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Extracellular matrix metalloproteinase inducer
(EMMPRIN) was originally identified on the tumor
cell surface as an inducer of matrix metalloproteinase
(MMP) production in neighboring fibroblasts. Here
we demonstrate a role for EMMPRIN in MMP induc-
tion during corneal wound healing. MMP and
EMMPRIN expression was analyzed in normal and
ulcerated human corneas, as well as in corneal epi-
thelial and stromal cells in culture using confocal
microscopy, zymography, immunoblots, and real-
time polymerase chain reaction. In normal cornea
EMMPRIN was predominantly expressed in the epi-
thelium but was markedly induced in the anterior
stroma of ulcerated corneas. This coincided with
MMP-2 induction that co-localized with EMMPRIN at
the epithelio-stromal boundary. The role of epithelial-
stromal interaction in MMP induction was investi-
gated in an in vitro co-culture system and demon-
strated an induction and co-localization of EMMPRIN
and MMP-2 in the fibroblasts at the interface with
epithelial cells. Direct contact of fibroblasts with

EMMPRIN-containing purified epithelial cell mem-
branes also induced MMP-1, MMP-2, and EMMPRIN
and this was inhibited by a blocking anti-EMMPRIN
antibody, suggesting that EMMPRIN was primarily re-
sponsible for this induction. These findings, and the
up-regulation of EMMPRIN by epidermal growth fac-
tor and transforming growth factor-f3, demonstrate a
role for EMMPRIN in wound healing and suggest that
sustained local up-regulation of EMMPRIN and MMPs
in chronic situations in which healing is delayed may
lead to excessive matrix degradation and corneal
melts. (Am J Pathol 2005, 166:209-219)

The cornea, first diopter of the eye, is a transparent
anterior ocular tissue that has been extensively used as a
model for studying wound healing because of its remark-
ably organized structure. It is composed of three distinct
layers, an epithelium, a stroma, and an endothelium. The
epithelium and the endothelium are separated from the
stroma by three different structures, the epithelial base-
ment membrane, Bowman layer, and the Descemet’s
membrane. The separation of these tissue compartments
is necessary for the normal homeostasis of the cornea
and the disruption of the basement membrane was
shown to be associated with activation of the wound
healing process that comprise fibroblast activation and
stromal remodeling in which synthesis and degradation
of the extracellular matrix are tightly regulated to restore
tissue homeostasis."?
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Matrix metalloproteinases (MMPs), a family of proteo-
lytic enzymes able, collectively, to degrade all of the
molecules of the extracellular matrix, are central to this
process. Their induction during wound healing is thought
to play a role in extracellular matrix remodeling, cell-
matrix interactions, inflammatory cell recruitment, cyto-
kine activation, and regulation of angiogenesis.>® This
family currently includes more than 25 members that can
be divided into collagenases (MMP-1, -8, and -13), ge-
latinases (MMP-2 and -9), stromelysins (MMP-3 and -10),
matrilysins (MMP-7 and -26), and the membrane-type
MMPs (MMP-14 to -17 and -24), according to their struc-
ture and substrate specificity.

Barely detected in unwounded cornea, MMPs are
strongly induced during wound healing after excimer
laser treatment, epithelial scrape, or alkali burn injury.®%7
They have a complex pattern of expression and can be
induced in both the migrating epithelium and in the an-
terior stroma of the healing cornea. Some MMPs, such as
MMP-1 or MMP-9, are induced in the basal layer of the
regenerating epithelium. Although MMP-1 is detected in
the epithelium and the anterior stroma only when the
basement membrane is disrupted, MMP-9 induction in
regenerating epithelial cells appears to be independent
of the integrity of the basement membrane.®~'2 Other
MMPs, such as MMP-2, MMP-3, and MT1-MMP were
shown to be induced in the stroma of the healing cornea
and are often detected in the subepithelial fibroblasts of
the wounded area, even though MT1-MMP is normally
expressed in the basal epithelial cells.’®'® The precise
regulatory mechanisms involved in MMP induction in
wound healing have not yet been elucidated despite
extensive investigations, but are thought to involve cyto-
kines, cell-matrix, and cell-cell interactions.?# 16

Although in physiological wound healing MMPs be-
come rapidly undetectable after wound closure, their
deregulation and prolonged accumulation in the anterior
stroma may lead to ulcerations and perforations in
chronic wounds.® " '8 In such situations, the induction of
MMPs in the subepithelial layer of the corneal stroma is
reminiscent of their regulation in cancer whereby MMPs
have often been seen localized in the stromal tissues
directly in contact with the tumor.™® It was initially thought
that tumor cells themselves were responsible for the pro-
duction of MMPs, but it then became apparent that the
surrounding stromal fibroblasts represent the major
source of MMP activity, suggesting that the interaction
between tumor cells and stromal fibroblasts is responsi-
ble for the elevated MMP levels detected in the tumors.?°
These observations led to the identification of EMMPRIN
(extracellular matrix metalloproteinase inducer), or
CD147, a 58-kd transmembrane glycoprotein enriched
on the surface of most tumor cells that can stimulate
stromal cells to produce elevated levels of several MMPs,
namely MMP-1, MMP-2, and MMP-3.42"-23 EMMPRIN
has later been identified in several diseased human tis-
sues such as in rheumatoid arthritis®® and venous leg
ulcers®® as well as in normal keratinocytes and other
epithelia.®®?” The fact that, during corneal wound heal-
ing, these same enzymes, MMP-1, MMP-2, and MMP-3
were shown to be up-regulated in the anterior stroma

underneath the injured epithelium incited us to look for
EMMPRIN as the corneal inducer of MMP production
through direct epithelial cell-fibroblast interaction.

In this study we used noninfectious ulcerated corneas
as a model to study MMP regulation because they are
associated with excessive extracellular matrix degrada-
tion that may lead to corneal perforation and where pro-
longed increase in MMP expression has been demon-
strated.'®2® We report the differential expression and
localization of EMMPRIN in normal and ulcerated cor-
neas, its regulation by cytokines, and its biological func-
tion in vitro.

Materials and Methods

Tissue, Cells, and Materials

Corneal tissues (n = 5) were obtained from the French
Eye Bank (Dr. P. Sabatier, Banque Francaise des Yeux,
Paris, France) and Belgian Eye Banque (Dr. Lejeune,
Lieges, Belgium). Chronic ulcerated or perforated cor-
neal specimens (n = 5) were obtained from patients
undergoing penetrative keratoplasty and use of speci-
men was performed in accordance with protocols ap-
proved by the institutional committee. Tissues were flash-
frozen in optimal cutting temperature (OCT) compound
and kept at —80°C for immunohistochemistry.

Human corneal reconstructed epithelia, stratified by air
liting in vitro, were obtained in collaboration with
SkinEthic Inc. (Nice, France). The corneal epithelial cell
line, 1384 HCE-T (Dr. Araki-Sasaki, Riken Cell Bank,
Saitama, Japan) was maintained in supplementary hor-
monal epithelial medium (SHEM) [50% HAMS-F12 and
50% Dulbecco’s modified Eagle’s medium (DMEM), sup-
plemented with 10 ng/ml epidermal growth factor (EGF),
0.1 nmol/L cholera toxin, and 5 ug/ml insulin] containing
10% fetal bovine serum. Corneal fibroblasts cell line were
cultured in DMEM supplemented with 10% fetal bovine
serum.?® For experiments with cytokine treatment, cells
were used at 60 to 80% confluence in 50% HAMS-F12
and 50% DMEM without supplements. Cells were incu-
bated in serum-free medium 18 hours before cytokine
addition.

The antibodies used were anti-EMMPRIN (anti-CD147)
HIM6 monoclonal antibody (mAb), used for immunoblots
and immunohistochemistry (Becton-Dickinson, San Di-
ego, CA), and anti-EMMPRIN blocking antibody, UM-
8D6, for inhibition studies (Research Diagnostics, Inc.,
Flanders, NJ). The neutralizing activity of this antibody
has been confirmed in different assays and was shown to
inhibit dose dependently and specifically both MMP-1
and MMP-2 production induced by recombinant
EMMPRIN in fibroblasts, both of lung and dermal origin
(L.Yan, unpublished data).

Anti-MMP-1 mAb was from Calbiochem (La Jolla, CA);
anti-MMP-2 mAb CA 801 and polyclonal antibody (pAb)3°
were gifts from Dr. Raphael Fridman (Wayne State Uni-
versity, Detroit, MI); horseradish peroxidase-conjugated
anti-mouse antibody was from Jackson ImmunoResearch
Laboratories Immunotech (Marseille, France); and anti-



mouse IgG Alexa 488 and anti-rabbit 1gG Alexa 594
were from Molecular Probes (Invitrogen, Cergy Pontoise,
France). Other materials were gelatin from Sigma (St.
Louis, MO), ECL+ reagent from Amersham Bioscience
(Buckinghamshire, UK), and protease inhibitor cocktail
Set V ethylenediaminetetraacetic acid-free from Calbio-
chem. Recombinant EMMPRIN used in the study was
an affinity-purified Flag-tag protein consisting of the
extracellular domain of human EMMPRIN expressed in
mammalian cells.

Cell Treatment

Corneal epithelial cells 1384 HCE-T were maintained in
SHEM medium supplemented with 10 ng/ml EGF, 0.1
nmol/L cholera toxin, 5 ng/ml insulin, and 10% fetal bo-
vine serum until they reached 70 to 80% confluence. The
medium was then replaced with serum- and growth fac-
tor-free SHEM and cells were incubated for 18 hours
before cytokine addition. Cells were then treated with
either transforming growth factor (TGF)-B1 (10 ng/ml),
EGF (10 ng/ml), or tumor necrosis factor-a (10 ng/ml) in
the serum-free medium and incubated for either 6 hours,
after which total RNA was extracted with the RNeasy kit
(Qiagen, Hilden, Germany) for real-time quantitative re-
verse transcriptase (RT)-polymerase chain reaction
(PCR) measurements, or for 24 hours, after which the
cells were lysed in the Tris-buffered saline-Nonidet P-40
solution containing protease inhibitors and subjected to
immunoblot analysis of EMMPRIN, as described below.
The incubation times were chosen on the basis of several
time-course experiments.

To obtain epithelial cells at different densities, 5 x 10°
cells suspended in complete SHEM media were seeded
in either 25-, 75-, or 175-cm? dishes. Cells were allow to
adhere and grow for ~24 hours until a confluent mono-
layer was obtained in the 25-cm? dish and the cells in the
larger flasks were at correspondingly lower densities. The
different density cultures were then washed with serum-
free SHEM and lysed for either quantitative RT-PCR or
immunoblots analysis. In some experiments different
density cultures were obtained by seeding 5 X 10 cells
in 25-cm? dishes and allowing them to grow in complete
media, collecting the cells each day up to 3 days when
cells reached confluence.

Epithelial Fibroblast Co-Culture

Epithelial cell suspension containing 10° in 200 wl (1:1
SHEM:DMEM) was applied on a sterile microscope slide
that was placed in a culture dish. After cells within the
drop became confluent (48 hours) forming an epithelial
sheet of ~1 cm?, fibroblasts (10° in 200 ul) were added
around the epithelial sheet and allowed to attach before
the whole slide was completely submerged in medium.
After 24 to 48 hours, a clear interface between the two
cell types formed. The slides were then washed in phos-
phate-buffered saline (PBS); fixed in 4% paraformalde-
hyde; stained with 4,6-diamidino-2-phenylindole (DAPI),
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anti-EMMPRIN, anti-MMP-2 mAb; and analyzed by con-
focal microscopy.

Epithelial Cell Membrane Preparation

Cell membranes were prepared according to Linden-
meyer and colleagues.®' Briefly, HCE-T cells were
scrapped with rubber policemen in serum-free SHEM
medium containing 1/100 protease inhibitor cocktail Set V
(AEBSF, aprotinin, E-64, leupeptin, and 1 mmol/L ethyl-
enediaminetetraacetic acid), disrupted on ice by con-
trolled sonication: three cycles of 10 seconds at 40 W
(Vibra cell Sonifier; Bioblock Scientific, France) and cen-
trifuged at 1000 X g for 10 minutes at 4°C to remove
unbroken cells. The sonicate supernatant was centri-
fuged at 19,000 X g for 30 minutes to sediment the
granules and the resulting supernatant was further cen-
trifuged at 100,000 X g for 1 hour. After one wash in
serum-free DMEM, the pellet containing the membrane
fraction was resuspended in the same medium. Aliquots
containing the membrane fraction diluted with serum-free
DMEM (20 pg/ml) were added to the fibroblasts cultures
(10° cells per 25-cm? dish) and incubated for 24 hours.

Confocal Immunohistochemistry and
Cytochemistry

Cryostat sections (8 um) were prepared from frozen cor-
nea or stratified epithelium and were immunostained as
previously described.®? Briefly, the sections were fixed in
chilled acetone for 10 minutes, then rehydrated in PBS,
and incubated in blocking solution (3% bovine serum
albumin) for 30 minutes. Sections were incubated for 1
hour with anti-EMMPRIN/CD-147 HIM6 mAb at 1/200 di-
lution, then for 30 minutes with conjugated affinity-puri-
fied donkey anti-mouse IgG (Alexa 488). For immunocy-
tochemistry, cells were seeded on Lab-Tek glass slides,
cultured for 2 days, fixed in 4% paraformaldehyde, and
then processed as above using either CD-147 HIM6 or
anti-MMP-2 pAb, and followed by conjugated affinity-
purified donkey anti-mouse and/or anti-rabbit IgG (Alexa
488 and 594, respectively). The slides were mounted and
examined with a laser-scanning confocal microscope
(Leica Lasertechnik, Heidelberg, Germany). Negative
controls were prepared using the same procedure, but
phosphate-buffered saline was substituted for the pri-
mary antibody.

Immunoblot Analysis

Cells were lysed in Tris-buffered saline-Nonidet P-40 so-
lution comprising 50 mmol/L Tris buffer, pH 7.5, 150
mmol/L NaCl, 1% Nonidet P-40, 0.5% Triton X-100, 2
mmol/L ethylenediaminetetraacetic acid, and 1/100 pro-
tease inhibitor cocktail Set V. After incubation on ice for
20 minutes and scrapping, the lysates were centrifuged
for 3 minutes at 15,000 X g at 4°C. Protein concentration
of the resulting supernatants was quantitatively deter-
mined using the Bradford Bio-Rad protein assay. Twenty
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Table 1. List of the Primers and Probes Used

Gene and oligonucleotide Location Sequence PCR product size (bp)

EMMPRIN
Upper primer 766U 5'-GCAGCGGGCAGCACC-3’
Lower primer 833L 5’-CCACCTGCCTCAGGAAGAGTT-3’ 68
Probe 788U 5'-CAAAGGCAAGAACGTCCGCCAGAG-3’

MMP2
Upper primer 380U 5’-CCGTCGCCCATCATCAA-3'
Lower primer 450L 5'-AGGTATTGCACTGCCAACTCTTT-3' 71
Probe 406U 5'-CGATGTCGCCCCCAAAACGGA-3’

MMP9
Upper primer 610U 5"-CATTCAGGGAGACGCCCA-3’
Lower primer 673L 5’-AACCACGACGCCCTTGC-3' 64
Probe 629U 5'-TTCGACGATGACGAGTTGTGGTCCCT-3’

B2 Microglobulin
Upper primer 20U 5’-CGCTCCGTGGCCTTAGC-3’
Lower primer 86L 5'-GAGTACGCTGGATAGCCTCCA-3’ 67
Probe 39U 5'-TGCTCGCGCTACTCTCTCTTTCTG-3’

g of protein in Laemmli sample buffer were loaded onto
a 10% sodium dodecy! sulfate-polyacrylamide gel elec-
trophoresis gel for electrophoresis and then transferred
to nitrocellulose filters. EMMPRIN or MMP-1 were re-
vealed by incubation with 0.2 ug/ml HIM6 mAb or anti-
MMP1 mAb overnight at 4°C followed by a 1-hour incu-
bation with horseradish peroxidase-conjugated anti-
mouse antibody and visualized with ECL+ reagent.
Protein loading was verified by comparing the intensity of
actin bands. Band intensities were quantified using Im-
age Quant 5.2 (Molecular Dynamics, Piscataway, NJ).

Figure 1. Immunodetection of EMMPRIN in the human cornea. A—C: Con-
focal EMMPRIN immunostaining was observed in the peripheral (A) and
mid-peripheral (B) limbal corneal epithelium and in the central human
corneal epithelium (C). EMMPRIN staining was intense in the epithelial cells
whereas the stroma was weakly stained. D: Corneal endothelial cells were
also intensely stained. Note the gradient in EMMPRIN staining from superfi-
cial to basal cells in the central corneal epithelium, and the increased staining
in the superficial peripheral corneal epithelium (b and s denote basal and
superficial layers, respectively. Green, EMMPRIN staining; blue, DAPI nu-
clear staining. Scale bar, 25 um.

Gelatin Zymography

The presence of the gelatinases, MMP-2 and MMP-9, in
the serum-free conditioned media (10 wl) was deter-
mined by zymography in 10% polyacrylamide gels con-
taining 1 mg/ml gelatin, as previously described.®® Band
intensities were quantified using Image Quant 5.2 (Mo-
lecular Dynamics).

Real-Time Quantitative PCR

To evaluate the expression levels of MMP-1, MMP-2, and
EMMPRIN normalized to the housekeeping B2-micro-
globulin gene in cultured corneal stromal cells, real-time
quantitative PCR was performed using a LightCycler
(Roche Diagnostics, France) according to described
techniques.'®3* Selected sets of primers and labeled
probes (Eurogentec, Biosense, ltaly) are shown in Table
1. Standards for MMP-1, MMP-2, EMMPRIN, and B2-
microglobulin were prepared from total normal RNA, am-
plified by RT-PCR, and cloned using the TOPO II TA

Figure 2. Cell surface distribution of EMMPRIN in corneal epithelial cells in
vitro. A: Confocal imaging of EMMPRIN staining in monolayer cultures of
epithelial cells. Staining in A and vertical section in inset A’ show that
EMMPRIN staining is distributed along the whole cell membrane and asso-
ciated with small processes extending from the cells. B: EMMPRIN staining in
stratified reconstituted epithelium #n vitro shows a similar gradient to that
seen in the central cornea. C: No signal was detected in control epithelium
cultures when only the secondary antibody was used. Original magnifica-
tions, X60.



cloning kit (Invitrogen, France) following the manufactur-
er's recommendations.

Results
Distribution of EMMPRIN in the Normal Cornea

The presence and localization of EMMPRIN in the cornea
was studied by confocal immunohistochemistry on 8-um-
thick frozen human corneal sections (limbus, peripheral,
and central cornea). Figure 1 shows the presence of
EMMPRIN in the different regions of the cornea, with the
strongest staining seen on the surface of epithelial cells
and endothelial cells. Some staining can also be noted on
the cell membrane of keratocytes in the corneal stroma. A
gradient of EMMPRIN staining was observed in the cen-
tral epithelium (Figure 1C), strongest in the basal cells,
and decreased toward superficial layers. In the limbal
epithelium, EMMPRIN staining (Figure 1A) appeared to
follow columns of cells originating from the basal layer,
presenting a staining pattern different from that in the
central cornea. In addition, the most superficial layers of
the limbal and mid-peripheral epithelium (Figure 1, A and
B) were more intensely stained compared to the central
epithelium (Figure 1C).

Distribution of EMMPRIN in Corneal Epithelial
Cells in Culture

Corneal epithelial cell line in culture examined by confo-
cal immunohistochemistry demonstrated intense immu-
noreactivity of EMMPRIN that was concentrated at the
cell surface, forming small processes that projected from
the cells (Figure 2). Confocal vertical section of the mono-
layer culture revealed that staining was homogeneously
distributed around the cell surface (Figure 2, A and A’).
Examination of reconstructed epithelium in culture, in
which cells were allowed to stratify by air lifting, shows
that stratification in vitro was associated with the formation
of a gradient of EMMPRIN staining (Figure 2B) that con-
trasts with the homogenous staining of the monolayer cell
culture, but resembles the one observed in the central
epithelium of the cornea (Figure 1C), suggesting a regu-
lation of EMMPRIN according to the differentiation state
of the cells.

Regulation of EMMPRIN by Cytokines and Cell
Density

The modulatory role played by cytokines on the regula-
tion of EMMPRIN in corneal epithelial cells was assessed
by immunoblot (Figure 3, A and B) and real-time PCR
(Figure 3, C and D) after treating these cells with TGF-g1,
EGF, and tumor necrosis factor-a, cytokines implicated in
wound healing. Immunoblot analysis of cell lysates re-
vealed two bands at ~40 and 60 kd corresponding to
differently glycosylated forms of EMMPRIN.?® An up-reg-
ulation of EMMPRIN by TGF-B1 and EGF was obtained at
both the mRNA and protein level (Figure 3, A and C).
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Figure 3. Regulation of EMMPRIN in corneal epithelial cells by cytokines and
cell density. Immunoblots (A, B) and real-time PCR (C, D) analysis of
EMMPRIN regulation by cytokines (A, C) and cell density (B, D) in corneal
epithelial cells. A and C: Cells were treated with TGF-B1 (10 ng/ml), EGF (10
ng/ml), or tumor necrosis factor-a (10 ng/ml) in serum-free medium for 24
hours (A) or 6 hours (C). B and D: Different cell density cultures were
obtained by seeding 10° of cells in 25-cm? (C1), 75-cm? (C2), and 175-cm?
(C3) dishes. Cells were allowed to adhere for ~24 hours to obtain confluent
monolayer in the 25 cm? (C1). For immunoblots, 20 ug of cell extracts were
analyzed with either anti-EMMPRIN or anti-actin antibodies. C and D: Results
are expressed as the mean of four separate experiments; bars, +SD.

Tumor necrosis factor-a had a slight but not significant
inhibition on EMMPRIN expression. To investigate the
regulation of EMMPRIN as a function of the degree of
confluence, cells were plated at different densities and
cultured for 24 hours before immunoblot and PCR anal-
ysis. Figure 3, B and D, demonstrates an inverse regula-
tion of EMMPRIN with cell density, with the highest level
of EMMPRIN associated with sparse cultures. Similar
results were obtained when cells were seeded at the
same cell density and allowed to grow, EMMPRIN being
analyzed each day up to confluence (not shown). Inter-
estingly, the immunoblot analysis revealed in the sparse
culture a greater increase in the higher M, band at 60 kd
(Figure 3B), suggesting a preferential up-regulation of the
glycosylated form that was reported to be the most active.3®

Up-Regulation and Co-Localization of
EMMPRIN and MMP-2 in Chronic Ulcerated
Corneas

To assess the implication of EMMPRIN in wound healing
we analyzed its expression and distribution, as well as
that of MMP-2, in ulcerated corneas. To this end, tissue
sections taken either from the center or at a distance of
the ulcerated area were subjected to immunohistochemical
and zymography analysis. Immunohistochemical analysis
revealed a striking increase in EMMPRIN staining in the
ulcerated area in all five corneas examined. This increase
was predominantly observed in the wounded stroma, par-
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Figure 4. Induction and co-localization of EMMPRIN and MMP-2 in the stroma at the epithelio-stromal boundary in chronic corneal ulcers. Tissue sections at a
distance from the ulcerations (A-D) and in the ulcerated area (E-H) were subjected to double-labeled confocal immunohistochemistry using mouse anti-human
CD147 (A, C-E, G, H; green) and rabbit anti-human MMP-2 pAb antibodies (B-D, F-H; red) and counterstained with DAPI (D and H, blue). Merged staining of
EMMPRIN and MMP-2 (C, D, G, H) revealed induction of EMMPRIN and MMP-2 in the ulcerated area in the stroma at the epithelio-stromal boundary (G, H)
whereas MMP-2 staining was weak without co-localization with EMMPRIN in the nonulcerated cornea (D). D and H: Higher magnification of the areas in squares
in A and E. Note the absence of staining in the acellular layer of Bowman (D) and the intense staining when continuity exists between epithelium and stroma

in the ulcerated area (H). Scale bar, 25 um.

ticularly at the epithelio-stromal boundary (Figure 4). In
addition, the gradient of EMMPRIN staining clearly seen
in the epithelium at a distance from the wounded area
that resembled closely that of normal cornea (Figure 1)
was lost at the edge of the ulceration. Although only faint
staining of MMP-2 could be observed in the unwounded
stoma, it was markedly increased in the wounded stroma,
in particular at the epithelio-stromal boundary, where
MMP-2 and EMMPRIN were shown to be co-localized by
double-labeled confocal immunohistochemistry. The
same MMP-2 staining pattern was observed with either
the monoclonal or the polyclonal MMP-2 antibody used.
Some areas, which appear to correspond to the intercel-
lular space, displayed only MMP-2 staining and may
represent extracellularly located enzyme. The increased
MMP-2 level in the ulcerated areas compared to nonul-
cerated areas was also observed by zymography (results
not shown).

Corneal Epithelial Cells Up-Regulate MMP
Expression in Corneal Fibroblasts through Direct
Cell Contact

Because epithelial EMMPRIN is known to stimulate MMP
expression in neighboring fibroblasts, we used a mono-
layer co-culture model of corneal epithelial cells and
fibroblasts to evaluate MMP regulation in fibroblasts. For
that, epithelial cell suspension was applied to one side of
a sterile microscope slide and allowed to form a confluent
epithelial sheet after which fibroblasts were added and

left to grow until a clear interface between the two types
of cells was formed (Figure 5; A to C). Immuno-confocal
analysis demonstrated a strong staining of MMP-2 on the
surface of fibroblasts limited to the interface between the
two cell types (Figure 5, F and J), suggesting a regulation
of MMP-2 by direct interaction. This induction of MMP-2
was associated with a similar increase in EMMPRIN ex-
pression (Figure 5, E and ) and the two were co-localized
in the fibroblasts at the interface with epithelial cells, as
shown by the overlapping staining (Figure 5, G and K).
Thus, the MMP-2 and EMMPRIN induction and co-local-
ization at the interface between the two cell types resem-
bles that observed at the subepithelial wounded stroma
in vivo and advocate for an involvement of a direct cellular
interaction as a mechanism of MMP-2 induction via
EMMPRIN.

To further define the implication of direct cell contact in
this induction, fibroblasts were incubated with purified
epithelial cell membranes. Immunoblot analysis con-
firmed the presence of EMMPRIN in the epithelial mem-
brane preparation (EpM) (Figure 6A) and these mem-
branes stimulated protein secretion (Figure 6B) and
mMRNA expression (Figure 6C) of both MMP-1 and MMP-2
by fibroblasts. MMP-9 was not regulated by the epithelial
cell membrane. No activity was detected in control ex-
periments with isolated membranes incubated in the ab-
sence of fibroblasts (not shown). These experiments
demonstrated that direct cellular contact mediated by the
cell membrane can regulate MMP expression indepen-
dently of secreted soluble factors. These results, together
with the restricted localization of the induced MMP-2 to
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Figure 5. Induction and co-localization of EMMPRIN and MMP-2 in corneal fibroblasts at the interface with corneal epithelial cells in an i vitro co-culture system.
Epithelial cell (epi) suspension containing 10° in 200 ul was applied, forming a large drop, on a sterile microscope slide that was placed in a culture dish. After
cells within the drop became confluent (48 hours) forming an epithelial sheet, fibroblasts (f) were added and allowed to attach (A), proliferate, and migrate around
the epithelial cells (B, C), forming after 24 to 48 hours a clear interface between the two types of cells (C). After further incubation for 24 hours, the slides were
washed, fixed, and stained with DAPI (D and H, blue), anti-EMMPRIN/CD147, HIM6 mAb (E and I, green), and anti-MMP-2 pAb (F and J, red) and analyzed by
confocal microscopy. G and K: Overlapping staining of EMMPRIN and MMP-2 in yellow. H-K: Higher magnifications of the epithelial/fibroblast interface shown

in D—G, respectively. Original magnifications: X10 (D—G); X60 (H-K).

fibroblasts alongside epithelial cells, suggested that di-
rect epithelio-stromal interaction (ESI) may represent an
additional mechanism to that of cytokines in the regula-
tion of MMP expression in the cornea.

MMP and EMMPRIN Induction in Corneal
Fibroblasts by Epithelial Cell Membranes Is
Mediated by EMMPRIN

To define the role of EMMPRIN in the induction of MMP-2
observed after fibroblasts were incubated with epithelial
cell membranes, we used an EMMPRIN blocking anti-
body in this system. Zymography analysis of the condi-
tioned medium demonstrated increased MMP-2 after
treatment with corneal epithelial membranes (Figure 7A,
lane 2) or recombinant EMMPRIN (Figure 7A, lane 4).
Both inductions were markedly suppressed when anti-
EMMPRIN antibody was present (Figure 7A, lanes 3 and
5). This inhibition by the antibody was confirmed using

real-time RT-PCR for both MMP-1 and MMP-2 (Figure
7B). Interestingly, we demonstrated that EMMPRIN
mRNA was also induced by epithelial cell membrane and
that this induction was inhibited by blocking the
EMMPRIN antibody. Hence, EMMPRIN present at
the surface of epithelial membrane is responsible for the
induction of both MMP-2 and EMMPRIN in fibroblasts and
may account for their induction at the interface with epi-
thelial cells in vitro and represent a possible mechanism
for MMP-2 and EMMPRIN induction in vivo.

Discussion

Although barely detected in normal cornea, MMPs are
induced during wound healing processes. This induction
may be mediated by different mechanisms because
MMPs are known to be regulated by growth factors and
cytokines, by integrin-mediated cell-matrix interactions,
or by direct cell-cell interactions.®'® EMMPRIN, a cell
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Figure 6. EMMPRIN-containing corneal epithelial cell membranes stimulate
MMP production in corneal fibroblasts in culture. A: Corneal epithelial cell
membranes (EpM) were isolated by differential centrifugation and 10 ug of
membrane extract were analyzed for EMMPRIN content by immunoblotting.
One major band at 60 kd and a lower M, faint band at ~40 kd, corresponding
to the high and low glycosylated forms of EMMPRIN, can be observed. B:
Fibroblast cultures (80% confluent) were incubated with 20 pg/ml of EpM for
24 hours in serum-free medium after which the conditioned medium, 5X
concentrated, was analyzed by immunoblot for MMP-1 and gelatin zymog-
raphy for MMP-2. The amount of EpM added was derived from the same
number of epithelial cells to that of fibroblasts. The graphs represent densi-
tometry quantification of MMP-1 protein and MMP-2 gelatinolytic activity. C:
Real-time PCR analysis of the same cultures as in B incubated with the
membranes for 18 hours before RNA extraction. Results are expressed as the
mean of triplicate experiments; bars, *£SD.

membrane glycoprotein enriched on epithelial cells and
in particular on tumor cells, has been suggested to be
responsible for MMP induction resulting from direct ESls
during carcinogenesis.?%?? In this investigation, we iden-
tified EMMPRIN in the cornea and demonstrated its im-
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Figure 7. Anti-EMMPRIN-blocking antibody inhibits induction of fibroblasts
MMPs and EMMPRIN by epithelial cell membrane. A: Corneal fibroblast
cultures were incubated for 24 hours with 20 ug/ml of corneal epithelial cell
membranes (EpM) or with 5 ug/ml of recombinant EMMPRIN (rec E), in the
absence or presence of 20 ug/ml of anti-EMMPRIN blocking antibody (anti
E Ab) in serum-free medium, after which the conditioned medium was
analyzed by gelatin zymography. The fibroblasts were preincubated with the
antibody for 15 minutes before the addition of the membranes. The graph
represents the densitometry quantification of MMP-2 gelatinolytic activity. Bz
Real-time PCR analysis of MMP-1, MMP-2, and EMMPRIN mRNA expression
in fibroblasts incubated with EpM for 18 hours in the absence or presence of
20 pg/ml of anti-EMMPRIN blocking antibody. Results are expressed as the
mean of triplicate separate experiments; bars, £SD.

plication in the localized MMP induction resulting from
direct corneal ESI that may take place during corneal
wound healing.

Direct ESI in the cornea is normally prevented by the
presence of both the basement membrane and the Bow-
man layer.®® During pathological wound healing pro-
cesses, such as corneal ulcerations, breakdown of these
barriers may facilitate direct ESI and favor MMP-medi-
ated complications including corneal melts or perfora-
tions.® 837 EMMPRIN was shown, in studies using either
tumor cells, EMMPRIN transfected cells, or directly the



recombinant molecule, to induce MMP-1, MMP-2, and
MMP-3 in skin fibroblasts.'® These same proteinases
have been detected in the subepithelial layer in corneal
ulcerations/perforations of multiple origin,’”38 such as
those associated with rheumatoid arthritis, Sjogren syn-
drome,2® alkali burn injury,® or iatrogenic corneal melts, '®
suggesting that they may be induced by direct ESI in the
cornea, mediated by epithelial cell EMMPRIN. Our immu-
nohistochemical analysis identified EMMPRIN in the
healthy cornea and demonstrated a marked increase in
its expression in ulcerated corneas, in particular in the
area of stromal thinning. MMP-2 was also induced in the
wounded stroma, and the increase in both EMMPRIN and
MMP-2 was concentrated at the epithelio-stromal bound-
ary. The increase in EMMPRIN staining in the anterior
stroma was concomitant with the loss of its normal polar-
ized distribution seen in the epithelium at a distance from
the wounded area, as well as in the normal corneas, with
the highest expression in the basal cells, and corre-
sponded to the disruption of the epithelial organization in
this region. Furthermore, double-labeled confocal immu-
nohistochemistry revealed a close co-localization of
MMP-2 and EMMPRIN in the subepithelial area of the
wounded stroma, except in areas that appear to repre-
sent the extracellular matrix, where MMP-2 predomi-
nated. This may indicate a localized induction of MMP-2
by the accumulated EMMPRIN at this region. MMP-9,
although also induced in corneal ulceration, exhibited
different localization and appeared to be expressed pre-
dominantly by regenerating epithelial cells and by the
inflammatory cells recruited to the wounded area, as was
previously shown.™'83% MMP-9, which is more impli-
cated in the delay of epithelial wound closure,® was not
co-localized with EMMPRIN (results not shown), in accor-
dance with the general consensus that EMMPRIN does
not induce MMP-9 in fibroblasts.*®

The induction of both EMMPRIN and MMP-2 at the ESI
interface observed in vivo was reproduced by our in vitro
co-culture model, in which corneal epithelial cells and
fibroblasts were allowed to come into direct contact,
forming an epithelio-stromal border. The very strong
staining of MMP-2 and EMMPRIN concentrated in the
fibroblasts along the interface with the epithelial cells and
their restricted localization is suggestive of direct cell-cell
contact as a mechanism of induction. Although a para-
crine regulation of MMPs involving secreted cytokines
has been suggested®*"*? and may also be involved to
some extent in our co-culture system, it would be ex-
pected to result in a more generalized and homogenous
staining. The experiments in which purified membrane
preparations of epithelial cells induced both MMP-1 and
MMP-2 in cultured fibroblasts confirms that EMMPRIN-
containing epithelial cells are able to activate fibroblasts
to produce more MMPs by direct cell-cell interaction.
Furthermore, the induction of both MMP-1 and MMP-2
was greatly inhibited by a blocking antibody to
EMMPRIN, indicating that the MMP induction observed in
this system is mostly because of the effect of EMMPRIN.
The increase in fibroblast EMMPRIN levels by the epithe-
lial cell membrane is consistent with the increased
EMMPRIN observed in the fibroblasts at the epithelio-
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stromal interface, both in the ulcerated corneas and in the
in vitro co-culture model. The inhibition of EMMPRIN in-
duction by the blocking antibody to EMMPRIN suggests
that EMMPRIN itself was primarily responsible for its own
induction in the fibroblasts. This is in agreement with the
previously reported demonstration of a positive feedback
regulation of EMMPRIN.*® However the importance of this
new MMP-induction mechanism during corneal wound
healing remains to be demonstrated in animal models in
vivo.

In the normal cornea, EMMPRIN was detected mainly
in the epithelium and endothelium. In the central epithe-
lium, it was particularly concentrated in the basal cells
with a gradual decrease toward the superficial cells.
When isolated epithelial cells in culture were immuno-
stained for EMMPRIN, a homogenous membrane staining
was observed. However, the basoapical gradient ob-
served in stratified epithelial cells in vitro, as in the central
cornea in vivo, suggests that EMMPRIN expression may
depend on the differentiation state of the epithelial cells,
known to implicate cytokines and MMPs. 24 Indeed, the
growing list of MMP substrates, including cytokines, cell
adhesion molecules, and signaling molecules, suggests
that in addition to degrading the extracellular matrix,
these proteases also contribute to communication be-
tween cells and their microenvironment and influence cell
behavior such as cell growth and differentiation. How-
ever, despite the known role of EMMPRIN in regulating
MMPs, an MMP-independent function in these cells can-
not be excluded.

Although the cell surface localization of EMMPRIN both
in cultured cells and tissue sections has been clearly
demonstrated by our immunofluorescence staining as
well as by numerous other studies, the release of a small
fraction of soluble active EMMPRIN, either by proteolytic
cleavage or by vesicular shedding has been previously
described in tumor cell culture medium.*34® The fact that
soluble EMMPRIN retains its activity suggests that if
EMMPRIN shedding can indeed occur in vivo, it may also
be involved in mediating and modulating ESI in a diffus-
ible paracrine manner, in a similar way to cytokines dur-
ing corneal wound healing.

Although much attention was paid into the regulation of
MMPs by EMMPRIN, little is known about how EMMPRIN
itself is regulated and the nature of the factors that may
induce its expression. During our investigations in vitro,
we first observed an enhanced expression of EMMPRIN
when corneal epithelial cells in vitro were incubated in the
presence of serum (data not shown). We were able to
demonstrate that at least two cytokines, TGF-B1 and
EGF, positively regulate EMMPRIN in these cells. The
effect of EGF is in agreement with our previous results
identifying EGFR signaling as critical for EMMPRIN reg-
ulation in mammary tumor cells.®* Interestingly, the re-
ceptors for these two cytokines, TBR and EGFR, were
also shown to concentrate in the basal layers of the
corneal epithelium and were shown to be up-regulated
during epithelial cell migration during wound closure.*®4”
Taken together with the present results, it suggests that a
complex regulation existing between EGFR signaling,
cell-cell interaction, and EMMPRIN to regulate the prolif-
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erative and migratory state of the basal epithelial cell. In
addition, cell density, which has previously been shown
to regulate the functional expression of TGF-B receptors
in corneal epithelial cells,*® also appears to be an impor-
tant regulatory mechanism controlling EMMPRIN levels.
On the basis of these results the following scenario
may be postulated on the possible events that follow
deep wounding involving direct ESI. The decrease in
epithelial cell density and the accumulation of cytokines
known to be secreted during wound healing, such as
TGF-B and EGF, would increase EMMPRIN levels in the
epithelial cells in the wounded area. This can in turn
induce fibroblasts, by direct interaction, to increase their
own level of EMMPRIN. The resultant MMP induction
would trigger either stromal remodeling to restore tissue
homeostasis, or excessive MMP release and stromal de-
struction in chronic situations in which healing is delayed
and direct ESI persists. The implication of EMMPRIN in
stromal cell activation in response to injury, by increasing
both MMPs and EMMPRIN, suggests that inhibition of
EMMPRIN may represent a promising future therapeutic
strategy in situations of excess extracellular matrix deg-
radation associated with chronic wound healing.
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