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Retinal neovascularization is a leading cause of hu-
man blindness. However, little is known concerning
the molecular mechanisms controlling retinal neo-
vascularization in vivo. Here we provide evidence that
exposure of a collagen type IV cryptic epitope de-
tected by monoclonal antibody (mAb) HUIV26, delin-
eates sites of vascular bud formation and represents
one of the earliest structural remodeling events re-
quired before vessel out-growth. Exposure of these
cryptic sites was inhibited in matrix metalloprotein-
ase (MMP)-9-deficient but not MMP-2-deficient mice
implicating MMP-9 in their exposure. Retinal endo-
thelial cell interactions with the HUIV26 epitopes in-
duced endothelial cell migration, which was blocked
by mAb HUIV26. Importantly, subcutaneous adminis-
tration of mAb HUIV26 potently inhibited retinal an-
giogenesis in vivo. Taken together, these findings sug-
gest a novel mechanism in which MMP-9 facilitates
exposure of HUIV26 cryptic sites, thereby promoting
retinal endothelial cell migration and neovasculariza-
tion in vivo. (Am J Pathol 2002, 161:1429–1437)

A leading cause of human blindness associated with
diabetic retinopathy, retinopathy of prematurity, and
macular degeneration results from aberrant retinal neo-
vascularization.1–3 Clinical intervention aimed at blocking
neovascularization within specific ocular microenviron-
ments such as the retina, may have a significant impact
on loss of vision. Moreover, because much of the retinal
damage associated with these neovascular eye diseases
are irreversible, early detection of retinal neovasculariza-
tion is likely to be of critical importance in initiating effec-

tive treatments to limit vision loss. Thus, early detection of
vascular changes associated with angiogenesis in these
diseases and an in-depth understanding of the molecular
and biochemical mechanisms that control retinal neovas-
cularization are of great importance.

A primary focus of recent anti-angiogenic strategies
has been directed to growth factors and their receptors,
cell adhesion molecules, and proteolytic enzymes.4–7 A
variety of growth factors and cytokines have been shown
to contribute to retinal neovascularization, including vas-
cular endothelial growth factor (VEGF) and insulin-like
growth factor-1.8,9 These factors function in conjunction
with cell adhesion molecules and matrix-altering en-
zymes to create a permissive microenvironment for new
vessel growth.1–10 Although cellular interactions with the
extracellular matrix (ECM) contribute to nearly all of the
biochemical processes that regulate angiogenesis, little
attention has been directed toward the ECM as an im-
portant regulator of retinal neovascularization. It is impor-
tant to note that although cellular interactions with native
ECM components are essential for homeostasis, interac-
tions with denatured forms of ECM proteins are likely to
be of critical importance in disease processes. In fact,
proteolytic remodeling may play a vital role in retinal
angiogenesis because protease antagonists inhibit neo-
vascularization in animal models.11,12 Although the
mechanisms by which proteolytic activity contributes to
retinal angiogenesis is not clear, it is possible that this
activity may act to selectively expose matrix-immobilized
cryptic regulatory elements that are normally inaccessi-
ble within native ECM molecules. Cellular interactions
with these cryptic sites may initiate unique signaling cas-
cades required for new blood vessel development. If
these assumptions prove correct, then exposure of
unique cryptic ECM regulatory elements may represent
some of the earliest structural remodeling events that are
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crucial for the initiation of angiogenesis. More impor-
tantly, exposure of these cryptic ECM sites may not only
provide critical new information concerning the molecular
control mechanisms regulating neovascularization, but
may provide a unique opportunity for the early detection,
targeting, and treatment of neovascular eye diseases.

To this end, we developed a panel of monoclonal
antibodies (mAbs) directed to cryptic matrix epitopes
that are exposed after proteolysis.13 One of these cryptic
epitopes (HUIV26) was detected within basement mem-
brane collagen type IV of tumor-associated blood ves-
sels.13,14 Importantly, this mAb is directed to a cryptic
epitope that plays a functional role in angiogenesis and
tumor growth because systemic administration of this
mAb potently inhibited these processes in vivo.14 Inter-
estingly, the ECM of retinal vessels and the intraocular
levels of matrix-altering enzymes in patients diagnosed
with proliferative diabetic retinopathy are altered as com-
pared to normal patients.15–17 In fact, the composition
and molecular integrity of the ECM surrounding different
vascular beds may be distinct. Interestingly, studies have
suggested that certain molecules that are known to reg-
ulate tumor angiogenesis in vivo, have only little if any
effect in models of retinal angiogenesis.18,19 These find-
ings suggest that angiogenesis occurring in different vas-
cular beds may be controlled by distinct mechanisms.
Therefore, it is critical that we understand the mecha-
nisms that regulate angiogenesis associated with distinct
diseases so that we might develop new approaches for
their treatment.

Materials and Methods

Chemicals, Reagents, and Antibodies

Purified ECM protein collagen type I and collagen type IV
were obtained from Sigma (St. Louis, MO). Mounting
medium and fluorescein isothiocyanate (FITC)-Lycopersi-
con esculentum lectin were obtained from Vector Labora-
tories (Burlingame, CA). L. esculentum lectin-coated
magnetic beads were obtained from Dynal (Oslo, Nor-
way). FITC-dextran (2 � 106) was obtained from Sigma.
Polyclonal antibody AB769 that recognizes both triple-
helical and denatured collagen type IV was obtained
from Chemicon (Temecula, CA), mAb HUIV26 has been
described previously,13,14 mAb to VEGF was obtained from
Santa Cruz Biotechnology (Santa Cruz, CA,) and polyclonal
antibodies to matrix metalloproteinase (MMP)-2 and MMP-9
were obtained from Chemicon (Temecula, CA).

Cells and Cell Culture

Retinal endothelial cells were prepared from bovine sen-
sory retina by mechanical dissection and filtration
through nylon mesh and concentrated with L. esculentum
lectin-coated magnetic beads (Dynal). The cells were
grown in endothelial growth medium, obtained from Clo-
netics (San Diego, CA), supplemented with 10% fetal
bovine serum, bovine brain extract (12 �g/ml), human
epidermal growth factor (10 ng/ml), and hydrocortisone

(1 �g/ml). The identity of microvascular endothelial cells
was confirmed by their cobblestone morphology on
phase-contrast microscopy and the purity was deter-
mined by strong positive immunoreactivity to von Wille-
brand factor and incorporation of dil-acetylated low-den-
sity lipoprotein (Biomedical Technologies, Stoughton,
MA). Only cultures that had �98% von Willebrand factor-
and dil-acetylated low-density lipoprotein-positive cells
were used for analysis.

Murine Model of Ischemia-Induced Retinal
Neovascularization

The murine ischemia-induced retinal neovascularization
model was performed essentially as described.20 Briefly,
7-day-old pups and their nursing mothers (C57BL/6J;
Jackson Laboratory, Bar Harbor, ME) housed in an air-
tight chamber were exposed to 75% O2 for 5 days and
then returned to normoxic conditions (room air) for an
additional 5 days. Retinal neovascularization occurred in
100% of the animals with a maximum angiogenic re-
sponse noted at P17. In antibody inhibition experiments,
purified mAbs or isotype-matched controls were injected
subcutaneously twice a day (1.0 �g to 100 �g/mouse/
injection) from P12 to P17. Quantification of retinal neo-
vascularization was performed as previously de-
scribed.20 At day 17 mice were sacrificed and eyes were
enucleated, fixed in 4% paraformaldehyde at 4°C, and
embedded in paraffin. Step axial sections (6 �m, every
18 �m) were obtained, starting at the edge of the optic
nerve head and passing from nasal to temporal. Tissue
sections were stained with periodic acid-Schiff reagent
and hematoxylin and up to 20 sections were analyzed
over a span of 480 �m. Neovascularization was quanti-
fied by counting the number of retinal vascular cell nuclei
internal to the inner limiting membrane. No vascular cell
nuclei internal to the inner limiting membrane were seen
in normal animals. Retinal neovascularization was also
visualized by either staining for collagen type IV, intracar-
diac perfusion (1.5 ml) of 5% (w/v) FITC-dextran (2 � 106)
in 4% paraformaldehyde, or staining by intracardiac per-
fusion of FITC-L. esculentum lectin. All of the animal stud-
ies adhered to the “Association for Research in Vision
and Ophthalmology (ARVO) Statement on the Use of
Animals in Ophthalmic and Vision Research.”

MMP-Null Mouse Studies

The MMP-2-null mouse line was a generous gift from Dr.
Shigeyoshi Itohara (Brain Science Institute, Riken, Ja-
pan).21 The MMP-9-null mouse line has been described
previously.22 Neovascularization was initiated in litters
from heterozygous parents. Genotyping of each pup was
performed after sacrifice by polymerase chain reaction.
MMP-2�/�: primers for endogenous MMP-2 gene,
sense: 5�-caa cga tgg agg cac gag tg-3�; anti-sense:
5�-gcc ggg gaa ctt gat gat gg-3�, expected fragment
size, 120 bp; primers for pgk-neo gene cassette: sense:
5�-ctt ggg tgg aga ggc tat tc-3�; anti-sense: 5�-agg tga
gat gac agg aga tc-3�, expected fragment size, 280 bp;
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MMP-9�/�: primers for endogenous MMP-9 gene,
sense: 5�-tgc ccc atg tca ctt tcc ct-3�; anti-sense: 5�-cag
gaa gac gaa ggg gaa ga-3�, expected fragment size, 370
bp; primers for the target gene, sense: 5�-caa cct cac
gga cac cca gc-3�; anti-sense: 5�-tct tga cga gtt ctt ctg
ag-3�, expected fragment size, 900 bp. Homozygous and
wild pups from the same heterozygous parents were
used for analysis. Data were derived from at least three
independent experiments.

Whole-Mount Immunofluorescence Studies

For whole-mount preparations, eyes were enucleated
and the retina was exposed by removing the cornea,
lens, and the vitreous. The eyes were fixed with 4% (w/v)
paraformaldehyde at 4°C overnight. After washing with
phosphate-buffered saline (PBS) containing 1% bovine
serum albumin and 1% (w/v) Triton X-100 (PBS-bovine
serum albumin) for 20 minutes three times, the eyes were
incubated at 4°C overnight with a primary antibody and
washed for 20 minutes three times. Next, the tissues were
incubated at 4°C overnight in a fluorescent-labeled sec-
ondary antibody and washed 20 minutes three times.
Radial cuts were then made in peripheral retina to allow
flat mounting on a glass slide in mounting medium for
viewing by fluorescence microscopy. The flat-mounted
retina was viewed on a Nikon TE300 microscope
equipped with epifluoresence filters. Images were col-
lected with a slide book digital-imaging software (Intelli-
gent Imaging Innovations, Inc., Denver, CO) on a Power
Macintosh computer G3 linked to a high-resolution digital
video camera Sensi Cam, (Cooke Co., NY) mounted on a
Nikon Diaphot inverted fluorescence microscope
(TE300).

Quantification of HUIV26-Positive Sites on
Whole-Mount Retinas

Quantification of HUIV26 sites were performed on whole-
mount retinas from mice in which vessels were stained by
perfusion of FITC-L. esculentum lectin and co-stained with
mAb HUIV26. HUIV26-positive sites on the pre-existing
vessels were manually counted throughout the retina in a
fully masked protocol. Twelve retinas were evaluated for
each condition. Student’s t-test was used in data popu-
lations with normal distributions and equal variance. Data
were analyzed with Mann-Whitney rank sum test for pop-
ulations with nonnormal distributions and unequal vari-
ance.

Gelatin Zymography

Cultures of subconfluent endothelial cells were washed
and serum-free media containing VEGF at concentrations
ranging from 10 to 500 ng/ml was added. The cells were
allowed to incubate for 24 hours at which time the con-
ditioned medium was removed and concentrated. Endo-
thelial whole-cell lysates were prepared in lysis buffer
containing 1.0% TX-100, 50 mmol/L Tris, 300 mmol/L

NaCl, pH 7.5. Twenty �g of total cell lysate or equal
volume of concentrated conditioned medium were elec-
trophoreses through a 10% sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis gel polymerized with
0.2% gelatin. Gels were washed 3 times for 1 hour each
with 2.5% TX-100 and incubated for 16 hours at 37°C in
collagenase buffer containing 50 mmol/L Tris, 200
mmol/L NaCl, and 10 mmol/L CaCl2, pH 7.5. Gelatinolytic
activity was visualized by staining with 0.5% Coomassie
blue.

Cell Migration Assay

Cell migration assays were performed essentially as de-
scribed.23,24 Briefly, membranes from transwell migration
chambers were coated with either triple-helical or dena-
tured collagen type I or IV (25 �g/ml). Bovine retinal
endothelial cells (BRECs) were resuspended in migration
buffer (RPMI 1640 medium containing 1.0 mmol/L MgCl2,
0.2 mmol/L MnCl2, and 0.5% bovine serum albumin) in
the presence or absence of mAb HUIV26 or control an-
tibody (100 �g/ml). Cells were allowed to migrate to the
underside of the coated membranes for 3 hours. BRECs
remaining on the top side were removed and cells that
had migrated to the underside were stained with crystal
violet. Migration was quantified by measuring the optical
density of the eluted dye at a wavelength 600 nm.

Statistical Analysis

Statistical analysis was performed using Student’s t-test
with data populations with normal distributions and equal
variance. P values �0.05 were considered significant.
Data were analyzed with Mann-Whitney rank sum test for
populations with nonnormal distributions and unequal
variance.

Results

Expression of Collagen Type IV, VEGF, and
MMP-9 in the Ischemic Retina

Based on our previous findings, we hypothesized that
exposure of the HUIV26 cryptic epitope may be one of
the earliest structural remodeling events that occurs
within the retinal vascular basement membrane required
for initiation of angiogenesis. To evaluate this possibility,
we studied the exposure and functional activity of the
cryptic HUIV26 epitope after ischemia-induced retinal
neovascularization in mice. Postnatal day 7 mice (P7)
were subjected to hyperoxic conditions for 5 days, which
induces extensive capillary dropout.20 Mice were then
returned to normoxic conditions for an additional 5 days
during which time VEGF levels increased primarily be-
cause of retinal ischemia.20 VEGF contributes to angio-
genesis by initiating a cascade of signaling events lead-
ing to stimulation of endothelial cell proliferation,
enhancing the expression of matrix-degrading enzymes
and promoting cellular migration.25–27 To understand the
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temporal, spatial, and functional relationships between
angiogenesis regulatory molecules, and structural
changes that may occur within the ECM, we prepared
retinal tissues from mice at 0, 1, 2, 3, and 5 (P12 to P17)
days after ischemia. Retinas were examined for the ex-
pression of VEGF, collagen type IV, and MMP-9 and for
exposure of the HUIV26 cryptic epitopes. Collagen type
IV delineates all retinal vascular beds including capillar-
ies, arteries, and veins at all time points examined (Figure
1A). The conventional antibodies directed to collagen
type IV could not distinguish between triple-helical and
denatured collagen and thus no significant changes in
integrity were noted. However, exposure of the HUIV26
cryptic epitope of collagen type IV was detected at dis-
crete sites along pre-existing vessels and occurred in a
time-dependent manner (Figure 1, A and C). The expres-
sion of VEGF and MMP-9 were also increased in associ-
ation with ECM of retinal vessels (Figure 1B). Previous
studies have suggested that secreted growth factors
such as VEGF can regulate expression of MMPs.25

Therefore we examined the effects of VEGF on endothe-
lial cell MMP expression in vitro. Our results indicated little
if any change in endothelial cell MMP expression after
VEGF stimulation (10 to 500 ng/ml) as assessed by gel-
atin zymography (data not shown). Although in vitro find-
ings do not necessarily correlate with in vivo events, our
results suggest the possibility that the MMP-9 co-local-
ized with the HUIV26 epitope may be produced from
nonendothelial sources.

Remarkably, the HUIV26 cryptic epitope was detected
at discrete sites along pre-existing retinal blood vessels
and the number of these cryptic sites continued to in-
crease until day 3 when they reached a maximum (Figure
1E). These cryptic sites seemed to delineate early sites of
vascular bud formation because they co-localized with
endothelial cells from pre-existing vessels. Interestingly,
these HUIV26 cryptic sites co-localized with MMP-9 (Fig-
ure 1C) and were associated with the basement mem-
brane of pre-existing retinal vessels, before new angio-
genic vessels were detected. The lack of new angiogenic
vessels associated with the HUIV26 cryptic sites at these
early time points was confirmed by lack of discrete en-
dothelial-lined lumens and lack of pooled FITC-dextran
after perfusion (data not shown). These results suggest
that exposure of the HUIV26 cryptic site is an early struc-
tural modification of subendothelial collagen type IV that
occurs before vessel outgrowth and may be facilitated by
up-regulation of MMP-9. Although MMP-9 co-localization
with the HUIV26 cryptic sites could be detected as early
as 2 to 3 day after return to normoxic conditions (P14 to
P15), MMP-2 was constitutively expressed and showed
little co-localization at early (day 1 or 3) time points (Fig-
ure 1D). However, at latter times points (day 5 or P17)
MMP-2 did exhibit extensive co-localization with angio-
genic vessels (Figure 1D). These findings suggest that
whereas both MMP-2 and MMP-9 can cleave triple-heli-
cal collagen type IV, MMP-9 may be more important in
the early exposure of the HUIV26 cryptic sites within the
ischemic retina.

Exposure of HUIV26 Cryptic Sites in MMP-
Deficient Mice

To examine whether unmasking of the HUIV26 cryptic
sites requires expression of these MMPs, we studied the
exposure of the HUIV26 cryptic sites during early phases
of retinal neovascularization (P15) in both MMP-2- and
MMP-9-null mice.21,22 Exposure of the HUIV26 cryptic
sites were quantified 3 days after mice were returned to
normal oxygen conditions (P15) so that the angiogenic
cascade could be initiated yet few if any angiogenic
vessels would be formed. Neovascularization was initi-
ated in litters from heterozygous parents and the number
of exposed HUIV26 cryptic sites were then compared
between homozygous and wild-type pups. Vessels were
stained by perfusion with FITC-L. esculentum lectin to
mark the pre-existing vasculature and isolated whole ret-
inas were co-stained with mAb HUIV26 (Figure 2). The
number of exposed HUIV26 cryptic sites were then quan-
tified. Exposure of HUIV26 cryptic sites within the retina of
MMP-9-null mice were decreased by �75% (P � 0.001)
as compared to wild-type mice, whereas little reduction
was detected in MMP-2-deficient mice (data not shown).
Importantly, there was no significant difference in the total
avascular area formed or in VEGF mRNA or protein levels
after the return to normoxic conditions (data not shown).
These findings indicate that the reduction in the exposure
of the HUIV26 cryptic sites within MMP-9-null mice was
not associated with alterations in the total avascular area
induced by hyperoxia or VEGF. Taken together, these
results suggest that MMP-9, but not MMP-2, plays an
essential role in the initial exposure of the HUIV26 cryptic
site within the ischemic retina.

Reduced Retinal Neovascularization in
MMP-Deficient Mice

Next, we examined the relationship between the expo-
sure of the HUIV26 cryptic sites and retinal neovascular-
ization in MMP-2- and MMP-9-null mice. Retinal neovas-
cularization could be detected in wild-type mice but was
significantly reduced by 35 to 45% (P � 0.01) in MMP-2-
and MMP-9-deficient mice, respectively (data not
shown). These findings indicate that both MMP-2 and
MMP-9 contribute to ischemia-induced retinal neovascu-
larization. However, expression of MMP-9 rather than
MMP-2, may be more important in the initial exposure of
the HUIV26 cryptic sites and the subsequent vascular
bud formation. These findings suggest that specific
members of the MMP family may play distinct roles at
different times during the retinal angiogenic cascade.

Subcutaneous Administration of mAb HUIV26
Inhibits Retinal Neovascularization in Vivo

To determine whether ischemia-induced retinal neovas-
cularization requires exposure of the HUIV26 cryptic
sites, antibody inhibition studies were performed. Retinal
angiogenesis was induced in wild-type mice. Mice were

1432 Hangai et al
AJP October 2002, Vol. 161, No. 4



Figure 1. Time course of expression of collagen type IV, VEGF, and MMP-9
in the ischemic retina. Ischemia-induced retinal neovascularization was
initiated and retinas subjected to hyperoxia were obtained at 0, 1, 2, 3, and
5 days (P12, P13, P14, P15, and P17) after their return to normoxic condi-
tions. A: Retinas were co-stained with a polyclonal antibody directed to
collagen type IV (green) and biotinylated mAb HUIV26 (red). B: Retinas
were co-stained with a polyclonal antibody directed to MMP-9 (green) and
a mAb directed to VEGF (red). C: Retinas were co-stained with a polyclonal
antibody directed to MMP-9 (green) and biotinylated mAb HUIV26 (red). D:
Retinas were co-stained with a polyclonal antibody directed to MMP-2
(green) and biotinylated mAb HUIV26 (red). Flat mount retinas were ana-
lyzed on a Nikon TE300 microscope with epifluoresence filters and images
were captured with a charge-couple device camera for analysis. Co-local-
ization is indicated in yellow. White bars equal 50 �m. E: Quantitation of
the number of HUIV26 cryptic sites (spots) per retina. The total number
of HUIV26 cryptic sites (spots) was manually counted within the total area
of each retina and 18 retinas were counted per time point. Data bars
represent the mean � SD.
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then treated twice a day by subcutaneous injections of
purified mAb HUIV26 or an isotype-matched control.
Subcutaneous administration of mAb HUIV26 inhibited
retinal angiogenesis as indicated by a dramatic reduction
in the area of neovessel growth (Figure 3A, arrows) as
compared to controls. Quantification of retinal neovascu-
larization in cross sections demonstrated that mAb
HUIV26 inhibited neovascularization in a dose-depen-
dent manner with a maximum inhibition of �70% (P �
0.001) at the highest concentration tested (Figure 3, B
and C). These findings suggest that exposure of the
HUIV26 cryptic epitope plays an essential role in retinal
neovascularization in vivo.

Exposure of the HUIV26 Cryptic Epitope
Promotes Retinal Endothelial Cell Migration

Although it is known that integrin-mediated cellular inter-
actions with ECM components can regulate migration,
little is known concerning the migratory ability of retinal
endothelial cell on denatured collagen. Because endo-
thelial cell invasion is an early event in retinal neovascu-
larization, coupled with the fact that exposure of the
HUIV26 cryptic site occurs as an early event after induc-
tion of ischemia, we hypothesized that endothelial cell
interactions with the HUIV26 site may facilitate angiogen-
esis by regulating retinal endothelial cell migration. To
evaluate this possibility, we examined retinal endothelial
cell migration on triple helical and denatured collagen.
Retinal endothelial cells showed little difference in their
capacity to migrate on triple helical or denatured colla-
gen type I (Figure 4A). In contrast, migration was en-
hanced by threefold on denatured collagen type IV as
compared to triple-helical collagen type IV (Figure 4A).

This increase in migration was dependent on the expo-
sure of the HUIV26 cryptic element because the en-
hanced migration could be completely inhibited in the
presence of mAb HUIV26 (Figure 4B). These findings
suggest that exposure of the HUIV26 cryptic epitope may
contribute to retinal angiogenesis by promoting endothe-
lial cell migration.

Discussion

Clinical intervention aimed at blocking neovascularization
within specific ocular microenvironments such as the
retina, may have a significant impact on the loss of vision.
Moreover, because much of the damage associated with
these neovascular eye diseases occur in a time-depen-
dent and progressive manner, early detection of retinal
neovascularization is likely to be of critical importance in
initiating effective treatments to limit vision loss.

Accumulating evidence suggests that the molecular
mechanisms that regulate angiogenesis within distinct
vascular beds differ.18,19,27–31 For example, numerous
molecules have been identified that appear to discrimi-
nate between distinct vascular beds.27,28,31 In studies
using phage display techniques, investigators have iden-
tified distinct protein sequences that selectively bind to
retinal vasculature.27 In other studies, distinct integrin-
dependent signaling pathways that regulate angiogene-
sis have been identified.5 Interestingly, in �v knockout
mice, vascular development within certain tissue com-
partments appeared normal, however, extensive vascu-
lar defects were noted within brain and intestinal tis-
sues.32 These findings might be explained by different
angiogenesis regulatory mechanisms that operate within

Figure 2. Exposure of HUIV26 cryptic sites in MMP-deficient mice. Retinal angiogenesis was induced in MMP-deficient mice and wild-type controls. Retinas from
P15 mice were co-stained with biotinylated mAb HUIV26 and either FITC-L. esculentum lectin or polyclonal antibody to collagen type IV. The total number of
HUIV26 cryptic sites (spots) was manually counted. Examples of co-stained retinas from MMP-2-null (MMP-2�/�) and wild-type (MMP-2�/�) mice, as well as
MMP-9-null (MMP-9�/�) and wild-type (MMP-9�/�) mice. Red indicates exposure of the HUIV26 cryptic sites and green indicates endothelial cell staining with
FITC-L. esculentum lectin. Yellow indicates co-localization. White bars represent 50 �m.
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distinct tissue microenvironments. Moreover, although the
angiogenic growth factor, basic fibroblast growth factor, is
known to play a role in tumor-induced angiogenesis, little if
any effect on retinal neovascularization in basic fibroblast
growth factor-deficient mice was observed in a model of
ischemia-induced retinopathy or choroidal angiogene-
sis.18,19 Taken together, these studies demonstrate the crit-
ical importance of an in-depth understanding of the molec-
ular mechanisms that regulate angiogenesis within distinct
tissue microenvironments.

In this regard, we have extended our previous studies
on cryptic regions of ECM components and angiogenesis
by studying the physiological relevance of the unique
HUIV26 cryptic site in retinal neovascularization. Our
studies indicate for the first time that the HUIV26 cryptic
epitopes are specifically associated with retinal blood
vessels after ischemia-induced angiogenesis. Surpris-
ingly, these HUIV26 cryptic sites were exposed in a time-
dependent manner at discrete locations and co-localized
with pre-existing retinal vessels. Exposure of these

Figure 3. Effects of mAb HUIV26 on retinal neovascularization. Retinal
angiogenesis was induced as described previously. Mice were untreated or
injected twice daily (P12 through P17) with mAb HUIV26 or an isotype-
matched control. A: Representative whole mounts of retinas from mAb
HUIV26 and control-treated mice after FITC-dextran perfusion. Arrows in-
dicate areas of enhanced retinal neovascularization. B: Cross sections of
retinas from mice treated with either control antibody or mAb HUIV26.
Arrows indicate neovessels that have grown internal to the inner limiting
membrane. Black bars represent 50 �m. C: Quantification of retinal angio-
genesis after a dose-response study of daily subcutaneous injections of mAb
HUIV26 or control antibody. Data bars represent mean � SEM of the number
of neovascular nuclei on the vitreal side of the inner limiting membrane.

Figure 4. Retinal endothelial cell migration on triple helical and denatured
collagen. Transwell migration chambers were coated with triple helical or
denatured collagen type I or type IV (25 �g/ml). A: Retinal endothelial cells
were resuspended in migration buffer and allowed to migrate for 3 hours. B:
Retinal endothelial cells were resuspended in migration buffer in the pres-
ence or absence of mAb HUIV26 or an isotype-matched control and were
allowed to migrate for 3 hours. Migration was quantified by measuring the
optical density of eluted dye from cells that had migrated to the underside of
the coated membranes. Data bars represent the mean optical density � SD
from triplicate wells. All assays were completed two to four times with similar
results.
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unique cryptic elements was detected early within the
initiation phase of angiogenesis, before any new func-
tional neovessels were observed. These findings suggest
that exposure of the HUIV26 cryptic epitope may repre-
sent one of the earliest structural remodeling events that
occur before retinal neovascularization. Thus, the early
detection of the HUIV26 cryptic epitope may provide a
clinically important and highly specific method to localize
and image regions within the retina in which damage may
occur as a result of aberrant neovascularization. In addi-
tion, the exposure of HUIV26 epitopes may also repre-
sent a highly specific method of targeting anti-angiogenic
therapy to specific sites within the ischemic retina.

Our previous studies indicated that the HUIV26 cryptic
epitope could be exposed by proteolytic activity, be-
cause inhibitors of both serine proteases and MMPs in-
hibited the exposure of this epitope in vitro and in
vivo.13,14 Although MMP-2 was constitutively expressed
within the retina, MMP-9 was up-regulated after hypoxia-
induced VEGF expression. The HUIV26 cryptic epitope
was shown to co-localize with MMP-9 during the early
initiation phase of neovascularization. Interestingly, al-
though MMP-2 co-localized with the HUIV26 epitope in
tumor-associated vessels,14 it showed little co-localiza-
tion with the HUIV26 cryptic epitope during the early
phases of retinal neovascularization. Moreover, the num-
ber of HUIV26 cryptic sites detected within the retina of
MMP-9-deficient mice was reduced by �75% after in-
duction of retinal neovascularization, whereas little
change was noted in MMP-2-deficient mice. Taken to-
gether, these novel findings are consistent with the hy-
pothesis that MMP-9, rather than MMP-2, plays a more
important role in initial exposure of the HUIV26 regulatory
element during retinal neovascularization. These results
also suggest that specific MMPs may play distinct roles
during the angiogenic cascade and their relative contri-
bution to angiogenesis may depend on the microenviron-
ment where the neovascular response occurs. Thus, in-
hibiting specific MMPs may disrupt distinct processes in
a temporal manner during retinal angiogenesis and de-
pending on which MMPs are targeted, may result in
differential effects on neovascularization depending on
the particular vascular bed in question.

Previous studies have suggested that cellular interac-
tions with the ECM components such as collagen can
regulate cellular behavior.33,34 Interestingly, MMP-2-me-
diated cleavage of laminin-5 caused enhanced breast
tumor cell migration in vitro, suggesting that proteolytic
cleavage may result in exposure of cryptic regulatory
information that is normally hidden within the three dimen-
sional structure of ECM proteins.35 Consistent with this
possibility, exposure of the HUIV26 cryptic regulatory
elements resulted in a threefold increase in retinal endo-
thelial cell migration whereas cell interactions with dena-
tured collagen type I resulted in little if any change. This
increase in retinal endothelial cell migratory capacity was
dependent on interactions with the HUIV26 cryptic site,
because mAb HUIV26 completely inhibited the en-
hanced migration. Taken together, these results suggest
that crucial angiogenesis regulatory sites may be hidden
within the three dimensional structure of specific ECM

molecules and that exposure of these migratory control
elements may play an important role in retinal neovascu-
larization.

Consistent with this hypothesis, subcutaneous admin-
istration of purified mAb HUIV26 potently inhibited retinal
neovascularization in a dose-dependent manner, sug-
gesting that early exposure of the HUIV26 cryptic ele-
ment plays a critical role in retinal neovascularization in
vivo. Taken together, our studies provide the first evi-
dence for a novel cooperative mechanism between
MMP-9 and collagen type IV in regulating retinal angio-
genesis. The exposure of a cryptic migratory control el-
ement within immobilized three-dimensional collagen
type IV defines an essential remodeling event that facili-
tates cellular access to critical protein residues required
to promote retinal endothelial cell migration and subse-
quent vascular bud formation. Our studies suggest that a
wealth of critical angiogenic regulatory information is hid-
den within the three dimensional structure of ECM mole-
cules and that specific targeting of these unique solid-
state cryptic elements represents a highly specific and
potentially powerful new strategy for the treatment of
neovascular eye disease.
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