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ABSTRACT Angiogenesis underlies the majority of eye
diseases that result in catastrophic loss of vision. Recent
evidence has implicated the integrins a,8; and a,fs in the
angiogenic process. We examined the expression of a3 and
ayPs in neovascular ocular tissue from patients with subreti-
nal neovascularization from age-related macular degenera-
tion or the presumed ocular histoplasmosis syndrome or
retinal neovascularization from proliferative diabetic retinop-
athy (PDR). Only a, 83 was observed on blood vessels in ocular
tissues with active neovascularization from patients with
age-related macular degeneration or presumed ocular his-
toplasmosis, whereas both ayB; and a,8s were present on
vascular cells in tissues from patients with PDR. Since we
observed both integrins on vascular cells from tissues of
patients with retinal neovascularization from PDR, we exam-
ined the effects of a systemically administered cyclic peptide
antagonist of a,B3 and a,B8s on retinal angiogenesis in a
murine model. This antagonist specifically blocked new blood
vessel formation with no effect on established vessels. These
results not only reinforce the concept that retinal and sub-
retinal neovascular diseases are distinct pathological pro-
cesses, but that antagonists of a,f; and/or a,Bs may be
effective in treating individuals with blinding eye disease
associated with angiogenesis.

The pathological growth of new blood vessels underlies most
eye diseases that cause catastrophic loss of vision. The leading
cause of blindness in individuals over the age of 55 is age-
related macular degeneration (ARMD); under 55 years of age,
the leading cause is proliferative diabetic retinopathy (PDR)
(1). The two diseases are further distinguished by the specific
site of new blood vessel growth; ARMD is characterized by
choroidal neovascularization (2), whereas in PDR retinal
blood vessels proliferate along the surface of the retina and
into the posterior vitreous (3). [The posterior eye has a dual
blood supply consisting of (i) the retinal blood vessels that
branch from the central retinal artery and supply the inner
one-third of the retina and (ii) the choroid that forms an
extensive subretinal vascular plexus and nourishes the outer
two-thirds of the retina.] While ARMD and PDR are proto-
typic diseases for choroidal and retinal neovascularization,
respectively, other conditions can selectively cause angiogen-
esis of either vasculature. In general, diseases of a degenerative
(e.g., ARMD, pathological myopia) or inflammatory [e.g.,
presumed ocular histoplasmosis syndrome (POHS)] nature
manifest as choroidal neovascularization, whereas ischemic
diseases (e.g., PDR, retinopathy of prematurity, sickle cell
retinopathy) result in retinal angiogenesis. Although a number
of recent studies have demonstrated an association between
elevated intraocular levels of vascular endothelial growth
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factor (VEGF) and ischemia-related retinal neovasculariza-
tion (4-6), very little is known about the mechanism under-
lying vasoproliferation in these neovascular eye diseases.

Recent evidence has implicated the integrins a,B3 and a,fs
in angiogenesis. Earlier studies have shown that a,f3; is selec-
tively displayed on actively proliferating vascular endothelial
cells and that antagonists to this integrin specifically and
potently inhibit cytokine- and tumor-mediated angiogenesis in
several animal models (7-10). Furthermore, we have shown
that at least two angiogenic pathways exist and may be defined
by their dependency on o83 or s (10).

In this report, we demonstrate the selective display of a3
and a,Bs integrins on blood vessels in tissue obtained from
patients with active neovascular eye disease. While only a,f3;
was consistently observed in tissues from patients with ARMD
or POHS, both o,B3 and a,Bs were present in tissues from
patients with PDR. We also examined the effects of a system-
ically administered cyclic peptide antagonist of both integrins
on retinal angiogenesis. This antagonist specifically blocked
new blood vessel formation with no effect on established
vessels. These results not only reinforce the concept that retinal
and choroidal neovascular diseases may be distinct patholog-
ical processes, but that antagonists of a,83 and/or «,8s may be
effective in treating individuals with blinding eye disease
associated with angiogenesis.

MATERIALS AND METHODS

Antibodies. Conformation specific mouse monoclonal anti-
bodies to integrins a,B3; (LM609) and o,Bs (P1F6) have been
described elsewhere (11, 12). Both were used at 5.0 ug/ml.
Anti-human factor VIII polyclonal antibody (BioGenex Lab-
oratories, San Ramon, CA) was used at a 1:200 dilution. For
double staining of factor VIII and either o, 8; or a,Bs integrins,
both primary antibodies were added simultaneously followed
by the appropriate secondary antibodies. Blood vessels in
retinal whole mounts were stained with a rabbit polyclonal
antibody to collagen type IV at a 1:200 dilution (Biogenesis,
Bournemouth, U.K.). All secondary antibodies were F(ab'),
fragments conjugated to either lessamine rhodamine or fluo-
rescein isothiocyanate (FITC) (BioSource International, Ca-
marillo, CA). Secondary antibodies were used at 1:200 dilu-
tions.

Peptides. Cyclic peptide 66203 (cyclo-RGDfV; Arg-Gly-
aspartic acid-D-phenylalanine-Val) and 69601 (cyclo-RADfV;
Arg-B-Ala-aspartic acid-D-phenylalanine-Val) were synthe-
sized and characterized by Drs. A. Jonczyk, B. Diefenbach, and
S. Goodman (Merck KGaA).

Abbreviations: ARMD, age related macular degeneration; PDR,
proliferative diabetic retinopathy; POHS, presumed ocular histoplas-
mosis syndrome; VEGF, vascular endothelial growth factor; CNVM,
choroidal neovascular membranes; bFGF, basic fibroblast growth
factor.
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Immunofluorescence of Human Ocular Tissue. Nondis-
eased human tissue was received within 24 hr of enucleation
from the San Diego Eye Bank. Specimens were kept at 4°C in
a humid chamber until received. Eyes were bisected and frozen
on dry ice in Tissue Tek O.C.T compound (Miles). Retinal or
choroidal membranes were removed at vitrectomy and imme-
diately placed in O.C.T and frozen on dry ice. Specimens were
collected from eyes with retinal neovascular (PDR or von
Hippel-Lindau), choroidal neovascular (ARMD, POHS, or
idiopathic), or fibroproliferative (proliferative vitreoretinopa-
thy or epiretinal membranes) diseases.

Serial sagittal sections of normal human donor eyes or
human neovascular membranes were examined for the pres-
ence of ayfB; and «,Bs integrins. Blood vessels were identified
by positive staining with anti-factor VIII antibodies (13). Each
section was double stained with either mouse monoclonal
antibody to .83 or a,Bs and rabbit polyclonal antibody to
factor VIII, permitting co-localization of integrins and blood
vessels. Frozen sections, cut 4—6 um thick, were fixed in 100%
acetone for 30 sec, dried, briefly rehydrated in phosphate-
buffered saline (PBS) and incubated in a moist chamber as
follows: 5.0% BSA (Sigma) in PBS for 1 hr, primary antibodies
for 1 hr at room temperature, five washes in PBS for 5 min
each, secondary antibodies conjugated to fluorochromes for 1
hr at room temperature, five more washes as before. Samples
were mounted with Fluoromount G (Southern Biotechnology
Associates) and observed and photographed with an Olympus
fluorescent microscope. All antibodies were diluted in 5.0%
bovine serum albumin (BSA).

Murine Retinal Whole Mounts. Newborn mice were injected
subcutaneously twice daily for 4 days starting from day O either
with a cyclic RGDfV peptide integrin antagonist that binds to
ayBs and oyBs receptors or with a control cyclic RADfV
peptide that does not bind to the receptors. On postnatal day
4, globes were removed and fixed in 4.0% paraformaldehyde
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(PFA) at room temperature. Whole retinas were dissected
from the globes, placed in cold methanol in a 24-well culture
plate for no less than 10 min, and processed as follows. They
were blocked for 1 hr in 50% fetal calf serum (FCS) and 1.0%
Triton X-100 at room temperature, incubated overnight with
primary antibodies, washed 20 min with PBS, incubated 3—-4 hr
with secondary antibodies, washed 20 min with PBS, and
mounted in Slow Fade (Molecular Probes). Samples were
observed and photographed with an Olympus fluorescent
microscope or a Bio-Rad MRC1024 Laser Scanning Confocal
Microscope. Antibodies were diluted in 10% FCS in PBS.

Quantitation of Mouse Retinal Angiogenesis. We have
quantitated the amount of angiogenesis in the mouse retinal
model using two approaches. The first involves measuring the
distance from the optic nerve head to the most distal point of
a single vessel selected in each of six sectors: 2, 4, 6, 8, 10, and
12 o’clock. The mean distance is calculated and averaged with
similar data obtained from an entire litter. We also used
another approach to quantitate angiogenesis that takes into
account the geometric irregularities of retinal vessel growth.
To more accurately estimate the total volume of retinal blood
vessels, the entire specimen was scanned in 2.0 um thick optical
sections and stored digitally. The “seed” function in LASER-
SHARP software (Bio-Rad) was then used to threshold and
count cubic pixels in each section. A macro was written to sum
the volume of all sections and determine the value for all
vascular structures.

RESULTS

Integrins ayB; and a, 85 Are Not Expressed in Normal and
Proliferative Vitreoretinopathic Human Tissue. To evaluate
the expression of integrins ay,B3 and a,Bs in ocular diseases
associated with neovascularization, we used conformation-
specific monoclonal antibodies to each integrin and a poly-

FiG. 1. Normal human ocular tissue stained with anti-factor VIII antibodies (4 and C) and monoclonal antibody to integrins av83 (B) or avBs
(D). Staining with antiserum to factor VIII results in immunofluorescent labeling of choroidal (large arrow) or retinal (small arrow) vessels. Bright
fluorescence of the retinal pigment epithelium is due to autofluorescence of lipofuchsin. Staining with either integrin antibody does not produce

any positive vascular fluorescence. (Bar = 100 pum.)
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clonal antibody to factor VIII. Staining with anti-factor VIII
produced positive immunofluorescence in all predicted vas-
cular structures of normal human eyes including the conjunc-
tiva, episclera, sclera, iris, ciliary body, retina, choroid, and
optic nerve. Representative sagittal sections of the posterior
segment are shown in Fig. 1. Intense yellow and red autofluo-
rescences at 494 and 570 nm excitation wavelengths, respec-
tively, were uniformly observed in the retinal pigment epithe-
lium, consistent with the known characteristics of lipofuchsin
granules present in these cells (14). Consecutive sections were
costained with anti-factor VIII antibody (Fig. 14) and LM609
(for a,B3 integrin, Fig. 1B) or anti-factor-VIII antibody (Fig.
1C) and P1F6 (for a,Bs integrin, Fig. 1D). Ocular tissue was
negative for integrins with the exception of occasional cellular
elements in the corneal stroma or the elastic membrane of
small muscular arteries found posteriorly in the adventitia
(data not shown). Nonvascular, fibroproliferative ocular tis-
sues obtained at surgery on patients with proliferative vitreo-
retinopathy (four specimens) or epiretinal membranes (two
specimens) were negative for both factor VIII and each
integrin (data not shown). Interestingly, one patient with
proliferative vitreoretinopathy had a factor VIII-positive vas-
cular structure present that was negative for a3 or 85 (data
not shown).

Integrin oy, B3 Is Selectively Expressed in Choroidal Neo-
vascular Membranes (CNVM). Nineteen specimens were re-
moved at surgery from patients with subretinal (choroidal)
neovascularization due to POHS (eight specimens) or ARMD
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(five membranes). Six membranes were categorized as idio-
pathic. Clinical examination and fluorescein angiograms were
reviewed to approximate how long the membrane had been
clinically present and whether it was fibrotic or actively leaking.
Twelve specimens had structures clearly identifiable as blood
vessels on the basis of histological appearance and factor VIII
localization. In general (8 of 12 specimens), the presence of
factor VIII-positive blood vessels correlated with the presence
of clinically active (leaking fluorescein on angiography)
CNVM (Fig. 24 and C). Of these, 75% (six of eight specimens)
demonstrated colocalization between factor VIII and o83
immunofluorescence (Fig. 2B). Costaining with anti-factor
VIII and anti-a, 85 antibodies revealed only an occasional weak
immunofluorescent signal (Fig. 2D).

Integrins a,3; and a5 Are Expressed in Retinal Neovas-
cular Membranes. Seven specimens were examined from
patients with active vasoproliferative retinopathy as docu-
mented clinically (five patients had PDR, one had von Hippel-
Lindau retinopathy, and one had idiopathic retinopathy). Each
of these specimens showed blood vessels positive for factor
VIII (Fig. 3 A and C). Double staining with factor VIII
antibody and each of the integrin antibodies revealed colocal-
ization between each integrin and factor VIII (Fig. 3 B and D);
the vascular endothelial cells were positive and this fluores-
cence was uniform and intense. Tissue stained for oyfs, in
addition to blood vessels, had nonvascular areas positive for
staining (Fig. 3D). In contrast, «,B; strictly colocalized with
blood vessels only (Fig. 3B). These findings reveal that both

Choroidal neovascular membranes

Fi1G. 2. Human choroidal neovascular membranes were obtained at vitrectomy and stained with anti-factor VIII polyclonal antibody (4 and C)
and monoclonal antibodies to the integrins avB3 (LM609) (B) or ayvBs (P1F6) (D). Note that the specimen has numerous vascular structures that
stain positive with anti-factor VIII antibody. These same structures demonstrate immunofluorescent colocalization after staining with LM609. In
contrast, staining with P1F6 results in few positive vessels with minimal fluorescence. Focal, intense fluorescence (arrows) is the result of
autofluorescence associated with lipofuchsin granules of the retinal pigment epithelium. (Bars = 100 pum.)
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Retinal neovascular membranes

Fic. 3. Human retinal neovascular membranes were obtained at vitrectomy and stained with anti-factor VIII polyclonal antibody (4 and C)
and monoclonal antibodies to the integrins ayB3 (LM609) (B) or ayBs (P1F6) (D). A number of vascular structures were observed in these specimens
after staining with anti-factor VIII antibody (4 and C). The same structures demonstrate immunofluorescence colocalization after staining with
either LM609 (B) or P1F6 (D). In addition, note that several nonvascular areas have positive immunofluorescence after staining with P1F6. (Bar =

100 pwm.)

ayB3 and ayBs colocalize with vascular endothelium in neo-
vascular retinal tissue.

Systemically Administered Peptide Antagonists of Integrins
ayB3 and o,Bs Inhibit Retinal Vasculogenesis in a Mouse
Model. Since we had observed the presence of both «,83; and
ayBs integrins on human retinal neovascular structures, we
decided to examine whether a peptide antagonist of these
integrins could inhibit postnatal retinal vessel formation in the
mouse. Newborn mice develop retinal vessels during the first
2 weeks postnatally, during which time the superficial retinal
vasculature forms a highly branched network of vessels that
originate at the optic nerve head and radiate peripherally to
cover the retinal surface in a manner similar to that observed
in rats, cats, and humans (15). Collagen IV present on the
surface of these vessels was used to identify the vasculature by
immunofluorescence (16). Neonatal mice were injected sub-
cutaneously twice daily for 4 days with 20 ug of a peptide
antagonist of a,B3 and a,Bs integrins. As shown in Fig. 4, this
treatment dramatically reduced retinal vessel growth relative
to animals injected with a control peptide. Importantly, mice
followed for as long as 2 months after treatment with cyclic
RGDfV peptide antagonists appear normal clinically and do
not manifest any histopathology systemically or in the eye
(data not shown). As detailed in Materials and Methods, we
used two approaches to quantitate the extent of retinal vas-
cularization. In the first method, we directly measured vessel
growth in two dimensions from photomicrographs. When
measured in this fashion, we found that systemically adminis-
tered peptide antagonist inhibited retinal vasculogenesis, rel-
ative to control peptide, by 42% (n = 9, P < 0.01, paired ¢ test).
No statistically significant difference was noted between un-
treated newborn mice (Fig. 4, P0) and RGDfV peptide-treated
4-day-old mice (Fig. 4, P4 + RGD) or between 4-day-old
untreated mice (Fig. 4, P4) and RADfV peptide-treated

4-day-old mice (Fig. 4, P4 + RAD). Thus, inhibition of retinal
vasculogenesis in RGDfV-treated animals when compared
with untreated newborns is effectively 100%. The second
method took into account the three dimensional nature of
vessel growth. With this approach, we observed a 78% reduc-
tion in the retinal vascular volume in the cyclic-RGDfV-
treated animals (Fig. 54) compared with the control cyclic-
RADfV-treated animals (Fig. 5B). The mean volume of vessels
on postnatal day 4 was 3.6 X 10° um?3 and 15.7 X 10° uwm?3 for
antagonist- and control-treated mice, respectively.

DISCUSSION

Neovascular disease in different tissues may induce distinct
pathways of angiogenesis. Earlier experiments using chicken
chorioallantoic membrane and rabbit corneal models demon-
strated that at least two such pathways exist: (i) one mediated
by a,B3 and induced by basic fibroblast growth factor (bFGF)
and tissue necrosis factor a and (i) the other mediated by a,Bs
and induced by VEGF, transforming growth factor «, and the
phorbol ester phorbol 12-myristate 13-acetate (PMA) (10).
The data presented in this study suggest that such distinct
pathways may exist in ocular neovascular diseases and may play
a role in the pathophysiology of both retinal and choroidal
neovascular diseases in humans. We used conformation-
specific monoclonal antibodies to localize «,83 and afBs
integrin expression in normal and neovascular human eye
tissue. Antibodies to a vascular endothelial cell marker, factor
VIII, has been used to simultaneously identify vascular struc-
tures in the same sections. We did not observe either integrin
associated with any vascular endothelium in normal human
eyes. Occasional positive immunofluorescence was associated
with fibroblast-like elements of the corneal and scleral stroma
and the elastic membranes of small arteries. These observa-
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PO P4 + RGD
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P4 + RAD P4

FI1G. 4. Retinal whole mounts were prepared as described in the text and stained for collagen I'V to delineate the retinal blood vessels. Newborn
mouse retinas (P0) were observed to already have a small network of retinal vessels formed around the optic nerve head, radiating peripherally.
The vessels varied in length and were mostly individual vessels, rather than a connected network. Four-day-old retinas (P4) possessed a
well-developed network of vessels radiating peripherally from the optic nerve head, extending approximately 25-30% of the distance to the retinal
periphery. Shortly after birth, treated mice were injected subcutaneously twice daily with 20 pg of cyclic RGDfV peptide integrin antagonists (P4
+ RGD) or control cyclic RADfV (P4 + RAD). Mice treated with peptide antagonists of a,B3 and av8s integrins appeared identical to untreated
newborn mouse retinas; minimal retinal vascular development had occurred and the vessels present were only minimally networked with other
vessels. In contrast, mice treated for the first 4 days after birth with control RADfV peptides appeared nearly identical to comparably aged, but
untreated, 4-day-old mice. Extensive networks of retinal vessels were observed to cover a distance from the optic nerve head to the retinal periphery

comparable to that observed in untreated animals.

tions are consistent with reports by others that «,8s is found
on connective tissue cell (e.g., fibroblasts) surfaces (17-19).
Mature ocular vasculature does not express either a3 or a, s,
consistent with earlier work showing that integrin a,B; is a
marker of actively proliferating vascular endothelial celis (8).
In light of these earlier observations, it was not surprising to
find that both integrins showed increased expression in vas-
cular tissue from patients with proliferative retinal vascular
disease such as PDR and von Hippel-Lindau. Their absence in
proliferative vitreoretinopathy serves to strengthen the con-

FiG. 5. Laser scanning confocal microscopy of retinal vasculature
in mice after 4 days of subcutaneously administered RGDfV antag-
onist peptide (4) or RADfV control peptide (B). As discussed, the
volume occupied by the vascular network in 4 was calculated to be
3.6 X 106 um3; the volume in B was calculated to be 15.7 X 106 um3.
Treatment with RGDfV peptide antagonists resulted in a 78% reduc-
tion of vascularization relative to RADfV-treated animals.

cept that only proliferating vascular endothelial cells express
ayPB3 and oy Bs.

On actively proliferating choroidal neovascular membranes,
ayB3 colocalizes with factor VIII on vascular endothelial cells.
The integrin a,Bs does not appear to be expressed. This
observation stands in contrast to retinal neovascular tissue in
which both a,83 and «,Bs are highly expressed. These obser-
vations may be interpreted in the context of earlier studies that
described two cytokine-dependent angiogenic pathways de-
fined by B3 or ayBs integrins (10). In these earlier studies, we
observed that cytokine-stimulated angiogenesis proceeded via
ayB3 when bFGF or tissue necrosis factor a was used. When
VEGF, transforming growth factor «, or PMA was the stim-
ulus, an a,Bs-mediated pathway was used and was protein
kinase C-dependent. Since we observed only a3 on CNVM,
one interpretation would be that VEGF is not a significant
angiogenic stimulus in subretinal neovascular diseases. Both
a,B3 and oBs are expressed at higher levels in proliferative
retinal vascular disease, which may suggest that both bFGF and
VEGF play a role in the neovascular response in retinal
neovascular diseases. Many recent studies have focused on the
possible role of cytokines in neovascular eye disease and
several studies suggest that VEGF is the major source of
angiogenic stimulus in human PDR and other ischemic reti-
nopathies (4, 5, 6, 20). In animal models of ischemic retinop-
athy, VEGF antagonists reduce retinal neovascularization by
less than 50% (6). There are no data to directly demonstrate
a similar role in choroidal neovascular disease. Recent studies
of human CNVM have demonstrated a widespread distribu-
tion of bFGF in these tissues (21, 22). Our data suggest that
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both VEGF and bFGF are likely to play a role in PDR, but that
bFGF, or some other non-VEGF cytokine, is a significant
stimulus in nonischemic choroidal neovascularization. Fur-
thermore, these data reinforce the concept that retinal and
choroidal neovascular diseases proceed by distinct pathologi-
cal processes.

Systemically administered peptide antagonists of integrins
ayB3 and a,Bs dramatically arrested retinal neovascularization
in neonatal mice. In rodents, this process begins shortly before
birth when astrocytes migrate out of the optic nerve head (23),
possibly in response to platelet-derived growth factor a pro-
duced by retinal ganglion cells (24). As the astrocyte front
moves peripherally, underlying vascular precursor cells (an-
gioblasts) are induced to form differentiated vascular struc-
tures, possibly in response to VEGF secreted by the astrocytes
(25). This event may be similar to primordial endothelial cell
differentiation that occurs earlier in embryonic development
and has been shown to be dependent on a,83; integrin for
maturation of these blood vessels (26). Thus, it is not surprising
to find that retinal vasculogenesis is also sensitive to an
antagonist of ayB; and a,Bs. Recently, this same peptide
antagonist has been shown to inhibit hypoxia-induced retinal
neovascularization (27).

Drugs with specificity for both ayB3 and a,f3s integrins, such
as the peptide antagonists used in this study or peptide
mimetics, may represent a class of therapeutics that are useful
in inhibiting ocular neovascular diseases that use the two
angiogenic pathways described above. The observation that
they may be administered subcutaneously without systemic
effects provides an advantage in that local intraocular admin-
istration may not be necessary. The use of integrin antagonists
as anti-angiogenic agents represents a potentially powerful
therapeutic approach; the mechanism of action is well-
characterized, they appear to be highly specific for actively
proliferating vascular endothelial cells with no significant
effect on mature blood vessels and they interfere with angio-
genesis at a final common pathway, regardless of the specific
angiogenic stimulus.
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