals
undergoing VEGF-A-stimulated angiogenesis. These antibodies
but not isotype-matched control antibodies selectively bound to
new vessels in Matrigel (Figure 2B) but not to preexisting vessels in
unstimulated tissues (not shown). These studies demonstrate that
integrin o4 is expressed on neovessels in both murine and avian
tissues in response to angiogenic factors.

VCAM is expressed by pericytes. The finding that integrin o is
strongly expressed only on neovessels prompted us to examine
the localization of integrin af; ligands, VCAM-1, and fibronectin
in angiogenic tissues. We had previously shown that fibronectin
is strongly expressed in association with the vascular endothelia
of tumors but not of normal tissues (19). Again we observed that
fibronectin is expressed by neovessels in mouse tumors but rarely
in normal mouse tissues (Supplemental Figure 2). Surprisingly,
however, we also found that VCAM-1 is strongly expressed on
vascular smooth muscle-like cells of neovessels but not of qui-
escent vessels. In contrast to integrin a4f1, its expression is pri-
marily on cells surrounding the endothelia and only rarely on
the endothelia. Immunostaining of spontaneous murine breast
carcinomas with antibodies directed against VCAM-1 (Figure 3A,
red) or the endothelial marker CD31 (green) demonstrated that
VCAM-1 is strongly expressed by cells that are closely aligned with
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tumor endothelia (arrows). Immunostaining of human breast
carcinomas also shows that VCAM-1 is strongly expressed by cells
that surround human endothelia (Figure 3A, arrows). In some ves-
sels, VCAM-1" cells are intertwined with and adjacent to CD31*
cells (Figure 3A, right panel, arrow). VCAM-1 is also occasionally
expressed on the vascular endothelia of a small subset of tumor
vessels (Figure 3A, right panel, arrowheads), as previously shown
(19). In contrast, VCAM-1 is not expressed by vascular cells of nor-
mal tissues such as mouse breast (Figure 3A), mouse liver (Supple-
mental Figure 1), or human breast (Figure 3A). These studies thus
indicate that VCAM-1 is expressed by a distinct population of neo-
vascular cells that are similar to mural cells, called pericytes.

To determine whether VCAM-1 is expressed by mural cells such
as vascular smooth muscle cells or pericytes, we asked whether
there was similarity in the expression patterns of VCAM-1 and SMA
or desmin, proteins which are expressed by pericytes and VSMCs
(9). Indeed, desmin-positive tumor vessels (Figure 3B, arrowheads)
expressed VCAM-1 as did SMA-positive tumor vessels (Figure
3C, arrowheads). Importantly, our studies show that VCAM-1 is
expressed by mural cells of tumor vessels but not by those of nor-
mal tissues (Figure 3, A-C). These studies therefore indicate that
VCAM-1 is a marker of the mural cells of the neovasculature but
not of normal vessels. Importantly, integrin auf; is expressed on
1544
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Figure 2

Integrin a4f1 is accessible to the circulation in developing
vessels. (A) Cryosections of subcutaneous xenograft HT29
colon carcinoma, M21 melanoma, and Lewis lung carcinoma
tumors in nude mice were immunostained to detect integ-
rin a4f1 (green) and CD31 (red). Overlap of expression is
indicated by yellow (arrowheads). Ca, carcinoma. (B) Frozen
sections of VEGF-A Matrigel plugs from mice injected intrave-
nously with 50 ug doses of either PS/2 (left panels) or control
rat anti-murine CD18 (M18/2, right panels) immunostained to
detect anti-vWF (green) and bound rat anti-mouse antibodies
(red). Yellow color in merged images indicates bound anti—
integrin af+1 or anti—integrin p2 (f2) antibody on endothelia.
Magnification, x200.

the endothelia (Figure 4, arrowheads), and VCAM-1 is
expressed on the surrounding mural cells (arrows) of the
same tumor vessels in both mouse and human tumors.

Integrin 0Py and VCAM-1 mediate adhesion of ECs and peri-
cytes in vitro and in vivo. As VCAM-1 is a ligand for inte-
grin auf; and is expressed by tumor pericytes, we deter-
mined whether VCAM-1 and integrin a4f}; contribute
to a physical interaction between endothelia and mural
cells. Cultured human vascular SMCs were labeled with
a fluorescent vital dye, CellTracker Orange (5-(and-6)-
(4-chloromethyl(benzoyl)amino)tetramethylrhodamine
(CMTMR), and were plated on monolayers of cultured
human ECs. SMCs rapidly adhered to and spread on ECs,
maintaining stable adhesive contacts for at least 24 hours
(Figure SA). This adhesive interaction depended upon
integrin a1, because antibody antagonists of integrin
asf1 as well as recombinant soluble VCAM-1 (rsVCAM-1),
a competitive inhibitor of integrin of; function, strongly
blocked SMC attachment to endothelia in vitro (Figure
5, B and C). In contrast, antibody antagonists of integrin
a.Bs, another SMC integrin, did not affect this adhesion
(Figure 5, B and C). Thus, integrin o4f3;-VCAM-1 interac-
tions promote EC-mural cell adhesion in vitro.

To determine whether integrin o4f3;-VCAM-1 interactions regu-
late pericyte/EC associations in vivo, chick CAMs were stimulated
with the angiogenic growth factor bFGF and were treated with saline,
control anti-integrin o35 antibodies, which do not inhibit bFGF-
induced angiogenesis, or anti-integrin a4f; antibodies. Frozen
sections of CAMs were immunostained with anti-integrin o33 to
detect proliferating endothelia and with antidesmin to detect mural
cells. Treatment with anti-integrin o} significantly reduced the
association of mural cells with endothelia in growth factor-stimu-
lated tissues in vivo (Figure 5, D and E). CAMs that had been treated
with anti-integrin ouf3; antagonists exhibited fewer pericyte-coated
vessels, that is, fewer desmin-positive blood vessels, than control-
treated CAMs (P =0.0003). In fact, tissues treated with integrin ouf3;
antagonists exhibited not only greatly reduced numbers of intact
vessels (Figure 5, F and G) but also reduced numbers of mural and
ECs (Figure 5, D and E). These studies suggest that integrin ouf};
antagonists perturb blood vessel stabilization by blocking the adhe-
sion of mural cells and ECs in developing vessels.

Blockade of integrin a1 induces EC and pericyte apoptosis. Integrin
ligation by extracellular matrix proteins has been shown to pro-
mote the survival of ECs during angiogenesis (15-17). Therefore,
we considered whether loss of endothelial and mural cells in tis-
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sues treated with integrin auf3; antagonists might be explained by
an increase in the vascular cell apoptotic rate. Chick CAMs were
stimulated with bFGF and treated with anti-integrin ouf; or con-
trol (anti-integrin a,fs) antibodies. Both of these integrins are
expressed by ECs in bFGF-stimulated CAMs. Frozen sections of
these CAMs were immunostained with either anti-SMA (Figure 6,
red) to detect mural cells or anti-vWF (red) to detect endothelia as
well as by TUNEL staining to detect apoptotic cells (green). While
lictle evidence of vascular cell apoptosis was detected in control-
treated embryos (Figure 6, left panels), both ECs and mural cells
(arrowheads) in anti-integrin o4f;-treated embryos were highly
positive for TUNEL staining (Figure 6, middle and right panels).
These results suggest that integrin 04f3; antagonists, which bind
to ECs but not to mural cells, induced not only apoptosis of ECs
but also, indirectly, apoptosis of the mural cells by blocking the
adhesion of the 2 cell types. Thus, pericyte-EC adhesion appears to
promote both EC and mural cell survival during angiogenesis in
vivo. Taken together, these results indicate for the first time, to our

The Journal of Clinical Investigation

http://www.jci.org

research article

Figure 3

Mural cells in developing vessels express
VCAM. (A) Cryosections of murine
MMTV-PyV-mT spontaneous breast car-
cinoma, human ductal breast carcinoma
in situ, normal human breast, and nor-
mal murine breast were immunostained
with anti-CD31 (green, arrowheads)
and anti-VCAM-1 (red, arrows) antibod-
ies. T, tumor. (B) Cryosections of murine
MMTV-PyV-mT spontaneous breast
carcinoma and normal mouse liver
were immunostained to detect VCAM-1
(red) and desmin (green). Expression of
VCAM-1 on mural cells is indicated by
yellow (arrowheads). (C) Cryosections
of murine MMTV-PyV-mT spontaneous
breast carcinoma and normal mouse liver
were immunostained to detect VCAM-1
(red) and SMA (green). Expression of
VCAM-1 on mural cells is indicated by yel-
low (arrowheads). Scale bars: 50 um.

NI human breast

knowledge, that proliferating EC-pericyte intercellular adhesion
may be required for the generation of survival signals by both cell
types during angiogenesis. These studies also suggest that integrin
0P might regulate angiogenesis and/or vasculogenesis in vivo by
promoting endothelial and mural cell intercellular adhesion.
Integrin auP1 blockade inhibits angiogenesis and tumor growth. To
determine whether integrin a4 plays a requisite role in angio-
genesis, function-blocking anti-integrin ouf; or control isotype-
matched antibodies were applied to chick CAMs stimulated with
several distinct angiogenesis inducers, including bFGF, VEGF-A,
TNF-q, and IL-8. Importantly, anti-integrin o4f3; was shown to
potently block angiogenesis in chicken embryos induced by each
of these angiogenic factors whether analyzed by counting blood
vessel branchpoints macroscopically (Figure 7A, P < 0.05) or by
quantifying microvessels in cryosections of treated CAMs (data
not shown). Strikingly, these results indicate that integrin ou4f;
regulates angiogenesis induced by a wide range of distinct stimuli,
consistent with a general role in neovascularization.
Volume 115 1545
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Our studies also show that integrin a4 generally promotes
mammalian angiogenesis. Mice were stimulated to undergo cor-
neal angiogenesis induced by implantation of a pellet containing
bFGF and were treated with function-blocking anti-integrin o
antibodies or control anti-integrin $2 antibodies. We found that
4B antagonists but not control antibodies significantly sup-
pressed blood vessel formation in this model (Figure 7B, P < 0.05).
In addition, these antagonists blocked angiogenesis induced by
either bFGF or VEGF-A in mouse skin (Figure 7C). Importantly,
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Figure 4

VCAM-1 is expressed on pericytes and integrin asf31 on
the endothelia of the same tumor vessels. Cryosections
of murine MMTV-PyV-mT spontaneous breast carcinoma
(left) and human breast carcinoma (middle and right) were
immunostained with anti—integrin asf1 (arrows) and anti—
VCAM-1 (arrowheads) antibodies. Magnification, x200 (left
and middle panels); x600 (right panels). Scale bar: 50 um.
Integrin a3+ expression is generally restricted to the inner
EC layer, and VCAM-1 expression is restricted to the outer
cell layer of both small and large vessels.

antibody and peptide antagonists of integrin o (glutamic acid-
isoleucine-leucine-asparctic acid-valine [EILDV], from CS-1 fibro-
nectin) similarly blocked neovascularization in mouse skin (Figure
7,D and E), providing further support for a role for integrin of;
in neovascularization.

VCAM-1 blockade inbibits angiogenesis. To determine whether VCAM-1,
a key integrin a4f; ligand, also plays a role in angiogenesis, neo-
vascularization was initiated in mice by subcutaneous injection of
Matrigel containing bFGF or VEGF-A and saline, function-blocking
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VCAM-1—integrin a4f1 interactions govern EC—mural cell interactions. (A) CMTMR-labeled (red) SMCs adherent on endothelial monolayers after
90 minutes or 22 hours of coincubation. Arrows indicate ECs. (B) CMTMR-labeled VSMCs (red) adherent on endothelial monolayers in the pres-
ence of culture medium, anti—integrin auf+ (HP1/2), anti-integrin o.fs (anti-awfs) (P1F6), or rsVCAM-1. Arrowheads indicate SMCs. (C) Quanti-
fication of attached SMCs per microscopic field. (D) Cryosections of chick CAMs treated with anti—integrin a,fs or anti—integrin af1 antibodies
were immunostained to detect endothelia (anti—integrin a3, green) and pericytes (anti-desmin, red). Representative vessels coated with mural
cells are indicated by arrowheads. (E) Pericyte-coated vessels were quantified by counting integrin o.s* desmin* vessels per field (EC*PC+ ves-
sels + SEM). (F) Cryosections from bFGF-stimulated CAMs that were treated with saline, PS/2, or control antibodies (clgG, M1/70). CAMs were
immunostained to detect VWF expression (red) in blood vessels. Blood vessels are indicated by arrowheads. (G) vVWF-positive vessels + SEM
per microscopic field quantified in replicate samples. Magnification in A, B, D, and F: x200. *P = 0.001; **P = 0.0003; ***P = 0.0035.
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anti-murine VCAM-1 antibodies, or control isotype-matched anti-
bodies. Importantly, VCAM-1 antagonists substantially blocked
both bFGF- and VEGF-A-induced neovascularization (P < 0.0001)

while control antibodies had little effect (Figure 8).

As integrin o4f; promotes EC and mural cell association

during angiogenesis, we considered whether integrin o,
antagonists might inhibit tumor growth by blocking
tumor EC and mural cell association. We next found that
antagonists of integrin a4f; significantly inhibited tumor
angiogenesis and growth. Nude mice with HT29 colon
carcinoma xenograft tumors were treated with function-
blocking anti-murine integrin o4f; and isotype matched
anti-murine CD11b antibodies. The tumor cells themselves
did not express integrin o4f3;. Within 12 days after initiation
of treatment, tumor volumes in anti-integrin a4f-treated
mice were significantly less than those in control-treated
mice. After 1 month of therapy, anti-integrin o4f3;-treat-
ed tumors ceased to increase in size while control-treated
tumors continued to grow at an exponential rate (Figure 94,
P < 0.01). The average tumor mass of anti-integrin o4~

Figure 7

Integrin 4P is required for angiogenesis. (A) Blood vessel branch
points + SEM in bFGF-, VEGF-A—, TNF-a—, or IL-8—stimulated
CAMs treated with saline, anti—integrin a1 (P1H4), or control
isotype-matched antibodies (P1F6, anti—integrin a,fs). (B) Mice
with 400 ug/ml VEGF-A implanted in the cornea were treated sys-
temically with PS/2 or control IgG (rat anti-CD18, M18/2). Blood
vessels identified by i.v. injection with FITC-labeled B. simplicifo-
lia lectin. Magnification, x200. Graph, area of neovascularization
quantified by densitometry. Arrowheads indicate source of growth
factor. (C) Mice subcutaneously injected with GF-reduced Matrigel
containing 400 ug/ml rVEGF-A or bFGF were treated systemically
for 5 days with PS/2 or control antibodies (rat anti-CD18, M18/2).
Graph, CD31 positive vessels (arrowheads) per microscopic field
in anti—integrin a4f31 (white bars) or control-treated tissues (black
bars). Magnification, x200. (D) Angiogenesis was initiated with
GF-reduced Matrigel containing 400 ng/ml bFGF and 200 ug PS/2
or isotype-matched control antibodies. (E) Angiogenesis initiated
as in D but with 50 uM EILDV or glutamic acid—isoleucine-leucine-
glutamic acid—valine (EILEV) peptides incorporated in the Matrigel.
(D and E) After 5 days, mice were injected intravenously with FITC-
labeled B. simplicifolia; Matrigel plugs were homogenized in RIPA
buffer, and fluorescence intensity was determined. *P < 0.05.

Blood vessel P

Fluorescence ©

Antagonists of integrin a4f1 induce apoptosis in
ECs and pericytes. Cryosections from bFGF-stimu-
lated CAMs that were treated for 24 hours with either
anti—integrin auf+ (HP1/2) or clgG (anti—integrin o, fs,
P1F6) antibodies were immunostained to detect vVWF
(red) and SMA (red). Sections were also treated to
detect apoptotic cells by TUNEL analysis (green).
Representative blood vessels are indicated by arrow-
heads. Magnification, x200 (left and center panels);
%400 (right panels). Scale bars: 50 um.

treated tumors at necropsy was 50% that of control-treated
tumors (Figure 9B, P < 0.02). In fact, anti-integrin af;-treated
tumors exhibited considerably more necrosis than was exhibited
by control-treated tumors (Figure 9C, arrowheads). Anti-inte-
grin oufi-treated tumors also exhibited significantly reduced
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Figure 8

Antagonists of VCAM-1 inhibit angiogenesis. (A) Angio-
genesis was initiated in nude mice by subcutaneous
injection of 400 ul growth factor-reduced Matrigel supple-
mented with 400 ng/ml of bFGF or VEGF-A containing
saline, 200 ug rat anti-murine VCAM-1 (M/K-2), or 200
ug isotype-matched control antibodies (normal rat IgG1).
After 5 days, tissues were resected and cryosections were

— immunostained with rat anti-murine CD31 (red structures

indicated by arrowheads). Magnification, x200. (B) CD31-
positive vessels per microscopic field were quantified and
graphed. Magnification, x200. *P = 0.0001.

Anti-VCAM-1

blood vessels. Although a number of adhesion mol-
ecules, such as integrins asp1, o3, and o,fs (20-22)
regulate angiogenesis, our studies show that integrin
4Py plays a unique role during angiogenesis by medi-

*

Blood vessels per field

Saline
clgG

microvascular density compared with control-treated tumors, as
determined by anti-CD31 immunostaining of frozen sections of
tumors (Figure 9D, arrowheads, P < 0.003). In additional studies,
we found that anti-integrin a4f; antibodies prevented the out-
growth of pancreatic tumors that were orthotopically transplant-
ed into the pancreata of nude mice (Figure 9E, P < 0.02). These
antagonists also inhibited the growth of Lewis lung carcinomas
in nude mice (data not shown).

Tumors from mice treated with integrin ouf; inhibitors exhib-
ited reduced mural cell density (Figure 9F). Frozen sections of
tumors from mice that had been inoculated with HT29 tumor
cells and treated with anti-murine integrin a4f}; or control anti-
bodies were immunostained with anti-CD31 to detect endothelia
and with anti-SMA or anti-desmin to detect mural cells. Treatment
with anti-integrin ouf; significantly reduced the association of
mural cells with endothelia in vivo. Tumors that had been treated
with anti-integrin o4f; antagonists exhibited far fewer intact ves-
sels with lumens as well as fewer SMA-positive (Figure 9, F and G,
P <0.002) or desmin-positive (Figure 9, F and H, P < 0.05) blood
vessels than control-treated tumors. These studies indicate that
integrin ouf; antagonists perturb blood vessel stabilization by
blocking the adhesion of mural cells and ECs in developing tumor
vessels. Thus, our studies show that integrin a4 plays an impor-
tant role in the control of tumor-induced neovascularization and,
thereby, tumor growth, at least in part by blocking the requisite
adhesion of mural cells and ECs during neovascularization.

Discussion

Our studies demonstrate that integrin o4f3; and its ligand VCAM-1
facilitate a critical physical interaction between ECs and mural
cells during blood vessel formation. Suppression of this interac-
tion prevents blood vessel maturation and stabilization by directly
inducing EC apoptosis and indirectly inducing mural cell apopto-
sis. It is important to note that neither integrin a4f; nor VCAM-1
are expressed on the cells of quiescent vessels, suggesting that once
vessel formation is complete, these molecules are downregulated
and not necessary for the proper functioning of normal quiescent
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ating intercellular adhesion and survival of both of
the adhesive cell types.

As integrin ouf; and VCAM-1 play critical roles in
embryonic vascular development (16-18), our stud-
ies suggest that loss of either molecule may perturb
the normal association of endothelia and mural
cells in the developing organism. In fact, the integrin a4f1- and
VCAM-1-deficient embryos exhibit similar defects during devel-
opment, including defects in coronary vessel formation (16-17).
These defects in coronary vessel formation are similar to defects
in PDGF- and PDGF receptor-deficient embryos, suggesting that
each of these molecules may be required for the coordinated asso-
ciation of mural and ECs during embryogenesis (5-8, 16-17). In
fact, PDGF released by ECs is required to stimulate chemotaxis of
pericytes toward the endothelia during blood vessel maturation
(7-8). It is possible that PDGF regulates VCAM-1 expression in
pericytes, thereby promoting cell guidance cues. Some studies also
suggest that VEGF-A released by pericytes may promote EC sur-
vival during angiogenesis (23). It is thus possible that the integrin
04f1-VCAM-1-mediated intercellular adhesion of endothelial and
mural cells allows the cells to receive survival stimuli from growth
factors secreted by their heterotypic partners. Our studies are the
first, to our knowledge, to indicate that intercellular adhesion of
these 2 cell types is required during angiogenesis.

Our studies indicated that integrin a4f}; plays a role in all forms
of angiogenesis investigated. We found that angiogenesis induced
by a variety of angiogenic growth factors (IL-8, TNF-a, VEGF-A,
and bFGF) could be blocked by integrin of3; antagonists. Angio-
genesis in a variety of tissues such as skin and eyes as well as in
subcutaneous and orthotopic tumors was blocked by integrin ouf3;
inhibitors. These results are consistent with a role for the integrin
in an essential process of neovascularization, that is, blood vessel
stabilization by mural cells. Our studies thus extend the observa-
tions of previous studies that suggested a role for integrin oup;
in angiogenesis induced by select inflammatory mediators or by
recombinant fragments of thrombospondin (TSP) (12-15) by
identifying a key mechanism of action and by demonstrating a role
for integrin 4P in diverse forms of angiogenesis.

Our studies identified a new role for the integrin a4f; ligand
VCAM-1 in angiogenesis. Although previous studies suggested
a role for VCAM-1 in angiogenesis (12-13), our studies demon-
strate for what we believe is the first time that VCAM-1 promotes
intercellular adhesion of ECs and mural cells during angiogenesis.

Anti-VCAM-1
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Figure 9

Antagonists of integrin a4f31 block tumor growth, angiogenesis, and association of endothelia with mural cells. (A) Tumor volume (/ x w?)/2
was determined every other day for 4 weeks for HT29 human integrin asf3+—negative colon carcinoma tumors treated with saline, PS/2,
or isotype-matched control antibody (anti-CD11b integrin). (B) Mean tumor mass + SEM after 32 days of treatment. (C) H&E staining of
tumor sections. Arrowheads indicate healthy tumor cells. Scale bars: 50 um. (D) Graph, CD31+ microvessels in frozen sections of tumors
(arrowheads) were quantified per field. Representative micrographs are shown. Arrowheads indicate blood vessels. Magnification, x200.
(E) Mean tumor mass + SEM for orthotopic pancreatic carcinoma tumors treated with saline, PS/2, or isotype-matched control antibody
(clgG, anti-CD11b) for 2 weeks. (F) Cryosections of control IgG antibody—treated (anti-CD11b, M1/70) and PS/2 antibody—treated integrin
a1 negative HT29 colon carcinoma tumors were immunostained to detect CD31 (red) and SMA (green) or desmin (green). Representative
vessels coated with SMA or desmin-positive mural cells are indicated by arrowheads. (G) SMA-coated vessels were quantified by count-
ing CD31+*SMA* vessels per field. Magnification, x200. (H) Desmin-coated vessels were quantified by counting CD31+*desmin* vessels.

*P =0.01;**P = 0.02; ***P < 0.003; #P < 0.002; #P < 0.05.

Integrin o4f; can also interact with extracellular matrix proteins
expressed by ECs during angiogenesis, such as cellular fibronec-
tin (20) and TSP (15). We have previously shown that fibronectin
supports angiogenesis by promoting integrin aspi-dependent EC
migration and survival during angiogenesis (20). We also observed
that inhibition of the integrin a4f3;-binding site on fibronectin
suppresses angiogenesis and EC migration and that antagonists
of integrin 0P inhibit EC attachment to and migration on cel-
lular fibronectin (Supplemental Figure 2). These studies suggest
that integrin ouf3; may participate in angiogenesis by interacting
with several ligands. Recent studies also showed that integrin ouf3;
binds to the N terminus of TSP and mediates EC migration on
recombinant fragments of TSP (15). However, several studies have
shown that TSP is an angiogenesis suppressor in vivo (24-26). It
remains unclear whether TSP and integrin of3; interactions occur
in vivo. Our studies however, identify a novel role for a key integrin
4Py ligand, VCAM-1, in regulating blood vessel formation.

Our findings suggest that antagonists of integrin o4f3; may
be useful therapeutics for solid tumors, as they prevent tumor
blood vessel maturation and stabilization. Integrin o4f3; antago-
nists are currently in clinical trials for treatment of inflammatory
disorders (27-29) where they may influence neovascularization
in addition to reducing leukocyte trafficking. Our studies indi-
cate that antagonists of the integrin o4f;/VCAM-1 interaction
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may be beneficial in cancer or inflammatory disease therapy due
to their antiangiogenic properties.

Methods
Reagents. bEGF, VEGF-A, TNF-a and IL-8 were purchased from Genzyme.
FITC-annexin V was purchased from BD Biosciences — Pharmingen. Human
umbilical vein ECs (HUVECs) and human pulmonary VSMCs as well as
culture media were from Cambrex Bioproducts. Poly-L-lysine was pur-
chased from Sigma-Aldrich. Ten-day-old chicken eggs were purchased from
McIntyre Poultry. W6/32 (mouse anti-human MHC) and P1F6 (anti-integ-
rin o fs) were from David Cheresh (The Scripps Research Institute). HP2/1,
P4G9, and P1H4 (mouse anti-human integrin o4f3;) were from Chemicon
International. rsVCAM-1 was purchased from R&D Systems. PS/2 hybrid-
oma was acquired from The American Type Culture Collection, and purified
antibody was prepared under contract with Chemicon International.
Immunobistochemistry. To detect expression of integrin o1, vWF, VCAM-1,
CD31, SMA, and desmin in tissues, glass slides with frozen tissue sections
were fixed in cold acetone for 2 minutes, air dried, and rehydrated in PBS
for S minutes. Slides were washed in 0.05-0.1% Triton X-100 in PBS for
2 minutes, then blocked in 5% BSA in PBS overnight at 4°C. Slides were
incubated in primary antibody at 5-10 pug/ml for 2 hours at room tempera-
ture. Slides were washed 3 times in PBS, incubated in secondary antibody
(Alexa 499 or Alexa 594 conjugated goat anti-rat, goat anti-mouse, goat
anti-rabbit, or donkey anti-goat IgG) at 1 ug/ml for 1 hour at room tem-
Volume 115 Number 6
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perature. Slides were washed 3 times in PBS, then stained with DAPI, after
which coverslips were mounted. The following primary antibodies were
used: goat anti-integrin ouf; (sc-6590; Santa Cruz Biotechnology Inc.),
rat anti-mouse VCAM-1 (M/K-2; Chemicon International), mouse anti-
human VCAM-1 (P8B1; Chemicon International), goat anti-pan species
VCAM-1 (H276, sc-8304; Santa Cruz Biotechnology Inc.), mouse anti-SMA
(Chemicon International), goat anti-desmin (sc-7559; Santa Cruz Biotech-
nology Inc.), rat anti-mouse CD31 (MEC 13.3; BD), or mouse anti-human
CD31 (HEC-7; Pierce). Alexa 568- or 488-conjugated secondary antibod-
ies were from Invitrogen Corp. TUNEL staining was performed on frozen
sections according to manufacturer’s recommendations (Chemicon Inter-
national). Tissues immunostained included murine spontaneous breast
carcinomas from the MMTV-PyV-mT mouse model, normal mouse tissues
from healthy 6-week-old nude mice, HT29 colon carcinoma experimental
tumors grown in nude mice, human breast carcinomas (DCIS), and normal
human tissues obtained from the Cooperative Human Tissue Network.
Detection of integrin o4f3; in murine and human tissues was also observed
with sc-14008, sc-6589, sc-6591 (Santa Cruz Biotechnology Inc.), and
monoclonal P1H4 (Chemicon International). Appropriate immunoreac-
tivity of sc-6590 with integrin auf; in tissues was verified with the use of
selective blocking peptide sc-6590P (Santa Cruz Biotechnology Inc.).

Angiogenesis assays. CAMs (n = 10) stimulated with 1 ug/ml bFGF, VEGF-A,
TNF-a, or IL-8 (R&D Systems) were treated with saline, anti-integrin ouf;
(HP2/1, PAGY, P1H4, or PS/2 were all tested with equal efficacy; data for
PS/2 and P1H4 are shown), or isotype-matched control antibodies (W6/32,
P1F6, anti-CD11b, or M1/70) as previously described (17). Three days later,
blood vessel branch points were counted, or vVWF* and integrin o,f3* vessels
were quantified in 5 microscopic fields at x200 magnification. Experiments
were repeated 4 times; results from representative experiments are shown.
Statistical significance was determined using Student’s ¢ test.

Inbred mice of the strain FVB/N were subcutaneously injected with 400
ul growth factor-reduced Matrigel supplemented with 400 ng/ml of bFGF
or VEGF-A and treated on days 1 and 3 by intravenous injection of 200 ug in
100 wl of endotoxin-free PS/2 antibody or control isotype matched rat anti-
murine integrin B2 antibody (rat-anti-mouse CD11b, low endotoxin M1/70;
BD) on days 1 and 4 (n = 5). After 5 days, Matrigel plugs were excised, embed-
ded in OCT, frozen, and sectioned. Thin sections (5 wm) were immunostained
with rat anti-murine CD31 followed by Alexa 565-conjugated goat anti-rat
immunoglobulin. CD31-positive vessel density per microscopic field at x200
magnification was determined in 10 randomly selected microscopic fields per
Matrigel plug. Mean CD31" vessel density per field + SEM for each treatment
group was graphed. Photographs were taken of representative fields, with red
indicating CD31-positive blood vessels. Experiments were performed 3 times
and results from representative experiments are shown. Statistical signifi-
cance was determined using Student’s ¢ test.

In other studies, mice (n = 10) were injected with 400-ul growth factor-
reduced Matrigel supplemented with 400 ng/ml of bFGF containing no
antibody, 25 ug/ml PS/2, or anti-integrin 2. Mice (n = 10) were also inject-
ed with 400 ul growth factor-reduced Matrigel supplemented with 400
ng/ml of bFGF containing no peptide, 50 ug/ml PS/2, or rat anti-murine
CD18 (low endotoxin M18/2; BD). Mice were injected intravenously on day
S with FITC-labeled Bandeiraea simplicifolia and sacrificed 15 minutes later.
Matrigel plugs were homogenized in the presence of RIPA buffer, and total
fluorescence intensity was determined on a fluorimeter (Lumat LB 9507;
EG&G Bechtold). Experiments were performed 3 times, and results from
representative experiments are shown. Statistical significance was deter-
mined using Student’s ¢ test.

Polymerized pellets containing 400 ng/ml of bFGF were implanted in
the corneas of FVB/N mice as described previously; mice (n = 3) were treat-
ed on days 1 and 3 with intravenous injection of 200 ug in 100 ul of endo-
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toxin-free PS/2 antibody or control antibody (rat anti-mouse CD18; low
endotoxin M18/2; BD) on days 1 and 4. Mice were perfused on day 5 with
FITC-labeled B. simplicifolia, a lectin that selectively binds to all endothelia.
Mice were sacrificed, and corneas were excised and cryopreserved. Thin
cryosections were then photographed, and mean area of fluorescence in
the cornea was determined by confocal microscopy. To establish whether
integrin auf integrin was accessible to the circulation in developing ves-
sels, mice inoculated with VEGF-A-saturated Matrigel for 5 days were
injected with PS/2 or control rat anti-murine (M18/2) antibodies. Tissues
were harvested after 2 hours. Frozen sections were immunostained with
anti-vWF, followed by goat anti-murine IgG Alexa 568 and goat anti-rab-
bit IgG-Alexa 488.

Tumor studies. HT29 human integrin o3 ;-negative colon carcinoma cells
(2 x 10°) were implanted subcutaneously in 7-week-old Balb/c nu/nu mice.
After 2 weeks, mice with 30 mm? tumors were treated 3 times weekly by i.v.
injection of saline, 200 ug PS/2, or 200 ug rat anti-murine CD11b integrin
(M1/70; BD). Tumor dimensions were determined every other day for 4
weeks, and tumor mass was determined upon necropsy after 30 days of
therapy (n = 10). Microvessel density was quantified by immunostaining
frozen sections for CD31 expression and counting CD31* vessels in 5 ran-
domly selected microscopic fields for each tumor. Tumor cryosections
(5 um) were also stained with H&E. Slide sectioning was performed by the
UCSD Cancer Center Histology Core Facility. Experiments were performed
3 times; results from representative experiments are shown. Statistical sig-
nificance was determined using Student’s ¢ test.

Orthotopic pancreatic tumor models were created by implanting 2 x 106
BXP3 human pancreatic tumor cells in the tails of the pancreata of nude
mice. After 1 week, animals were treated every third day for 2 weeks by
intravenous injection of 100 ul of saline, 2 mg/ml endotoxin-free PS/2 in
saline, or 2 mg/ml endotoxin-free anti-CD11b antibody (M1/70) in saline.
Tumors were excised and volumes were determined.

Adhesion assays. Adhesion of smooth muscle to ECs was measured as
follows: logarithmic phase human pulmonary VSMCs were labeled with
CellTracker Orange (CMTMR) according to manufacturer’s directions
(Invitrogen Corp.) and incubated with monolayers of HUVECs in EC-cul-
ture medium in the presence of 25 ug/ml HP2/1, P1F6, or rsVCAM-1 for 2
hours at 37°C. Cell layers were gently washed with warmed culture medi-
um and fixed in 3.7% paraformaldeyde prior to enumeration of bound cells
per microscopic field at x200 magnification. Experiments were performed
4 times; results from representative experiments are shown. Statistical sig-
nificance was determined using Student’s ¢ test.

Ethical approval. Animal care and use for all experiments was approved by
the Institutional Animal Care and Use Committee of UCSD prior to the
initiation of all studies. Use of human tissue specimens in these studies was
approved by the Institutional Review Board of UCSD.
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