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Angiogenesis depends on the cooperation of growth
factors and cell adhesion events. Although av inte-
grins have been shown to play critical roles in angio-
genesis, recent studies in av-null mice suggest that
other adhesion receptors and their ligands also regu-
late this process. Evidence is now provided that the
integrin a5B1 and its ligand fibronectin are coordi-
nately up-regulated on blood vessels in human tumor
biopsies and play critical roles in angiogenesis, re-
sulting in tumor growth in vivo. Angiogenesis in-
duced by multiple growth factors in chick embryos
was blocked by monoclonal antibodies to the cell-
binding domain of fibronectin. Furthermore, appli-
cation of fibronectin or a proteolytic fragment of fi-
bronectin containing the central cell-binding domain
to the chick chorioallantoic membrane enhanced an-
giogenesis in an integrin a5f1-dependent manner.
Importantly, antibody, peptide, and novel nonpep-
tide antagonists of integrin «5031 blocked angiogene-
sis induced by several growth factors but had little
effect on angiogenesis induced by vascular endothe-
lial growth factor (VEGF) in both chick embryo and
murine models. In fact, these 531 antagonists inhib-
ited tumor angiogenesis, thereby causing regression
of human tumors in animal models. Thus, fibronectin
and integrin o541, like integrin avf3, contribute to
an angiogenesis pathway that is distinct from VEGF-
mediated angiogenesis, yet important for the growth
of tumors. (Am _J Pathol 2000, 156:1345-1362)

The development of vascular networks during embryo-
genesis or normal and pathological angiogenesis de-
pends on growth factors'* and cellular interactions with
the extracellular matrix.®® Genetic and functional analy-
ses indicate that extracellular components and cell sur-
face receptors regulate endothelial cell growth, survival

or differentiation in vasculogenesis and/or angiogene-
sis.571°

Blood vessels arise during embryogenesis by two pro-
cesses: vasculogenesis and angiogenesis.® The roles of
growth factors in both processes are well established.
For example, vascular endothelial growth factor (VEGF)"
and its receptors'?~'® and basic fibroblast growth factor
(bFGF)'®"” promote not only the initial development of
the embryonic vascular network but also the formation
of new blood vessels from pre-existing vessels during
development, wound healing and the female repro-
ductive cycle. VEGF,'®872° bFGF, 92123 interleukin-8 (IL-
8),2024=31 and tumor necrosis factor-a (TNF-a)?° are
some of the growth factors with roles in the pathological
angiogenesis that is associated with solid tumors, dia-
betic retinopathy, and rheumatoid arthritis.

Although growth factors stimulate new blood vessel
growth, adhesion to the extracellular matrix (ECM) regu-
lates endothelial cell survival, proliferation, and moatility
during new blood vessel growth.®” Recent studies sug-
gest that specific integrins or their ligands influence vas-
cular development and angiogenesis. For example, the
av integrins participate in angiogenesis by providing sur-
vival signals to activated endothelial cells.'""32-37 How-
ever, recent studies demonstrate that, in the absence of
av integrins, some aspects of angiogenesis can proceed
normally,”’ suggesting that other molecules may com-
pensate for the absence of av integrins during develop-
ment. In fact, the B1 integrin family has recently been
shown to play a role in angiogenesis. 038

Although these studies identify active roles for inte-
grins in the promotion of angiogenesis, the cognate ECM
ligands for integrins during in vivo angiogenesis have
rarely been identified. One extracellular matrix protein,
fibronectin, is expressed in provisional vascular matrices
and provides proliferative signals to vascular cells during
wound healing, atherosclerosis, and hypertension.®® Fi-
bronectin expression is up-regulated on blood vessels in
granulation tissues during wound healing.*® In fact, one

Supported by a grant from the Charles Stern and Anna Stern Foundation
and grant RO1 CA71619 from the National Cancer Institute to J. A. V.

Accepted for publication December 21, 1999.

Address reprint requests to Judith A. Varner, Department of Medicine/
Cancer Center, Cellular and Molecular Medicine East, University of Cali-
fornia San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0684. E-mail:
jvarner@ucsd.edu.

1345



1346 Kim et al
AJP April 2000, Vol. 156, No. 4

isoform of fibronectin, the ED-B splice variant, is prefer-
entially expressed on blood vessels in fetal and tumor
tissues, but not on normal quiescent adult blood ves-
sels.*'~*3 As fibronectin has been shown to regulate cell
proliferation,** these observations suggest a possible
role for fibronectin in angiogenesis. Animals lacking fi-
bronectin die early in development from a collection of
defects, including missing notochord and somites as well
as an improperly formed vasculature.” However, a func-
tional role for fibronectin in vasculogenesis or in angio-
genesis has never been directly established. As fibronec-
tin may have a direct role in promoting angiogenesis, we
sought to evaluate its functional role in angiogenesis and
to identify the integrin receptor(s) with which it interacts.

One candidate receptor for some of the biological
roles of fibronectin is the integrin a5B1. Although several
integrins bind to fibronectin,*® integrin o581 is generally
selective for fibronectin®® as it requires peptide sequences
on the ninth (PHSRN) and tenth (RGDS) type Il repeats of
fibronectin for ligand recognition.*” Loss of the gene
encoding the integrin a5 subunit is embryonic lethal and
is associated with a complete absence of the posterior
somites, as well as some vascular and cardiac defects.®#®
From these studies, however, it is unclear whether integrin
a5B1 directly plays a role in the regulation of vascular
development or of angiogenesis in particular.

Evidence is provided in this report that both fibronectin
and its receptor integrin o581 directly regulate angiogen-
esis. Moreover, interaction of fibronectin and a5B1 is
central to the contribution of these two molecules to an-
giogenesis. In addition, evidence is provided that integrin
a5B1 and integrin avB3 participate in the same pathways
of angiogenesis, which are distinct from those involving
integrin avB5. Finally, these studies reveal that antago-
nists of the interaction between vascular cell integrin
a5B1 and fibronectin may be useful for the therapy of
solid tumor cancers.

Materials and Methods

Antibodies and Reagents

Culture media and reagents were from Irvine Scientific
(Irvine, CA). HT29 integrin a5B1-positive and integrin
a5B1-negative colon carcinoma cells,*® as well as chick
embryo fibroblasts, were maintained in DMEM high
glucose supplemented with 10% fetal bovine serum
and gentamicin. Human umbilical vein endothelial cells
(HUVECSs) were maintained in M199 medium containing
sodium bicarbonate, HEPES, heparin, endothelial cell
growth supplement, 20% fetal bovine serum, and genta-
micin. Vitronectin, LM609, and P1F6 were the kind gifts of
Dr. David Cheresh. Fibronectin and collagen were from
Collaborative Biomedical Products (Bedford, MA). Hu-
man 120-kd and 40-kd chymotryptic fragments were pur-
chased from Chemicon, Inc. (Temecula, CA). Murine an-
ti-human CD31 (PECAM; MA-3100) was purchased from
Endogen (Woburn, MA). Rabbit anti-von Willebrand fac-
tor (VWWF; 016P) was purchased from Biogenex (San
Ramon, CA). Anti-a5B1 cytoplasmic tail polyclonal anti-

body (AB1928P), anti-a581 function-blocking antibodies
(NKI-SAM-1 and JBS5), anti-a5B81 non-function-blocking
antibody (HAS), anti-fibronectin cell-binding peptide
monoclonal antibody (784A2A6), and anti-fibronectin N-
terminal peptide monoclonal antibody were the kind gifts
of Chemicon. Anti-a581 function-blocking antibody (l1A1)
and anti-a5B1 non-function-blocking antibody (VC5)
were purchased from Pharmingen (San Diego, CA).
Cross-absorbed secondary antibodies were purchased
from Biosource International (Camarillo, CA). OCT em-
bedding medium was obtained from Baxter (McGraw
Park, IL). Fluoromount-G was purchased from Southern
Biotechnology Associates (Birmingham, AL). Six-week-
old CB17 female SCID mice were purchased from
Charles River (Wilmington, MA). Fresh human neonatal
foreskins were obtained from the Cooperative Human
Tissue Network of the National Institutes of Health and
were stored in RPMI-1640 medium (Irvine Scientific,
Irvine, CA) supplemented with 2% fetal bovine serum and
1% gentamicin. Growth factor-depleted matrigel was pur-
chased from Becton Dickinson (Bedford, MA). Ten-day-
old chicken eggs were purchased from Mclintyre Poultry
(Ramona, CA). bFGF, vascular endothelial growth factor,
IL-8, and TNF-a were purchased from Genzyme, Inc.
(Cambridge, MA). Cyclic peptides were synthesized as
described.®®°" Integrin 581 nonpeptide small molecule
antagonist SJ749 had the following structure: (S)—2-[(2,4,6-
trimethylphenyl) sulfonyl] amino-3-[7-benzyloxycarbonyl-8-
(2-pyridinylaminomethyl)— 1-oxa-2,7-diazaspiro-(4,4)-non-
2 - en - 3 - yl] car -bonylamino] propionic acid. Control
nonpeptide small molecule XU0B5 had the following
structure: 3-[[3-[(4-Amidinophenyl)oxyJisoxazol-5-yl]car-
boxamido]-2(S)(butoxycarbonylamino) propionic acid
methyl ester.

Immunohistochemical Analysis of Blood Vessels

Five-micron frozen sections of human normal breast and
colon, colon carcinoma, breast carcinoma, human tumor
xenotransplants in SCID mice, and breast tumors from
transgenic mice expressing the polyoma virus (PyV) mid-
dle T antigen under control of the mouse mammary tumor
virus (Mtag) were fixed for 1 minute in acetone, air dried,
and rehydrated for 5 minutes in phosphate buffered sa-
line (PBS). Sections were then blocked for 2 hours in 8%
normal goat serum in PBS and incubated with 5 pg/mi
anti-a5B1 cytoplasmic tail polyclonal antibody and 5
ng/ml anti-CD31 monoclonal antibody, with 5 wg/ml anti-
a5B1 monoclonal antibody and 5 ug/ml anti-vWF anti-
body, or with 5 wg/ml anti-fibronectin cell-binding peptide
monoclonal antibody and 5 ug/ml anti-vWF antibody in
2% bovine serum albumin in PBS for 2 hours at room
temperature. Sections were washed by dipping in six
fresh changes of PBS and incubated in 1:400-1:600
dilutions of goat anti-rabbit-fluorescein isothiocyanate
(FITC) and in 1:400-1:600 goat anti-mouse-rhodamine
for 1 hour at room temperature. Slides were well washed,
and coverslips were mounted in one drop of Fluoromount
before digital image analysis under fluorescent illumina-
tion using a supercooled CCD camera.



Cell Adhesion Assays

The wells of 48-well culture dishes (Costar, Inc., Cam-
bridge, MA) were coated with 1 ug/ml vitronectin, 2 pg/ml
fibronectin (chick embryo fibroblasts and human umbili-
cal vein endothelial cells), or 10 ug/ml fibronectin (HT29-
ab-positive cells) for 1 hour at 37°C and blocked with 2%
heat denatured bovine serum albumin in PBS for 1 hour.
Fifty thousand cells in 250 ul of adhesion buffer were
added to triplicate wells containing 250 ul of a solution of
50 ug/ml of an anti-a5p1 function-blocking antibody
(NKI-SAM-1, JBS5, or lIA1), 50 pg/ml of an anti-a5B1
non-function-blocking antibody (HA5 or VC5), 10 wmol/L
cyclic peptides, 0-10 umol/L SJ749, 50 png/ml of LM609,
an anti-avB3 function-blocking antibody, 50 ug/ml
P4C10, an anti-B1 function-blocking antibody, 50 ug/ml
of an anti-fibronectin cell-binding domain monoclonal an-
tibody, or 50 ug/ml of an anti-fibronectin N-terminus
monoclonal antibody in adhesion buffer (HEPES-buffered
Hanks’ balanced salt solution containing 1% bovine se-
rum albumin, 2 mmol/L MgCl,, 2 mmol/L CaCl,, and 0.2
mmol/L MnCl,). Cells were allowed to adhere to dishes
for 20 minutes at 37°C. Nonadherent cells were removed
by washing each well four times with 500 ul of warm
adhesion buffer. Adherent cells were then fixed for 15
minutes with 3.7% paraformaldehyde in PBS and stained
with a 2% crystal violet solution. After extensive water
washing to remove excess crystal violet, plates were
dried overnight. Crystal violet was extracted by incuba-
tion for 15 minutes in 10% acetic acid and absorbance at
562 nm determined as an indicator of number of cells
bound. Each experiment was performed in triplicate, with
triplicate samples per condition. The data are presented
as percentage of adhesion exhibited by the positive con-
trol (adhesion medium alone) + SEM.

Migration Assays

The lower side of 8-um pore transwell inserts (Costar,
Inc.) were coated with 2 ug/ml of fibronectin, collagen, or
no protein for 1 hour and were blocked with 2% bovine
serum albumin in PBS for 1 hour. The inserts were then
placed into 24-well culture dishes containing 500 wl mi-
gration buffer in the lower chamber. Twenty-five thousand
HUVECs in 50 ul of migration buffer were added to the
upper chamber of duplicate inserts containing 50 ul of a
solution of 50 ug/ml of an anti-a5B1 function-blocking
antibody (NKI-SAM-1, JBS5 or 11A1), 50 ng/ml of an anti-
a5B1 non-function-blocking antibody (HA5 or VC5), or 50
pg/ml of LM609, an anti-avB3 function-blocking antibody
in migration buffer (Hepes-buffered M199 medium con-
taining 1% BSA, 2 mmol/L MgCl,, 2 mmol/L CaCl,, and
0.2 mmol/L MnCl,) or migration buffer alone. Cells were
allowed to migrate from the upper to the lower chamber
for 4 hours at 37°C. Nonmigratory cells were removed
from the upper surface by wiping the upper side with an
absorbant tip. Cells that had migrated to the lower side of
the transwell insert were then fixed for 15 minutes with
3.7% paraformaldehyde in PBS and stained with a 2%
crystal violet solution. After extensive water washing to
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remove excess crystal violet, the number of cells that had
migrated were counted in three representative high
power (200X ) fields per insert. The data are presented as
number of cells migrating = SEM.

Integrin Receptor Ligand Binding Assays

Integrin avB3 and a5B1 receptors purified from human
placenta were obtained from Chemicon International.
Platelet integrin allbB3 was purified from platelets ac-
cording to established procedures. Receptors were
coated (100 ul/well) on Costar (3590) high capacity bind-
ing plates overnight at 4°C. Coating solution was dis-
carded and plates were washed once with blocking/
binding (B/B) buffer (50 mmol/L Tris-HCI, pH 7.4, 100
mmol/L NaCl, 2 mmol/L CaCl,, 1 mmol/L MgCl,, 1 mmol/L
MnCl,, and 1% BSA). One hundred ten microliters of B/B
buffer was applied for 60 minutes at room temperature.
Thirty microliters of biotinylated extracellular matrix pro-
tein ligand (fibronectin for integrin a5B1, vitronectin for
integrin avB3, and fibrinogen for integrin allbB3) plus 50
wl of either SJ749 in B/B buffer or B/B buffer alone were
added to each well, and incubated for 25 minutes at room
temperature. Plates were washed twice with B/B buffer
and incubated 1 hour at room temperature, with anti-
biotin alkaline phosphatase (100 wl/well) in B/B buffer.
Finally, plates were washed twice with B/B followed by
the addition of 100 ul of phosphatase substrate (1.5
mg/ml). Reaction was stopped by adding 2 N NaOH (25
wl/well), and developed color was read at 405 nm.

In Ovo Chick Chorioallantoic Membrane
Angiogenesis Assays

Ten-day-old embryonated chicken eggs were candled to
illuminate blood vessels under the shell and an area with
a minimum of small blood vessels is identified. The CAM
was dropped away from the eggshell in this area by
grinding a small hole in the mineralized shell and apply-
ing pressure to the underlying inner shell membrane. This
caused an air pocket to shift from the wide end of the egg
to the identified area and forced a circular region of the
CAM approximately 2 cm in diameter to drop away from
the shell. A window was cut in the egg shell and a
cortisone acetate pretreated filter disk 5 mm in diameter
that had been saturated in 1 ug/ml bFGF, VEGF, TNF-q,
IL-8, or saline was placed on the CAM. The window in the
shell was sealed with adhesive tape and the egg was
incubated for 4 days. A range of 0 to 25 ug in 25 ul of
function-blocking anti-a581 or a control non-function-
blocking anti-a581, 0 to 25 umol/L in 25 wl cyclic peptide
(CRRETAWAC) or scrambled control peptide (CATAER-
WRC), 0 to 25 umol/L in 25 ul of a small molecule antag-
onist of integrin a5B1 (SJ749), an inactive control small
molecule (XU0B5), or 25 ul of saline were applied to the
growth factor-saturated filter 24 hours later. Anti-fibronec-
tin antibodies (25 ng in 25 wl) were also applied topically
to the CAM. Fibronectin, vitronectin, and fibronectin frag-
ments (59 pmoles in a final volume of 25 ul) were applied
to stimulated or unstimulated CAMs. Peptide or small
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molecule antagonists of a5B1 (at a final serum concen-
tration of 0 to 25 umol/L) were also injected intravenously
into the chick circulation 24 hours later. CAMs were har-
vested on the fourth day of stimulation by fixation with a
drop of 3% paraformaldehyde in PBS before excision of
the stimulated area. Blood vessel branch points in the
5-mm filter disk area were counted at 30X magnification
under fiber optic illumination in a blinded fashion as a
size-independent quantitative indicator of vascular sprout-
ing in response to growth factors. As angiogenesis is
characterized by the sprouting of new vessels in re-
sponse to growth factors, counting blood vessel branch
points is a useful quantitative means of obtaining an
angiogenic index.%? At least 10 embryos were used per
treatment group. Each experiment was performed a min-
imum of three times. Data were evaluated in terms of
average number of blood vessel branch points per treat-
ment group = SEM. Statistical analyses were performed
using Student’s t-test. Representative CAMS from each
treatment group were photographed at 10X magnification.

In some cases, CAM tissue excised from the egg was
frozen in OCT in liquid nitrogen, cut into 5-um sections,
air dried, and processed as described in immunohisto-
chemistry methods, without fixation.

Chick Chorioallantoic Membrane Tumor Assays

Ten million tumor cells were placed on the surface of
each CAM and cultured for 1 week. The resulting tumors
were excised and cut into 50-mg fragments. These frag-
ments were placed on additional CAMs and treated top-
ically the following day with 25 ug in 25 ul of anti-a581 or
a control non-function-blocking anti-a5B1, or systemically
by intravenous injection with a final serum concentration
of 25 umol/L cyclic peptide CRRETAWAC or 25 umol/L
small molecule antagonist of integrin «581 (SJ749) and
25 umol/L scrambled control peptide CATAERWRC or 25
pmol/L inactive small molecule (XU065) or 25 ul of saline.
Forty-eight hours later, CAMs were excised from the egg
and the number of blood vessels entering the tumors
were counted (as vessel branch points). The data are
presented as mean blood vessel number per treatment
group (* SEM). Each treatment group incorporated at
least 10 tumors per experiment. Representative tumors
were photographed at 10X magnification. Tumors were
then excised from the egg and weighed. The data are
presented as mean tumor weight per treatment group (*
SEM). Statistical analyses were performed using Stu-
dent’s t-test. In some cases, excised tumors were fixed in
3% paraformaldehyde, embedded in paraffin, and sec-
tioned before immunohistochemical analysis for the pres-
ence of blood vessels.

SCID Mouse Model of Human Angiogenesis

Engraftment of SCID mice with human skins was per-
formed as previously described.®® SCID mice were en-
grafted with an 8 mm X 13 mm piece of human neonatal
foreskin. Four weeks later, after the skin had completely

healed, 50 ul of growth factor depleted matrigel recon-
stituted with 1 ug/ml bFGF, with 1 ug/ml bFGF containing
25 pg/ml anti-a5p1 function-blocking monoclonal anti-
body or with 1 pg/ml bFGF containing 25 pg/ml non-
function-blocking anti-a581 monoclonal antibody was in-
jected intradermally in the center of each engrafted skin.
Three days later, the human skin was excised from the
mouse. Boundaries were easily observed because the
human skin was pink and hairless; the mouse skin was
covered with white fur. The human skin was embedded in
freezing medium, frozen, and sectioned. Sections were
stained for the presence of human blood vessels with
human specific anti-CD31, as described in immunohisto-
chemical analyses of blood vessel densities. The data
are presented as mean CD31-positive blood vessel num-
bers per 100X microscopic field, = SEM. Statistical anal-
yses were performed using Student’s f-test.

Results

Enhanced Expression of Fibronectin and Its
Receptor Integrin «5B1 on Tumor-Associated
Blood Vessels

Although previous reports have implicated av integrins in
angiogenesis,®*?°7 recent studies suggest that alterna-
tive adhesion proteins regulate angiogenesis in the ab-
sence of av expression.'® In addition, studies of integrin
o581 null mice®“® and fibronectin null mice” suggest that
the integrin o581 and its ligand fibronectin may be re-
quired for the proper formation of the vasculature during
development. However, it is unclear from these studies
whether fibronectin and integrin a581 play direct roles in
angiogenesis. To determine whether fibronectin and its
receptor, integrin a5B1, are expressed during angiogen-
esis, we evaluated their expression patterns on the vas-
culature in human normal and tumor tissues (Figure 1)
and in response to growth factor stimulation in animal
models of angiogenesis (Figure 2).

Analysis of frozen sections of human colon carcinoma
and breast carcinoma for expression of the endothelial
cell marker CD31 (PECAM) and integrin a581 by two-
color immunohistochemistry indicated that CD31-positive
tumor vessels (red) were also positive for integrin o581
expression (green). Vessels positive for both molecules
are shown in yellow (Figure 1, A and C). Large vessels
with lumens, as well as large and small vessels without
apparent lumens, stain positively for integrin 581 and
CD31. Sections of ovarian and pancreatic carcinoma
showed similar patterns of integrin «5B81 expression on
blood vessels (not shown).

In contrast, CD31-positive blood vessels (red) routinely
present in sections of normal human colon and breast
were negative for integrin «5B1 (Figure 1, B and D).
Blood vessels in other normal adult tissues, including
skin, were also negative for integrin o581 (data not
shown). These results indicate that integrin «581 expres-
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Figure 1. Expression of integrin a581 and fibronectin on human and murine tumor blood vessels. Cryostat sections 5 um in width of human colon carcinoma
(A), normal colon (B), breast carcinoma (C, E, and G), normal breast (D and F), and subcutaneous human tumor xenotransplants in SCID mice (H) were analyzed

by fluorescence microscopy at 200X magnification for expression of integrin a581, fibronectin, CD31, or viW

, as described in Materials and Methods. A—D, H:

Tissue sections stained for integrin a581 (FITC) and CD31 (rhodamine) expression. E and F: Tissue sections stained for fibronectin (rthodamine) and vWF (FITC)

expression.

Tissue sections stained for integrin a5B1 (FITC) and fibronectin (thodamine) expression. Merged images of these tissues stained with both

antibodies indicate where colocalization (yellow) occurs. Representative costaining vessels are indicated by arrows. Scale bar, 10 wm.

sion is up-regulated on tumor vasculature and that the
majority of blood vessels in these tumor sections are
integrin a5B1 positive. Furthermore, these studies indi-
cate that integrin o581 is not significantly expressed on
blood vessels in normal adult tissues.

We next stained tumor tissues with antibodies directed
against fibronectin (red) and vVWF (green), another marker
of blood vessels. Examination of frozen sections of breast
carcinoma (Figure 1E) and colon carcinoma (data not
shown) as well as normal human breast (Figure 1F) and
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Figure 2. Enhanced expression of integrin a581 and
fibronectin on blood vessels after growth factor stimu-
lation. Cryostat sections of normal unstimulated (A and
B), bFGF-stimulated (C and D), or VEGF-stimulated
CAMs (E and F) were stained with anti-integrin o581
(rhodamine) and anti-vWF (FITC) antibodies (A, C,
and E), anti-fibronectin (rhodamine) and anti-vWF
(FITC) antibodies (B, D, and F). Merged images of
these tissues stained with both antibodies indicate
where colocalization (yellow) occurs. Scale bar, 10 wm.

colon (data not shown) indicated that the extracellular
matrix surrounding tumor vessels was positive for fi-
bronectin expression (arrows). In contrast, blood ves-
sels in normal tissues expressed little, if any, fibro-
nectin. Sections of ovarian and pancreatic carcinoma
showed similar patterns of fibronectin expression on
blood vessels (not shown).

Notably, the expression of integrin 581 (green) and
its ligand, fibronectin (red), were coordinately up-regu-
lated on many of the same blood vessels (yellow) within
human tumor sections (Figure 1G), suggesting a possible
functional interaction between these two proteins. Ex-
pression of integrin «5B1 and fibronectin were also ob-
served on tumor vasculature in animal models of neoplasia,
including human M21L melanoma tumor xenotransplants in
SCID mice (Figure 1H) and spontaneous mammary tumors
(data not shown) in Mtag transgenic mice expressing the
polyoma virus (PyV) middle T antigen under control of the
mouse mammary tumor virus.>* Thus, significantly elevated
expression of integrin «5B1 and fibronectin is associated
with the vasculature in spontaneous as well as experimen-
tally induced human and murine tumors compared to nor-
mal tissues.

Fibronectin

In Vivo Up-Regulation of Fibronectin and
Integrin a5B71 Expression in Response to
Angiogenic Growth Factors

To determine whether fibronectin and integrin «581 are
functionally involved in angiogenesis, chick chorioallan-
toic membranes (CAMs) were stimulated with angiogenic
growth factors and cryostat sections of these tissues
were stained with antibodies to fibronectin and o5B1.
Integrin a5B1 expression on the pre-existing vasculature
of unstimulated CAMs was minimal (Figure 2A) but was
significantly up-regulated 24 hours after exposure to
bFGF (Figure 2C), TNF-qa, or IL-8 (data not shown). In
contrast, VEGF did not induce a5B1 expression (Figure
2E). Integrin «5B81 was not noticeably expressed on other
cell types in the CAM.

Fibronectin expression in the extracellular matrix sur-
rounding blood vessels was also minimal on unstimulated
CAM tissue (Figure 2B) and, like a5B1, was significantly
enhanced after bFGF (Figure 2D), TNF-«, and IL-8 (data
not shown) stimulation. Fibronectin expression in the ex-
tracellular matrix surrounding blood vessels was also



up-regulated after VEGF stimulation (Figure 2F). Fi-
bronectin expression was principally found in association
with blood vessels and minimally on other cell types in
these tissues. These results indicate that integrin o581
and fibronectin expression are both up-regulated during
angiogenesis and that «581 and fibronectin are found
closely associated with each other on growth factor-stim-
ulated blood vessels.

Inhibition of Angiogenesis by Antibody
Antagonists of Fibronectin

Since fibronectin was localized to a5B81-expressing blood
vessels in tumors and growth factor-treated tissues, the
effects of function-blocking anti-fibronectin antibodies on
angiogenesis were evaluated. An antibody directed
against the central cell-binding domain peptide (CBP) of
human and chicken fibronectin was first tested for its
ability to inhibit cell adhesion to fibronectin in vitro. This
antibody significantly inhibited the adhesion to fibronec-
tin of integrin a5B1-positive cells, including a5B1-positive
HT29 colon carcinoma cells, chick embryo fibroblasts
(CEF), and HUVECs. HUVEC adhesion was blocked 70 +
3% by the anti-CBP antibody (Figure 3A). In contrast,
antibodies directed against the N-terminal domain (NT) of
fibronectin were ineffective in blocking cell adhesion to
fibronectin (Figure 3A).

To assess the role of fibronectin in angiogenesis in vivo,
CAMs from ten-day-old embryos were stimulated with
bFGF or VEGF. Twenty-four hours later, anti-fibronectin
antibodies were directly applied to the CAMs (Figure 3, B
and C). Two days later, CAMs were excised and blood
vessels were quantified by counting vessel branch
points, as described.®® The counting of blood vessel
branch points provides a size-independent measure of
the sprouting of new vessels that occurs during angio-
genesis. The anti-CBP antibody was able to inhibit the
growth of new blood vessels induced by bFGF by 75 +
10% (P = 0.002), whereas the anti-NT antibody had a
minimal effect on angiogenesis (34 = 15% inhibition, P =
0.02) as shown in Figure 3B. The anti-CBP antibody also
inhibited VEGF angiogenesis by 71 = 7% (P = 0.02), as
did the anti-NT antibody (89 = 17% inhibition, P = 0.035;
Figure 3C). In contrast to anti-fibronectin antibodies,
function-blocking antibodies directed against vitronectin
failed to block angiogenesis significantly (not shown).
These results indicate that the cell-binding domain of
fibronectin plays a critical role in angiogenesis. The N-
terminal domain of fibronectin may also contribute to
some angiogenesis.

Enhancement of Growth Factor-Induced
Angiogenesis by Fibronectin or Its 120-kd
Cell-Binding Domain

To demonstrate further if there is a specific functional
association between fibronectin and angiogenesis stim-

ulation, fibronectin and vitronectin were directly applied
to the CAMs of 10-day-old embryos in the presence or
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Figure 3. Role of fibronectin in angiogenesis. A: Adhesion of HUVECs to
fibronectin in the presence of adhesion medium (medium) or 25 ug/ml
antibodies directed to the cell-binding peptide region of fibronectin (Anti-
CBP) or to the N-terminal heparin binding region of fibronectin (Anti-NT). B:
Angiogenesis induced on the CAM by bFGF or VEGF in the presence of
saline, 25 pg of an antibody directed against the cell-binding peptide of
fibronectin (Anti-CBP) or 25 ug of an antibody directed against the fibronec-
tin N-terminus (Anti-NT). The number of blood vessel branch points within a
standard 5-mm area are shown. C: bFGF-induced angiogenesis on the CAM in
the presence of saline or equimolar amounts of full length fibronectin, the
120-kd cell-binding fibronectin fragment, the 40-kd fibronectin fragment, or full
length fibronectin plus 10 ug anti-integrin a5B1. The data are presented as blood
vessel branch points above background; * indicates treatments that resulted in
significantly different numbers of vessel branch points than bFGF treatment
alone, fibronectin (P = 0.05), and 120-kd fibronectin fragments (? = 0.05).
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absence of growth factors. Neither fibronectin nor vitro-
nectin applied to CAMs in the absence of growth factors
promoted angiogenesis, as we have previously docu-
mented.®®> Equimolar amounts of intact human fibro-
nectin, a 120-kd fragment of fibronectin with the RGD
containing cell-binding domain or a 40-kd C-terminal
chymotryptic fibronectin fragment, which lacks the RGD
containing cell-binding domain®®°” were applied to
bFGF-stimulated CAMs. As shown in Figure 3C, intact
fibronectin enhanced growth factor-stimulated angiogen-
esis at least 46 = 11% (P = 0.04). The 120-kd cell-
binding fragment of fibronectin also significantly en-
hanced angiogenesis (65 = 20%; P = 0.05), whereas the
40-kd fragment of fibronectin had no significant effect.
This fibronectin-enhanced angiogenesis was dependent
on integrin @5B1 activity, since anti-integrin 581 anti-
bodies reversed this process (Figure 3C). Application of
vitronectin to bFGF stimulated CAMs had no effect on

vessel number (data not shown). Application of either
fibronectin or vitronectin to VEGF-stimulated CAMs did
not potentiate the angiogenic effect of VEGF (data not
shown). These results suggest that fibronectin and the
endothelial cell integrin 581 play critical functional roles
in growth factor-induced angiogenesis.

Antibody, Peptide, and Nonpeptide Antagonists
of Integrin a5B1 Selectively Block Adhesion and
Migration on Fibronectin

Because integrin a581 is one of the primary receptors for
fibronectin on endothelial cells and colocalizes with fi-
bronectin on blood vessels in tumors and in growth fac-
tor-stimulated tissues, experiments were designed to
evaluate the effects of monoclonal antibody, peptide, and
nonpeptide antagonists of integrin a5B81 on angiogenesis
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ICso
Assay type a5B1/FN avB3/VN allbB3/FBG avB5/VN «a2B1/COL
Purified receptor 1.8 nmol/L 1 wmol/L >10 umol/L - -
Cell adhesion 340 nmol/L* >10 wmol/L - >10 pmol/Lt >10 umol/L¥
Cell migration 2.9 umol/L® - - - -

*ICsp determined for a5p1-positive Jurkat cell; IC5, for HT29 ab-positive transfectants was slightly higher (800 nmol/L).

TICy, determined for SK-BR-3 as well as HT29 tumor cells.
*|C4, determined for HUVEC as well as HT29 adhesion to collagen.
§1Cs determined for HUVEC cell migration on fibronectin.

in vivo. To demonstrate the efficacy of these three classes
of inhibitors, we first tested these a5B1 antagonists for
their abilities to interfere with the attachment and migra-
tion of three types of integrin a5B1-positive cells: HT29
colon carcinoma integrin &5 transfectants, CEF, and
HUVEC. Function-blocking monoclonal antibody antago-
nists of integrin 581, but not control (non-function-block-
ing) anti-integrin 581 monoclonal antibodies, selectively
inhibited HT29 a5+ (100 + 6%), CEF (89.7 = 3.4%), and
HUVEC (72 + 2.5%) adhesion to fibronectin (Figure 4A).
Function-blocking monoclonal antibody antagonists of in-
tegrin a5B1, did not block attachment of HUVECs (Figure
4A), HT29 or CEF cells to vitronectin, although LM609, an
anti-avB3 specific antibody, did (Figure 4A). These re-
sults demonstrate that o581 antagonists selectively block
human and chick a5B81-mediated cell adhesion to fi-
bronectin, as well as endothelial cell a581-mediated ad-
hesion to fibronectin.

Non-antibody antagonists of integrin 51 also potently
inhibit cell attachment to fibronectin. A selective cyclic pep-
tide antagonist of integrin a581, CRRETAWAC,%®°7 also
significantly inhibited a5+ HT29 colon carcinoma, CEF and
HUVEC cell adhesion to fibronectin (Figure 4B) but not to
vitronectin (not shown). A scrambled control peptide (CA-
TAERWRC) had little impact on cell adhesion to either
fibronectin (Figure 4B) or vitronectin (not shown). Further-
more, a selective nonpeptide antagonist of integrin o531,
SJ749  {(S)-2-[(2,4,6-trimethylphenyl) sulfonyl]lamino-3-[7-
benzyloxycarbonyl-8-(2-pyridinylaminomethyl) — 1-oxa-2,7]-
diazaspiro-(4,4)-non-2-en-3-yl] carbonylamino] propionic
acid}, blocked the adhesion of each of these cell types to
fibronectin in a concentration-dependent manner with a half
maximal inhibitory concentration of 0.8 uM for a5+ HT29
cells (Figure 4C). SJ749 was ineffective in blocking cell
attachment to vitronectin or other extracellular matrix li-
gands (Table 1). This compound selectively inhibited
ligand binding to integrin «5B1 and was substantially less
effective in blocking ligand binding to integrin avB3 and
other integrins (Table 1). These results demonstrate that
all three classes of abB1 antagonists significantly and
selectively inhibit human and chick «581 functions.

As angiogenesis depends in part on endothelial cell
migration and invasion, the ability of these selective in-
hibitors of integrin 581 to block HUVEC migration was
evaluated. Migration on fibronectin was significantly in-
hibited (87 * 2%) by function-blocking antibodies di-
rected against integrin 581 (Figure 4D). In contrast, this
antibody did not affect endothelial cell migration on other
matrix proteins, including collagen (Figure 4D). Peptide

(not shown) and nonpeptide (Table 1) inhibitors of inte-
grin a5B1 were also highly effective in blocking endothe-
lial cell migration on fibronectin but not on other matrix
protein such as collagen.

Antagonists of Integrin a531 Block
Angiogenesis in Vivo

To establish whether integrin «581 might contribute to
angiogenesis, we evaluated the abilities of these same
integrin a5B1 antagonists to impact growth factor-in-
duced angiogenesis on the chick CAM. Twenty-four
hours after stimulating angiogenesis on the CAM with
bFGF, antagonists of integrin o581 were applied directly
to the growth factor-saturated filter disk or were injected
intravenously into the embryonic circulation.

As shown in Figure 5, A, B, and E, antibody antago-
nists of integrin a5B1 applied topically (Figure 5, A and B)
or intravenously (Figure 5E) blocked bFGF-induced an-
giogenesis on the CAM by at least 88 = 6% (P = 0.01)
whereas control non-function-blocking anti-a5p1 anti-
bodies had no significant effect. Applications of function-
blocking or control anti-a581 antibodies to unstimulated
CAMs had no effect on the number or integrity of blood
vessels present within the application area (data not
shown). Similar to antibody antagonists of o581 and as
predicted by our previous studies,3® antibody antago-
nists of avB3 also blocked angiogenesis induced by
bFGF by 65 + 10% (P = 0.008).

Cyclic peptide (Figure 5C) antagonists of integrin «531
also significantly blocked bFGF-induced angiogenesis
by 90 = 6% (P < 0.0001), whereas control peptides did
not inhibit angiogenesis. Nonpeptide antagonists blocked
bFGF-induced angiogenesis (Figure 5D) in a dose-depen-
dent manner when applied either topically or systemi-
cally; control nonpeptide molecules did not inhibit angio-
genesis, even at the highest dose. Cyclic peptide and
SJ749 antagonists of integrin 581 were equally effective
in inhibiting angiogenesis when applied systemically by
intravenous injection (Figure 5F). The cyclic peptide
CRRETAWAC inhibited angiogenesis by 86 *= 13%,
whereas SJ749 inhibited angiogenesis by 81 + 3%.

In summary, antibody, peptide, and nonpeptide small
molecule antagonists inhibited growth factor-induced an-
giogenesis with IC5, values of approximately 5 ug, 120
pmoles, and 15 pmoles, respectively. These results indi-
cate that the fibronectin receptor integrin a581 contrib-
utes to growth factor-induced angiogenesis on the CAM.



1354 Kim et al
AJP April 2000, Vol. 156, No. 4

A Control IgG  Anti-ovp3 B, 9090
: |
= . - ©
e N o-
‘ )‘\-._ - W j < 200 -
‘ o vl §
/-‘I — ’,. EE T
(Y 3 100 - z
w
o I
"
o J
bFGF - + + +
Control IgG - + % -
~ Anti-uspl - - +

' /(-—4 - Anti-ovp3 - » +

No bFGF Anti-a5p1

D
C » 200 T 100
1= (L
o) T c o 7
a 150 1 =
il o o c
g 58S }
@ 100 - 2o 501 I
=z ; 55
— . M £
A 30 | 5 0 25
v wn O
S 25
0 | S pe . [
bFGF ) " " & 0 1 100 10000
CRRETAWAC - - + - Organic Antagonist (pmoles)
CATAERWRC - - -+
E 125 E
[2] 150
£ 100~ ,
2
S 75 E 100
G g
@ 3
= 504 % 50
=~ 25- nl
T saline CRRETAWAC CATAERWRC SJ749 XUDBS
0_

saline anti- avp5 anti- a5p1



To extend these findings, we evaluated the ability of
these integrin a5B1 antagonists to block angiogenesis in
an animal model of human angiogenesis. Human neona-
tal foreskin engrafted onto SCID mice was injected intra-
dermally with growth factor depleted basement mem-
brane impregnated with bFGF in the presence or
absence of the function-blocking and control anti-a581
antibodies. Analysis of the human skin after 3 days for the
presence of human CD31-positive blood vessels re-
vealed that the function-blocking «5B81 antibody selec-
tively blocked angiogenesis induced by the growth factor
(Figure 6, A and B), reducing the number of CD31-pos-
itive blood vessels per high power field by 94 = 4.7%
(P = 0.006). These results indicate that integrin «581 has
a functional role in the angiogenic response to growth
factors of human blood vessels.

Integrin a5B1 and avB3 Regulate the Same
Pathways of Angiogenesis

Distinct growth factors can induce selective pathways of
angiogenesis that activate and/or use distinct integrins.3¢
For example, integrin avB3 participates in the bFGF and
TNF-a pathways of angiogenesis, whereas avp5 partici-
pates in the VEGF and transforming growth factor-a
(TGF-a) pathways.3€ Therefore, the effects of antagonists
of integrin @581 on angiogenesis induced by additional
growth factors were examined. When angiogenesis was
stimulated with TNF-a or IL-8, antibody antagonists of
integrin 581 blocked angiogenesis by up to 70.4 = 12%
(P = 0.04) and 85 *= 4.8% (P < 0.0001), respectively
(Figure 7, A and B). In some experiments anti-a581 in-
hibited TNF-a and IL-8 angiogenesis by up to 99 * 5%
(P = 0.005). Similarly, antibody antagonists of integrin
avB3 also blocked TNFa and IL-8 angiogenesis by
93.6 + 6.2% (P = 0.004) and 77 = 5.2% (P = 0.0001),
respectively. However, when angiogenesis was induced
with VEGF (Figure 7C), antibody antagonists of integrin
a5B1 failed to block angiogenesis, although an antibody
antagonists of integrin avB5 did block angiogenesis by
99 * 0.1% (P = 0.004), as we previously reported.3®
Peptide and nonpeptide antagonists of integrin a581 also
failed to block VEGF angiogenesis. These results sug-
gest that integrin o581 regulates the same pathway of
angiogenesis as does integrin avB3 and that this path-
way is distinct from that regulated by integrin avp5. When
anti-integrin «5B1 and anti-integrin avB3 antibodies were
applied to bFGF-stimulated CAMs either alone or to-
gether, no additive or synergistic inhibitory effects were
observed (data not shown). These results suggest that
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these integrins avB3 and «5B1 participate in the same
angiogenic pathway.

Integrin a5B1 Is Required for Human Tumor
Angiogenesis

The enhanced expression of 581 on tumor-associated
blood vessels and its functional role in growth factor-
stimulated angiogenesis prompted us to examine its role
in tumor angiogenesis and growth. HT29 colon carci-
noma cells, which lack o581 expression, were grown on
the CAMs of 10-day-old embryos. These tumor cells have
been shown to secrete several angiogenic growth factors
that include VEGF, TGF-a, TGF-B8, TNF-a, and IL-8.49:585°
Integrin a5B1-negative tumor cells were used to distinguish
the potential anti-tumor effects from anti-vasculature ef-
fects of integrin 581 antagonists. The tumor-bearing
embryos were treated with doses of either function-block-
ing or non-function-blocking antibodies directed to inte-
grin a5B1. Tumors were excised after several days of
treatment and the number of tumor-associated blood
vessels was assessed under a stereo microscope.
Treatment with anti-a581 function-blocking, but not
control, antibodies resulted in significant reduction (70 =
10%, P = 0.02) of the number of tumor-associated blood
vessels as measured by quantification of blood vessels
entering tumors (Figure 8, A and B) or blood vessel
density present in tumors (Figure 8, F and G). No signif-
icant differences were observed between saline and con-
trol antibody treated tumors or their associated blood
vessels. Importantly, treatment with function-blocking an-
ti-abB1 antibodies resulted in tumor regression. Anti-
abB1 treated tumors were 32% smaller than control
treated tumors (P = 0.02; Figure 8C). Control antibody
treated tumors increased in size by 25% whereas anti-
a5B1 antibody treated tumors decreased in size by 15%.
In support of these findings, systemic (intravenous) ad-
ministration of cyclic peptide inhibitors of integrin «5p1
(Figure 8D) and nonpeptide small molecule inhibitors of
integrin a5B1 (Figure 8E) also induced tumor regression
on the CAM while control peptide and control nonpeptide
treated tumors continued to increase in size. Tumors
treated with peptide inhibitors were 31% smaller than
control treated tumors (P = 0.003). Control peptide
treated tumors increased in size by 20% whereas the
ab5B1 peptide antagonist treated tumors decreased in
size by 17%. Tumors treated with nonpeptide (SJ749)
inhibitors were 51% smaller than control-treated tumors
(P = 0.003). Control organic molecule treated tumors
increased in size by 78% whereas the a5B81 organic

Figure 5. Inhibition of angiogenesis by anti-integrin a581 antibody, peptide, and nonpeptide small molecule antagonists. A: Chick chorioallantoic membranes
stimulated by bFGF were treated with either saline, 10 pg anti-a581 monoclonal (Anti-a581), 10 pug non-function-blocking anti-a581 antibodies (control IgG),
or 10 ug of anti-avB3 antibodies. Forty-eight hours after administering the antagonists, CAMs were excised. Selected representative CAMS were photographed at
10X magnification. B: Blood vessel branch points within the 5-mm treatment area were counted under 30X magnification using a stereo dissecting microscope
for CAMs treated as in A. C: Blood vessel branch points within the 5-mm treatment area of CAMs stimulated by saline (PBS) or by bFGF and treated with saline
(bFGF), 750 pmoles cyclic peptide CRRETAWAC, or 750 pmoles control peptide CATAERWRC. were counted at 30X magnification. D: Blood vessel branch points
within the 5-mm treatment area of CAMs stimulated by bFGF and treated with dilutions of the nonpeptide integrin a5B1 antagonist SJ749 were counted at 30X
magnification and are expressed as a percentage of bFGF-induced branch points. E and F: Blood vessel branch points on bFGF-stimulated CAMs treated by
intravenous injections of saline, anti-a5B1 or control antibody (P1F6), cyclic peptide CRRETAWAC, or control peptide CATAERWRC (25 wmol/L, final serum
concentration), nonpeptide integrin a5B1 antagonist SJ749 or control nonpeptide XU065 were counted at 30X magnification. At least 10 embryos were used per
treatment group. Each experiment was performed a minimum of three times. Data were evaluated in terms of average number of blood vessel branch points per

treatment group * SEM. Statistical analyses were performed using Student’s t-test.
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Figure 6. Inhibition of angiogenesis by anti-integrin «5B1 in the SCID
mouse/human skin chimera. Angiogenesis was induced by intradermal in-
jection of growth factor depleted matrigel supplemented with 1 ug/ml bFGF
and 25 pug/ml function-blocking or control anti-integrin a5B1 antibodies into
human skin transplanted onto SCID mice. A: Anti-human CD31 immunohis-
tochemical analysis of frozen sections of function-blocking or control treated
human skin at 100X magnification. Arrows indicate human CD31-positive
blood vessels. Scale bar, 10 wm. B: Quantification of CD31-positive blood
vessels per 100X microscopic field in bFGF-stimulated human skin treated
with function-blocking or control antibodies. The data are presented as mean
CD31-positive blood vessel numbers per 100X microscopic field, * SEM.
Statistical analyses were performed using Student’s t-test.

antagonist treated tumors decreased in size by 13%.
Tumor cells remained integrin a581 negative throughout
the course of the experiment (data not shown), suggest-
ing the anti-tumor effects were based on the targeting of
the tumor associated blood vessels.

Anti-a5B1 treated tumors were mostly necrotic (Figure
8H) with few mitotic bodies visible (Figure 8l). In contrast,
control antibody-treated tumors were invasive, actively
proliferating tumors (Figure 8H) with robust mitotic bodies
visible (Figure 8l). Many microvessels were associated
with the invasive edges of control-treated tumors,
whereas only a few large vessels were present in anti-
abB1-treated tumors (Figure 8H). These results demon-
strate that targeting vascular cell integrin a581 can lead
to inhibition of tumor growth and tumor angiogenesis and
that antagonists of integrin 581 are potent inhibitors of
tumor growth and tumor-induced angiogenesis.

Discussion

Vascular development during embryogenesis as well as
during normal and pathological angiogenesis is regu-
lated by growth factors and by integrins.>*€ While the
roles of integrins avB3 and avB5 in angiogenesis have
been well described,® 932737 recent evidence suggests
that certain B1 integrins may play roles in angiogene-
sis.910:38.80 |n contrast to cell surface molecules, little is
known about the extracellular matrix requirements for
angiogenesis. Interestingly, genetic analyses of fibronec-
tin- and integrin a5B1-deficient mice implicate fibronectin
and integrin «5B1 in vascular development and in a
number of nonvascular events.”®*” However, a direct
functional role for either of these molecules in angiogen-
esis has not been previously established.

In this report, several lines of evidence demonstrate
the participation of the central cell-binding domain of
fibronectin and its receptor o581 in angiogenesis. First,
expression of both integrin 581 and fibronectin were
significantly enhanced on blood vessels of human tumors
and in growth factor stimulated tissues, whereas these
molecules were minimally expressed on normal human
vessels and on unstimulated tissues. Second, antibody
antagonists of the central cell-binding domain of fi-
bronectin as well as three classes of integrin a5B1 an-
tagonists (antibody, peptide, and a novel nonpeptide
antagonist) blocked growth factor-stimulated angiogen-
esis. Antagonists of integrin «581 blocked bFGF-, TNF-
a-, and IL-8-stimulated angiogenesis, but had a minimal
effect on VEGF-induced angiogenesis. Interestingly, an-
tagonists of fibronectin function blocked both bFGF and
VEGF angiogenesis, suggesting that other fibronectin re-
ceptors may be critical for VEGF-mediated angiogenesis.
Evidence was also provided that all three types of integrin
a5B1 antagonists inhibit tumor angiogenesis and result in
tumor regression in animal models.

Our results demonstrate that the roles of integrin o531
and fibronectin in angiogenesis are coordinated. When
the expression of each molecule is minimal (on unstimu-
lated, quiescent blood vessels), antagonists of each mol-
ecule and addition of fibronectin to CAMs have little effect
on quiescent blood vessels. In contrast, after stimulation
with growth factors, integrin «581 and fibronectin expres-
sion is enhanced and blood vessels become sensitive to
antagonists of either molecule and to the effects of extra-
neous fibronectin. Importantly, VEGF stimulation does not
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increase abB1 expression, supporting our observation
that VEGF angiogenesis is refractory to antagonists of
ab5B1. This is further substantiated by Collo and Pep-
per,®" who found that in vitro expression of integrin o581
on endothelial cells was up-regulated in response to
bFGF, whereas Senger and colleagues®? found that
VEGF failed to up-regulate a581 expression. Thus, the
functional roles of integrin a5p1 and fibronectin in angio-

genesis appear to be the direct consequence of their
growth factor-induced expression.

Antibodies directed against the central cell-binding
fragment of fibronectin, which contains the PHSRN and
RGDS integrin-binding sites, inhibited angiogenesis,
suggesting that these antibodies inhibit integrin ligation
by fibronectin and possible downstream signal transduc-
tion events in vivo. Stimulation of bFGF angiogenesis by
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fibronectin and its cell-binding domain in an a5B1-de-
pendent manner suggests that integrin «5p1 is the inte-
grin receptor for fibronectin during angiogenesis. In fact,
the absence of integrin a5B1 expression in VEGF-stimu-
lated angiogenesis may account for the failure of fi-
bronectin to enhance VEGF angiogenesis even though
antibodies directed against the cell-binding peptide of
fibronectin blocked VEGF angiogenesis. It is possible
that other fibronectin binding integrins, such as avp1 or
a3B1,%® support VEGF-induced angiogenesis. Thus, it is
possible that fibronectin may bind to or activate distinct
integrin receptors during VEGF versus bFGF angiogene-
sis. Our results are the first demonstration of a direct
in vivo role for fibronectin in angiogenesis.

Our results are also the first to identify clearly a role for
an extracellular matrix protein in the promotion of angio-
genesis. Although collagens have been suggested to
have roles in vascular development,®*6® intact collagens
do not support endothelial cell outgrowth, survival, or
proliferation.®®:¢7 In fact, inhibition of the collagen recep-
tor integrins «2B1 and «1B1 was shown to prevent the
formation of large blood vessels and to promote the
formation of small vessels.®® These results suggest that
a2B1, a1B1, and their ligand collagen play roles in blood
vessel maturation rather than the promotion of new blood
vessel sprouts.

A functional role for integrin «5B81 in angiogenesis
similar to that of integrin avB3 was clearly established
when antagonists of integrin «581 blocked angiogenesis
induced by growth factors and tumor fragments. Interest-
ingly, integrin avB3, like integrin «581,°% can serve as a
fibronectin receptor, although endothelial cells use a5p1
as the major fibronectin receptor when both integrins are
expressed (data not shown). The expression of both in-
tegrins is regulated by similar growth factors. Both inte-
grin a5B1 and avB3 play significant roles in bFGF-, TNF-
a-, IL-8-, and tumor-induced angiogenesis, but not in
VEGF-induced angiogenesis.®?2¢5" These two integrins
appear to influence the same angiogenesis pathways, in
that combinations of their antagonists in angiogenesis
animal models are neither additive nor synergistic. Such
results suggest the possibility that one of these integrins
functions downstream of the other. Although integrin
abB1 is clearly required for angiogenesis, it may interact
with more than one ligand during angiogenesis. Integrin
abB1 can also serve as a receptor for fibrinogen on
endothelial cells in vitro, though no such associations
have been demonstrated in vivo.®®

Ligation of integrins by extracellular matrix proteins
has been shown to promote cell attachment, migration,
invasion, survival, and proliferation® via integrin signal
transduction.”® Antagonists of integrin avp3 induce apo-
ptosis of proliferating endothelial cells in vitro and in vivo
by interrupting integrin signal transduction.®236:37 We
have also observed that antagonists of integrin «581
induce apoptosis of growth factor stimulated endothelial
cells in vitro and in vivo (unpublished data). Interestingly,
some in vitro studies suggest that integrins avp3 and
abB1 influence each other through cross-talk signaling
events.”"72 Thus it is possible that one of these integrins

regulates the actions of the other through signal trans-
duction mechanisms during angiogenesis.

Antagonists of integrin a581 blocked tumor angiogen-
esis and growth as did antagonists of integrin avg3.%2’
The tumor cell lines chosen for in vivo tumorigenicity and
angiogenesis studies were integrin «5B1 negative to dis-
count any effect of the integrin antagonists on the tumor
cells. The tumor cells remained integrin o581 negative
through the course of their culture on CAMs. HT29 tumors
express a variety of growth factors, including VEGF,
TNF-a, TGF-a, TGF-8, PDGF, and IL-8.#95859 |t is not
known if these cells also express bFGF. Most, if not all,
tumors, use multiple growth factors for angiogenesis,
including IL-8, bFGF, VEGF, and others of the 15 to 20
known angiogenic growth factors. In fact, VEGF is most
commonly associated with the hypoxic core of the tumor
as it is transcriptionally regulated by hypoxia, whereas
bFGF and other factors are associated with the growing
edge of the tumor.”?7* Thus, it is not unexpected that
angiogenesis induced by the complex mixture of growth
factors expressed by the HT29 colon carcinoma can be
inhibited by antagonists that do not impact VEGF angio-
genesis. As observed for growth factor-stimulated CAMs,
antagonists of integrin 581 did not impact large pre-
existing vessels on the CAM that underlay the tumors.
These results suggest that inhibitors of integrin «581, like
inhibitors of integrin avB3, may provide clinical benefits to
patients with certain solid tumors.
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