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Matrix metalloproteinases (MMPs), a specialized group
of enzymes capable of proteolytically degrading ex-
tracellular matrix proteins, have been postulated to
play an important role in angiogenesis. It has been
suggested that MMPs can regulate neovascularization
using mechanisms other than simple remodeling of
the capillary basement membrane. To determine the
interplay between vascular endothelial growth factor
(VEGF) and MMPs, we investigated the induction of
angiogenesis by recombinant active MMPs and VEGF
in vivo. Using a rat corneal micropocket in vivo an-
giogenesis assay, we observed that the active form of
MMP-9 could induce neovascularization in vivo when
compared with the pro- form of the enzyme as a
control. This angiogenic response could be inhibited
by neutralizing VEGF antibody, which suggests that
MMPs acts upstream of VEGF. Additional in vitro stud-
ies using extracellular matrix loaded with radiola-
beled VEGF determined that active MMPs can enzy-
matically release sequestered VEGF. Interestingly, in
vivo angiogenesis induced by VEGF could be inhibited
by MMP inhibitors, indicating that MMPs also act
downstream of VEGF. In addition, inflammation
plays an important role in the induction of angiogen-
esis mediated by both VEGF and MMPs. Our results
suggest that MMPs act both upstream and down-
stream of VEGF and imply that potential combination
therapies of VEGF and MMP inhibitors may be a useful
therapeutic approach in diseases of pathological
neovascularization. (Am J Pathol 2010, 176:496–503;
DOI: 10.2353/ajpath.2010.080642)

Angiogenesis, the sprouting of new capillaries from pre-
existing blood vessels, is a multistep process requiring
the degradation of the basement membrane, endothelial
cell migration, endothelial cell proliferation, and capillary
tube formation. Precise spatial and temporal regulation of
extracellular proteolytic activity mediated by matrix-de-
grading enzymes appears to be important in the initial
process of endothelial cell invasion into the extracellular
matrix (ECM).1 Three families of enzymes, the matrix
metalloproteinases (MMPs), a disintegrin and metallopro-
tease domain (ADAM) family, and a disintegrin-like and
metalloprotease domain (reprolysin type) with throm-
bospondin type I repeats (ADAMTS) family2 mediate the
proteolysis of ECM proteins.

MMPs (eg, collagenases, gelatinases, and stromel-
ysins) are a family of zinc binding, Ca2�-dependent neu-
tral endopeptidases that can act together or in concert
with other enzymes to degrade most components of the
ECM.3,4 These enzymes have been implicated in invasive
cell behavior and recent studies have indicated that MMPs
play an important role in the regulation of angiogenesis.5–8

Mice deficient in MMP-2 (gelatinase A), MMP-9 (gelati-
nase B), or MMP-14 exhibit reduced angiogenesis in
vivo,9–11 and members of the tissue inhibitor of metallopro-
teinase family are potent angiogenesis inhibitors.12,13

A number of mechanisms by which remodeling of the
ECM by MMPs and other proteases can regulate angio-
genesis have been proposed.6,14,15 Since MMPs de-
grade proteins in the ECM, their primary function has
been considered to be the breakdown of the capillary
basement membrane to allow the migration of endothelial
cells into the surrounding matrix. More recently, addi-
tional ectodomain shedding and release of matrix-bound
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angiogenic factors, cytokine receptors, and adhesion
molecules, mediated by MMPs,5 have been suggested to
contribute to this process. Tumorigenesis experiments
have proposed that vascular endothelial growth factor
(VEGF) may be released from the ECM by gelatinase B
(MMP-9) and result in the angiogenic switch.5 Other in
vitro studies have suggested that VEGF mediates its an-
giogenic effects by up-regulation of MMPs.16,17 In an
effort to determine the interplay between VEGF and
MMPs in the mediation of angiogenesis and to ascertain
if MMPs act upstream or downstream of VEGF, we inves-
tigated the induction of angiogenesis in vivo by recombi-
nant active MMPs and VEGF and the potential inhibitory
activities of their respective inhibitors.

Materials and Methods

Animals

All animal studies were conducted in accordance with
the Animal Care and Use Committee guidelines of the
Cleveland Clinic and the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Sprague
Dawley rats (Harlan Laboratories, Indianapolis, IN) and
C57BL6 mice and B6.CB17-Prkdcscid/SzJ mice (Jack-
son Laboratories, Bar Harbor, ME) were used for these
studies.

Corneal Micropocket Assay

Hydron pellets containing active MMP-9 (aMMP-9) (100
ng), pro-MMP-9 (pMMP-9) (100 ng), activeMMP-2
(aMMP-2) (100 ng), pro-MMP-2 (pMMP-2) (100 ng) (Cal-
biochem, San Diego, CA), buffer, or recombinant human-
VEGF165 (kindly provided by Genentech, San Francisco,
CA), with or without neutralizing antibodies (monoclonal
mouse anti-human VEGF, 1.5 �g (R&D systems, Minne-
apolis, MN) or MMP2/9 inhibitor (2R)-�4-biphenylylsulfo-
nylamino�-N-hydroxy-3-phenylpropionamide, 2 �g, (Cal-
biochem) were inserted into corneal micropockets (1 mm
from the limbus) of Sprague-Dawley rats or C57 BL6
mice. Control mouse IgG, 1.5 �g (Southern Biotechnol-
ogy Inc., Birmingham, AL) antibodies were used in con-
trol pellets for comparison with anti-VEGF antibodies.
Corneas were examined daily with the aid of a surgical
microscope to monitor angiogenic responses to acti-
vated MMPs and VEGF. To photograph the angiogenic
response, animals were perfused with India ink to label
the vessels, and following enucleation and fixation, the
corneas were excised, flattened, and photographed. A
positive neovascularization response was recorded only
if sustained directional in-growth of capillary sprouts and
hairpin loops toward the pellet was observed. A negative
response was recorded when either no growth was ob-
served or only an occasional sprout or hairpin loop show-
ing no evidence of sustained growth was detected. All
responses were compared with a negative control (pellet
containing buffer) and positive control (VEGF or aMMP).
For neutralization studies, responses were compared
with a negative control of nonspecific mouse immuno-

globulin. Angiogenic response was analyzed for mean
vascular extension and total skeletal (vascular) length
using Image-Pro Plus 6.1 (Media Cybernetics, Silver
Spring, MD). Before performing vessel measurements
images were processed using best-fit equalization fil-
ters, spectral filters, and large pixel-width background
removal filters to enhance vasculature and eliminate
image artifacts. For total skeletal length measurements,
processed images were skeletonized, summing pixel
lengths of resultant skeletal segments. To determine mean
vessel extension, processed images were thresholded for
vasculature, filling in holes between adjacent vessels using
morphological filters. The resulting image, a single seg-
mented object representing the overall dimensions of the
vascular bed, was analyzed for maximum box height, ie,
extent of vessel penetration. Vessel area was calculated
using the formula VA � 0.02��� � VL � CH where VA is the
vessel area (mm2), VL is the vessel length, and CH is the
clock hour as described previously.18

In Situ Zymography

Unfixed frozen cornea sections were quickly dried on
microslides and overlaid with a solution containing 0.1
mg/ml fluorescein-conjugated DQ gelatin (Molecular
Probes, Carlsbad, CA) in phosphate-buffered saline
(PBS). Parallel sections were overlaid with unconjugated
gelatin as a negative control. The overlaid sections were
incubated (1 hour at room temperature) in the dark,
mounted inVectashieldwith 4,6-diamidino-2-phenylindole and
photographed using an Olympus fluorescent microscope.

Immunohistochemistry

Immunohistochemistry was performed on fresh frozen
sections of mouse cornea per standard protocols. Briefly,
sections were stained with primary rat anti-mouse CD11b
(BD PharMingen, San Jose, CA) antibody at room tem-
perature for 90 minutes followed by goat anti-rat IgG
(Alexa Fluor 488, Invitrogen, San Diego, CA) as a sec-
ondary antibody or primary rabbit polyclonal VEGF (147)
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at
4°C overnight followed by goat anti-rabbit IgG (Alexa Fluor
568, Invitrogen, San Diego, CA). After washing the sec-
tions were mounted in Vectashield with 4,6-diamidino-2-
phenylindole and visualized using an Olympus fluores-
cence microscope. Specificity of antibody staining was
determined by comparison with nonspecific control IgG.

Cell Migration Assay

A modified Boyden chamber assay was performed as
described previously.12 Polyvinylpyrrolidone free poly-
carbonate (PVPF) membranes, 8.0 �m pore size, were
precoated with collagen type I (100 �g/ml). Human der-
mal microvascular endothelial cells (Clonetics, San Di-
ego, CA) (3.0 � 105) were placed in the upper wells and
allowed to migrate toward activated MMPs placed in the
lower wells. Chambers were incubated for 4 hours at
37°C in a 5% CO2 humidified incubator. Cells remaining
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on the top of the filter were removed. The bottom surface
of the filter was fixed, stained, and mounted. The number
of cells migrating per well was counted microscopically
and SEM was calculated from quadruplicate samples.

Zymography

Equal amounts of protein extracted from rat corneas
were loaded on a 7.5% polyacrylamide gel with 1 mg/ml
gelatin for zymography. Following electrophoresis, gels
were processed as described previously.12 Briefly, gels
were bathed in a solution of 25 mg/ml Triton X-100 to
remove sodium dodecyl sulfate and to promote renatur-
ation of proteases and inhibitors. The Triton was washed
off with water and the gels incubated for 16 hours in 50
mmol/L Tris-HCl (pH 7.5) containing 5 mmol/L CaCl2 and
0.2 mg/ml sodium azide at 37°C. Gels were stained with
5 mg/ml Coomassie Blue R-250 in acetic acid/methanol/
water (1:3:6) for 2 hours and destained with acetic acid/
methanol/water (1:3:6).

�125I�VEGF Binding and Release from ECM

RPE (ARPE-19) cells were plated onto 24-well culture
plates. When confluent, the cells were removed from the
culture dishes following a 15-minute incubation in Ca2�-,
Mg2�-free PBS containing 5 mmol/L ethylene glycol bis
(�-aminoethyl ether)-N,N,N�,N�-tetraacetic acid and 1
mmol/L phenylmethylsulfonyl fluoride. Several rinses with
PBS and water and visual confirmation under a microscope
ensured that the ECM on the dish was devoid of cells. The

ECM was incubated with 1.5 �Ci/ml �125I�VEGF165 (specific
activity, 1805 Ci/mmol, Amersham, Piscataway, NJ) for 2
hours at room temperature. After extensive washing to re-
move unbound VEGF, the ECM preparations were incu-
bated with 3.5 nmol/L of active MMP-2 or MMP-9 for 18
hours at 37°C. At the end of the experiment the ECM pro-
teins were solubilized with lysis buffer (20 mmol/L Tris-HCl
pH 7.5, 1% Triton X-100, 10% glycerol), and the radioactiv-
ity measured in a gamma counter. Protein concentrations
were estimated using the Bio-Rad protein assay reagent
(Bio-Rad Laboratories, Hercules, CA).

Statistical Analysis

Data are presented as mean � SEM. The statistical sig-
nificance of differential findings observed between ex-
perimental and control groups was determined using
Student’s t-test or one-way analysis of variance and con-
sidered to be significant if P values were 	0.05.

Results

Induction of Corneal Neovascularization by the
Active Form of Gelatinases (MMP-2 and MMP-9)

To determine the ability of aMMPs to induce corneal
neovascularization in vivo, micropellets of the slow re-

Figure 1. Active MMP-2 and MMP-9 induces angiogenesis in a rat corneal
micropocket assay. Representative photographs of rat corneas (n � 5 for
each treatment) at 7 days after implantation of pellets containing buffer
(control, A), pro-MMP-9 (100 ng, B), active MMP-9 (100 ng, C), pro-MMP-2
(100 ng, D), and active MMP-2 (E). Mean vessel extension (F) and area (mm2

G) were calculated as described in Materials and Methods. **P � 0.003, *P �
0.008.

Figure 2. Neutralization of MMP-9 induced angiogenesis by monoclonal
anti-VEGF antibody. Representative photographs of rat corneas (n � 5 for
each treatment) at 7 days following implantation of pellets containing active
MMP-9 (100 ng, A), active MMP-9 (100 ng) with MMP inhibitor (2 �g, B),
active MMP-9 (100 ng) with nonspecific control IgG (1.5 �g, C), and active
MMP-9 (100 ng) with anti-VEGF neutralizing antibody (1.5 g, D). E: Mean
vessel extension and area (mm2) were calculated as described in Materials
and Methods. *P � 0.005, **P � 0.001, ***P 	 0.0001.
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lease polymer-hydron containing recombinant active
MMP-9 (100 ng) or active MMP-2 (100 ng) were im-
planted into the corneas of female Harlan Sprague Daw-
ley rats. The implanted corneas were analyzed for induc-
tion of angiogenesis following India ink perfusion at day
7. Pellets containing active MMP-9 or MMP-2 stimulated
corneal neovascularization that peaked at day 7 with a
mean extension length of 78.3 � 5.8 pixels (Figure 1, C
and F) or 62.02 � 11.2 (Figure 1, E and F) respectively. In
comparison, pellets containing the recombinant pro- form
of MMP-9 (100 ng) (Figure 1B), pro- form of MMP-2 (100
ng) (Figure 1D), or buffer alone (Figure 1A) evoked a
minimal response, 48.7 � 6.3, 40.8 � 4.5, and 36.5 � 2.1
pixels, respectively (Figure 1F). Only the active forms of
MMP-9 and MMP-2 induced circumferential neovascular-
ization measured in square millimeter area (Figure 1G).

Active MMP-9 Induces Corneal
Neovascularization via the VEGF Pathway

In an effort to determine whether the induction of angio-
genesis by active MMP-9 occurs via the VEGF pathway,
micropellets containing active MMP-9 with or without neu-
tralizing VEGF antibody (1.5 �g) were implanted into rat
corneas and analyzed by India ink perfusion (Figure 2, A,
C, D). Neutralizing VEGF antibody almost completely
inhibited the aMMP-9 induced angiogenic response
when analyzed for mean skeletal extension as well as
area of neovascularization (Figure 2, D and E). The inhib-
itory response with VEGF antibody was similar to that
obtained with a synthetic MMP-9 inhibitor (Figure 2, B
and E). Mean skeletal extension with aMMP-9 was de-
creased to 46.9 � 5.7 pixels in the presence of VEGF
antibody when compared with 74.4 � 7.9 pixels with a
nonspecific control antibody (Figure 2). Similar results
were obtained on analysis of circumferential neovascu-
larization measured as square millimeter area with inhi-
bition observed with MMP inhibitors and specific anti-
VEGF antibody (Figure 2F). To determine whether VEGF
levels were increased by active MMPs, we analyzed the
rat corneas at day 5 following pellet implantation. VEGF
levels were increased in corneas implanted with pellets
containing active MMPs when analyzed by enzyme-
linked immunosorbent assay (Figure 3A). Immunohisto-
chemical analyses of the corneas implanted with control
IgG (Figure 3C) control buffer (Figure 3D), VEGF (Figure
3C), aMMP-2 (Figure 3E), and aMMP-9 (Figure 3F) pellets
determined that VEGF secretion in response to active
MMPs occurred as early as 24 hours following implanta-
tion and was localized around the epithelial cell layer with
modest expression in the stromal layer.

Activated MMPs Can Release VEGF from the
Extracellular Matrix and Directly Induce
Endothelial Cell Migration

Incubation of ECM preparations with �125I�VEGF for 2
hours resulted in a binding of VEGF to the ECM. Following
extensive washing with PBS to remove unbound growth

Figure 3. Increased VEGF expression in corneas implanted with pellets
containing active MMP-9 and MMP-2. VEGF levels in corneas implanted with
pellets containing active MMPs were analyzed by enzyme-linked immu-
nosorbent assay (A) and expressed as picograms of VEGF per microgram of
total protein. Immunohistochemical localization of VEGF protein in corneas
24 hours following implantation with control buffer (C), VEGF (D), active
MMP-2 (E), and active MMP-9 (F). Representative image of cornea implanted
with control buffer and stained with a nonspecific control IgG (B) to deter-
mine specificity of staining.

Figure 4. Active MMPs can release VEGF sequestered in the extracellular
matrix. ECM preparations containing sequestered �125I�VEGF were treated
with active MMP-2 and active MMP-9 for 18 hours. Supernatant and ECM
fractions were analyzed for �125I�VEGF counts per minute.
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factor, the ECM-VEGF preparations were incubated in
PBS containing aMMP-2 or aMMP-9 for 18 hours. Super-
natant and ECM fractions were analyzed for �125I�VEGF
counts per minute. Active forms of both MMP-2 and
MMP-9 could release bound VEGF from the ECM into the
supernatant (Figure 4). Activated MMPs were also exam-
ined for their ability to directly induce capillary endothelial

cell migration using a modified Boyden chamber assay.
Activated MMP-2 and MMP-9 stimulated an approxi-
mately twofold increase in migratory response in endo-
thelial cells with a maximum effect at doses of 10 ng/ml
and 30 ng/ml respectively (Figure 5).

VEGF-Induced Corneal Neovascularization Is
Mediated via Matrix Metalloproteinases

To determine whether VEGF-mediated corneal neovas-
cularization was mediated via MMPs, micropellets of the
slow release polymer-hydron containing recombinant
VEGF with and without MMP inhibitor were implanted into
the corneas of rats. VEGF induced a marked angiogenic
response with a mean limbal vessel skeletal extension of
251 � 31.1 pixels (Figure 6, A, E, F), which could be
inhibited to background levels by VEGF antibody (46.3 �
4.6 pixels) (Figure 6C) and MMP inhibitor (42.6 � 5.4
pixels) (Figure 6D). Control nonspecific antibody had no
effect on the VEGF induced neovascularization response
(Figure 6B). Rat corneas implanted with VEGF containing
pellets were analyzed for MMPs by zymography at day 4
following implantation. Pellets containing VEGF induced
activation of both MMP-2 and MMP-9 (Figure 7A) when
compared with corneas containing control pellets. In situ
zymography revealed that most of the active gelatinase
activity was localized in the stroma as early as 24 hours
following pellet implantation (Figure 7, B–D).

Figure 5. Active MMPs can induce endothelial cell migration. The ability of
active MMP-2 and MMP-9 to induce endothelial cell chemotaxis was exam-
ined using a modified Boyden chamber assay. Migrating cell number is
expressed as fold increase in number of cells migrating toward control
buffer � SEM of quadruplicate samples. All experiments were done in
triplicate.

Figure 6. Neutralization of VEGF induced angiogenesis by MMP inhibitor.
Representative photographs of rat corneas (n � 4 for each treatment) at 7 days
following implantation of pellets containing VEGF (50 ng, A), VEGF (50 ng) with
nonspecific control IgG (1.5 �g, B), VEGF (50 ng) with anti-VEGF neutralizing
antibody (1.5 �g, C), and VEGF (50 ng) with MMP inhibitor (2 �g, D). Mean
vessel extension (E) and area (mm2, F) were calculated as described inMaterials
and Methods. *P � 0.0004, **P 	 0.0001.

Figure 7. Increased MMP-2 and MMP-9 expression in corneas implanted
with pellets containing VEGF. MMP-2 and MMP-9 levels in three corneas
implanted with pellets containing VEGF or control buffer were analyzed by
zymography (A). In situ zymography analysis of corneas 24 hours following
implantation with control pellets (B, D) and VEGF pellets (C, E). Asterisks
indicate the location of pellets.
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MMP and VEGF-Mediated Corneal
Neovascularization Is Attenuated in Immune
Deficient Mice

Both MMP and VEGF mediated corneal neovasculariza-
tion are attenuated in SCID (B6.CB17-Prkdcscid/SzJ) im-
mune deficient mice (Figure 8, B, D, F, H, M) when
compared with wild-type mice (Figure 8, A, C, E, G, M).
The influx of CD11b inflammatory cells into the corneal
stroma was examined by immunohistochemistry and was
found to be increased 24 hours following VEGF (Figure 8,
I and J), active MMP-2 (Figure 8K) and active MMP-9
(Figure 8K) pellet implantation.

Discussion

Developmental vascular patterning, as well as patholog-
ical neovascularization is orchestrated by specific tem-
poral and spatial signals that result in the degradation of
the vascular basement membrane and remodeling of the
ECM to enable endothelial cells to migrate into the sur-
rounding tissue. MMPs (matrixins) are a multiple gene
family of zinc-dependent endopeptidases that can col-
lectively degrade all known ECM macromolecules and
have been postulated to play a critical step in the initia-
tion of new vessel sprouting. Notwithstanding the large
body of evidence that suggest a proangiogenic role for
MMPs, the detailed mechanisms by which these en-
zymes function in this capacity are unclear. One hypoth-
esis that has been proposed is that MMP-9/gelatinase B

can increase the availability of the angiogenesis inducer
VEGF.5 More recently, MMP-9 has been shown to be
important in mobilizing endothelial and other progenitor
cells from the bone marrow niche19 as well as modulating
tumor neovascularization when delivered by proangio-
genic bone marrow-derived cells.20,21 Other evidence
also suggests that VEGF can induce the activation of
gelatinases in retinal pigment epithelial cells.22,23 While
some evidence exists about the interplay between MMPs
and VEGF,24 much of the data has been generated using
in vitro models or a variety of tumor models to address
specific aspects of the role of MMPs and VEGF in
neovascularization.

To directly assess the presence of cross talk between
gelatinases and VEGF we opted to use the rat corneal
micropocket assay using sustained release VEGF-hydron
pellets due to its predictable and consistent neovascular
response that is independent of the induction of inflam-
mation.25 Most studies have concluded that MMPs play
an important role in angiogenesis by virtue of their being
up-regulated during the process of angiogenesis,26–29 or
by the fact that inhibition of MMPs (either by MMP inhib-
itors15,30–32 or in MMP deficient mice11,33,34 results in an
inhibition of angiogenesis using a multitude of neovascu-
larization models. To our knowledge this is the first study
demonstrating the ability of recombinant active MMPs to
directly induce angiogenesis in vivo. In addition, the abil-
ity of neutralizing VEGF antibodies to completely block
the angiogenic effect of active MMPs suggests the VEGF
pathway to be critical in this response. We have also

Figure 8. VEGF- and active MMP-induced corneal neovas-
cularization is mediated by inflammatory cells. Representa-
tive photographs of mouse corneas (n� 4 for each pellet) at
7 days following implantation of pellets in wild-type (WT)
mice containing buffer (A), VEGF (100 ng, C), active MMP-9
(100 ng, E), active MMP-2 (100 ng, G), and in SCID mice
containing buffer (B), VEGF (100 ng, D), active MMP-9 (100
ng, F), and active MMP-2 (100 ng, H). Immunohistochemical
staining of CD11b in corneas of wild-type mice 24 hours
following implantation with buffer (I), VEGF (50 ng, J),
active MMP-9 (100 ng, K), and active MMP-2 (100 ng, L). M:
Mean vessel extension was calculated as described in Mate-
rials and Methods. **P � 0.06, *P 	 0.005.
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demonstrated the ability of active MMP-2 and MMP-9 to
release bound VEGF from ECM preparations. Given that
this occurs in vitro in the absence of cells, lends credence
to the hypothesis suggested previously that VEGF is se-
questered in the ECM and is released and made avail-
able to act on endothelial cells by active gelatinases.
Additionally, VEGF has been shown to be cleaved in-
tramolecularly by a subset of MMPs resulting in the re-
lease of a receptor-binding domain from the ECM binding
motif of VEGF-A isoforms.35 Release of soluble VEGF
isoforms induces dilated large vasculature, whereas the
MMP-resistant forms lead to excessive and disorganized
branching.35 MMP dependent proteolytic cleavage of
VEGF has also been shown to be important in the estab-
lishment of growth factor gradients that are critical for
endothelial tip cell guidance as well as stalk cell prolifer-
ation and regulate physiological as well as pathological
neovascularization in the retina.36

On the other hand, our results also determine that
VEGF induced neovascularization is MMP dependent as
it can be inhibited by synthetic MMP inhibitors. Recently,
cross-talk between VEGF and MMP-9 has been sug-
gested to play a role in ovarian carcinoma invasion and
metastasis.37–40 Host cells, specifically inflammatory
cells as opposed to tumor cells, have been implicated as
being the primary source of MMP-9 in these models.37

Previous studies have determined that VEGF-mediated
inflammation plays a critical role in the pathological an-
giogenesis induced by it.41–43 Our results suggest that
both VEGF and active MMPs recruit CD11b� inflamma-
tory cells to the corneal stroma, which are likely to play a
critical role in the angiogenic response. Whether these
inflammatory cells are recruited from the bone marrow or
locally from the cornea remains to be determined. In
addition, our results support the hypothesis that the spa-
tial localization of MMPs in a tumor microenvironment
regulates the localized release of VEGF.44 In the corneal
neovascularization model VEGF induces the up-regula-
tion of active MMPs primarily in the stroma, while active
MMPs result in an increased expression of VEGF in the
epithelial layer. While our in vitro studies suggest that
MMPs can induce VEGF to be released from the extra-
cellular matrix in the absence of cells, we cannot rule out
VEGF being secreted by the epithelium, stromal kerato-
cytes, fibroblasts, and/or inflammatory cells. The Phase
III clinical trials with second-generation small molecules
as well as peptidomimic-based MMP inhibitor drugs did
not result in increased survival.45–47 However, this could
be a result of using broad-spectrum MMP inhibitors that
were pro and anti-tumorigenic.48 A more detailed under-
standing of the unique pathways used by specific MMPs
during tumor progression is essential to characterize
the role played by proteases in this disease process.
Our results suggest that MMPs act both upstream as
well as downstream of VEGF and that combination
therapy of VEGF inhibitors with MMP inhibitors given in
a temporally restricted fashion may be useful in the
treatments of cancers and other diseases with patho-
logical neovascularization.
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