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Abstract

The aim of this work was to investigate the contribution of matrix metalloproteinases (MMPS)
to recurrent corneal melting. Twenty three melted corneas from seven patients were separated
into three groups: a) patients with primary Sjogren’s syndrome, b) rheumatoid arthritis and c)
other corneal melting underlying pathologies. Eleven cadaverous corneas served as controls.
The presence of MMP-1, -2, -3, -7, -8, -9, and -13 was detected using indirect enzyme
immunohistochemistry. The active forms of MMP-2 and -9 and MMP-3 and -7 were
examined by gelatin and casein zymography, respectively. The concentrations of active
MMP-1 and -3 were measured using activity assays. Increased immunostaining intensity for
MMP-1, -2, -3, -7, -8 and -9 was shown in the corneal epithelium and the stroma of almost all
melted corneas from all three groups compared to the negative or slightly positive staining of
the controls. In the endothelium immunostaining for MMP-2 and MMP-9 was increased in
most specimens of group Il and 11l and group I, respectively. A markedly higher level of
active MMP-2 was detected in six and active MMP-9 in all pathologic specimens compared to
controls. In contrast to completely negative controls, the proenzymes of MMP-3 and -7 were
detected in almost all melted corneas from all three groups. Active MMP-3 and -7 was found
each in one specimen from group 1. Significantly increased concentrations of active MMP-1
and -3 were also found in the melted corneas. The increased expression and activity of a wide
range of MMPs in melted cornea samples suggest that although different stimuli may trigger
the pathways leading to the destruction of the cornea, these enzymes could partake mainly in
the operational stage of this process, in which the massive degradation of the extracellular

matrix has taken place.



Abstrakt

Cilem této prace bylo studium vlivu matrix metaloproteinaz (MMP) na opakovanou
keratolyzu lidské rohovky. Dvacet tii rohovek s keratolyzou ziskanych od sedmi pacientt
bylo rozdéleno do tii skupin: a) pacienti s primarnim Sjégrenovym syndromem, b) pacienti s
revmatoidni artritidou, ¢) pacienti s dal§imi keratolyzu doprovézejicimi chorobami. Kontrolni
tkan tvorilo jedenact kadaveroznich rohovek. Piitomnost MMP-1, -2, -3, -7, -8, -9, a -13 byla
detekovana metodou nepfimé imunohistochemie. Aktivita MMP-2 a -9 byla zjistovana
zelatinovou a aktivita MMP-3 a -7 kaseinovou zymografii. Koncentrace aktivni MMP-1 a -3
byla stanovena aktivacnimi analyzami. Pfi imunodetekci MMPs byla v porovnani
S negativnimi ¢i slabé pozitivnimi kontrolami pozorovana zvysend intenzita signalu MMP-1 -
2, -3, -7, -8 a -9 v epitelu a stromatu téméf u vSech patologickych vzorkl. V endotelu byla u
vétsiny vzorkll zaznamendna zvySend hladina MMP-2 ve skupiné II a IIl a MMP-9 ve skupiné
I. Zelatinova zymografie prokdzala zvysenou aktivitu MMP-2 u Sesti a MMP-9 u vsech
rohovek s keratolyzou. Neaktivni formy MMP-3 a -7 byly pfitomny u vétSiny patologickych
vzorkd vSech tfi skupin, aktivni formy téchto enzyml byly zaznamendny kazd4 pouze u
jednoho vzorku ze skupiny I, zatimco kontrolni vzorky byly negativni. Signifikantn¢ zvySena
koncentrace aktivni MMP-1 a -3 byla u patologickych vzorkl prokazana i pomoci aktiva¢nich
analyz. Zvysena exprese a aktivita fady MMP u rohovek s keratolyzou podporuje hypotézu,
ze ackoliv stimuly spoustéjici drahy vedouci k destrukci rohovky mohou byt rizné, tyto
enzymy se uplatiuji zeyjména ve fazi vykonné, pii které dochdzi k masivni degradaci

extracelularni matrix.



1 Introduction

1.1 Transplantation of the Human Cornea

The cornea is the transparent avascular front part of the eye composed of six layers (the
epithelium, the basement membrane, Bowman'’s layer, the stroma, Descemet’s membrane and
the endothelium). It forms a mechanical and chemically impermeable barrier between the
external and internal environment together with the conjunctiva, sclera and tear film. The
cornea serves as the gateway into the eye for external images. Its optical properties are
determined by its transparency, surface smoothness, contour, and refractive power .

Corneal transplantation is the most frequently and successfully performed grafting procedure
in which either a full thickness host cornea is replaced by a donor corneal button (penetrating
keratoplasty) 2 or the affected layers of the host corneal tissue is substituted with lamella
prepared from the donor cornea (lamellar keratoplasty) 3. Although the reported survival rate
of penetrating keratoplasty is about 90% for uncomplicated first grafts one year after
transplantation is performed in normal, nonvascularized, low-risk beds * °, the graft survival
and success depend on a number of factors related to both the donor tissue and recipient % °.
Graft failure occurred in 70 - 90% of high-risk patients " 8. The success of these grafts
depends particularly on immunological risk factors such as vascularization, previous graft
rejection as well as nonimmunologic factors (ocular surface diseases, the presence of
glaucoma or previous surgery, etc.) > ® °. Except for less common reasons of corneal graft
failure (such as melting, primary graft failure, endophtalmitis, disease recurrence or late

10-12

endothelial failure) , the main cause of this event remains immune-mediated rejection

characterized by delayed-type hypersensitivity to donor alloantigens and leukocytic cellular

infiltration of the graft site ***,

1.2 Corneal Melting

Corneal melting (keratolysis) is one of the uncommon but very severe reasons for graft
failure’® . It is a difficult-to-treat and occasionally recurrent condition, which can affect
native cornea as well as corneal grafts. This pathologic process involves the development of
epithelial defects and gradual stromal thinning caused by the destruction of the extracellular
matrix (ECM). Finally, descemetocele may be formed, and subsequent perforation of the

cornea follows 5%,



19, 20 21-23
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Keratolysis could be associated with infectious
24,25

, hon-infectious inflammatory
traumatic 2 2, or trophic causes “°, but may also arise for no apparent reason 2’.

Non-infectious corneal melting could occur as an isolated ocular problem; however, it is more
often linked to systemic diseases (rheumatoid arthritis - RA, Sjogren’s syndrome, Wegener’s
granulomatosis and also rarely to ocular cicatricial pemphigoid - OCP) ¥ # 2 2% RA is a
chronic inflammatory disease with progressive articular damage often associated with

29

systemic manifestations in different tissues “°. Ocular involvement, including dry eye

syndrome, secondary Sjégren’s syndrome, scleritis and keratolysis, occurs in 25 - 50 % of RA
patients, most often in individuals suffering from the severe form of the disease % 2* %,
Sjogren’s syndrome, which occurs as a solitary process, is classified as primary Sjogren’s
syndrome (pSS) and its estimated prevalence is about 0.5% 3!. However, both of them are
characterized by the destruction of the lacrimal and salivary glands, resulting in dry eye and
xerostomia *®, Lymphocytic infiltration occurs in the exocrine glands producing various
autoantibodies 3 ** %: however this autoimmune disease may affect several other tissues and
organs as well 33638

Management of corneal melting is very difficult and especially severe cases require
performance of penetrating keratoplasty ***. Unfortunately, some corneal grafts recurrently

fail by melting as well ** 2,

1.3 Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are a family of 23 structurally and functionally related
endopeptidases, which degrade various components of the ECM ** *°. Depending on their
substrate preference, and structural organisation, they are grouped into six subfamilies:
collagenases (MMP-1, -8, -13), gelatinases (MMP-2, -9), stromelysins (e.g., MMP-3, -10, -
11), matrilysins (e.g., MMP-7, -26), membrane type MMPs (MT1 - MT6-MMPs) and others
(e.g., macrophage metalloelastase - MMP-12 or enamelysin - MMP-20) **.

The structure of MMPs is organized into three basic domains: an amino-terminal propeptide;
a catalytic domain; and a hemopexin-like domain at the carboxy-terminal * * 3. The
propeptide contains a cysteine residue interacting with the catalytic zinc atom, which is
essential in the catalytic processes of the MMPs. Latent MMPs are therefore activated by
removal of this propeptide domain. The hemopexin-like domain of MMPs has been shown to
play a functional role in substrate binding and/or in interactions with the tissue inhibitors of
metalloproteinases (TIMPs) % #* % In addition to these basic domains, the family of MMPs

evolves into different subgroups by incorporating and/or deleting structural and functional



domains (e.g. the fibronectin type-11 like domain in gelatinases, the transmembrane domain

and recognition motif for furin-like convertases in MT-MMPs, MMP-11 etc.) 4% %48,

49

MMPs are regulated at four levels: gene expression ™, compartmentalization (anchoring

MMPs to the cell membrane, or some other molecules in the pericellular space) *°,

delocalization of the prodomain from the catalytic site of MMPs % 43 30 31

and enzyme
inactivation by inhibitors (TIMPs and others e.g. 02-macroglobulin) *°.

Although MMPs are able to cleave almost all components of ECM and a large number of
non-ECM proteins (grow-factors, cytokines, cell receptors, other MMPs etc.) **: members of
each subfamily are more or less substrate specific. In the cornea the most abundant proteins
are fibrillar collagens types I and Il present in the stroma, which are cleaved by all members
of the subfamily collagenases °* >3. Gelatinases are able to degrade especially basement
membrane components of the corneal epithelium (collagen types IV and VII, fibronectin and
laminin) and stromal collagen types V and VI, core protein decorin and denatured collagens
°239 Vfery low levels of collagenases MMP-1, -8 and -13 in the epithelium as well as low
level of MMP-2 in both the epithelium and anterior stroma is normally present °%°,
Stromelysins and matrilysin have similar substrate preferences and cleave ECM components
constitutively present in the stroma and corneal basement membranes (type IV collagen,
procollagens, collagen cross-links, fibronectin, laminin) 3% °* °" ®_ The presence of these

enzymes in the normal human cornea is still uncertain.
1.4 Matrix Metalloproteinases in Non-Infectious Corneal Melting

As corneal melting is a result of the destruction and loss of the ECM, it is often linked to the
over-expression and increased activity of MMPs 2636566,

Elevated levels of MMP-1 were found in the corneal epithelium and stroma and both
gelatinases (MMP-2 and -9) in tears of patients with noninfectious ulcerative keratolysis
associated with RA ® " Increased expression of MMP-2, -3, -8 -9 was also described in
melted corneas of patients treated with nonsteroidal anti-inflammatory drugs (NSAIDs) after

photorefractive keratectomy or cataract surgery %% %

1.5 Induction Mechanisms of Corneal Melting

Noninfectious corneal melting is very often associated with an autoimmune disease (e.g. RA

1 7
and Sjogren’s syndrome) 6. 63, 69, 70

and immune mediated inflammation is suspected of
playing an important part in this process ** ®°. A disturbed epithelial barrier caused by dry

eye, which is very often present in RA or Sjogren’s syndrome, allows some



immunomodulatory mediators from tears or from the conjunctival vasculature, in cases of

% It is supposed that lymphocytic

14, 62, 69

marginal melting, to enter into the cornea
(polymorphonuclear neutrophils and macrophages) and leukocytic (T cells) infiltrates
secrete pro-inflammatory cytokines in melted corneas as well, as is described in the

31 or in synovial fluid of RA

pathophysiology of pSS in salivary and lacrimal glands
patients*®. Pro-inflammatory cytokines tumor necrosis factor alpha (TNF-o) and interleukin-
1B, of which levels are markedly increased in the keratocytes of corneas with rheumatoid
corneal ulceration " and in the tears of pSS patients °, respectively, initiate MMP expression
in various tissues via the mitogen-activated protein kinases pathway ** . However, MMPs
are directly produced by activated neutrophils and macrophages as well .

Except for epithelial erosion, dry eye conditions also cause desiccation and hyperosmolar
stress leading to the stimulation of pro-inflammatory cytokines and in consequence to the

induction of MMP over-expression "> ™,



2 Hypotheses and Aims of the Work

We hypothesized that non-infectious inflammatory corneal melting causing graft failure in
patients with different underlying diseases is mainly inflicted by MMPs.

The aims of this work are:

1. to increase our understanding of the major MMPs’ role in the process of corneal
melting and identify potential targets for the prevention and treatment of devastating

corneal keratolysis

2. immunohistochemical localization of some members of all the MMPs’ main groups -
collagenases (MMP-1, -8 and -13), gelatinases (MMP-2 and -9) stromelysins (MMP-
3) and matrilysins (MMP-7) in cadaverous corneas, which served as controls, melted
native corneas and in grafts recurrently failed due to corneal melting obtained from
patients from three groups: a) patients with primary Sjogren’s syndrome, b) patients

suffering from rheumatoid arthritis, and c) patients with other underlying pathologies

3. to compare the presence, localization and staining intensity of all above mentioned

MMPs in control and melted corneas

4. to determine the activity of selected members of all the main MMP groups —
collagenases (MMP-1), gelatinases (MMP-2 and -9) stromelysins (MMP-3) and
matrilysins (MMP-7) in controls, melted corneas and grafts

5. to compare activities of MMP-1, -2, -3, -7 and -9 in control and melted specimens

6. to compare MMP expression and activity in specimens among all three patient groups

and to ascertain whether the underlying diseases have some influence on individual

MMP production and activation.
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3 Material and Methods

3.1 Patients and Specimens

The study adhered to the tenets set out in the Declaration of Helsinki. Local Ethics Committee
approval was granted. Twenty three melted corneas (including regrafts) from seven patients
were obtained during penetrating keratoplasty for corneal melting. All of these explants were
collected between July 2002 and December 2007 from the Department of Ophthalmology,
General Teaching Hospital and 1% Faculty of Medicine, Charles University in Prague. The
patients were divided into three groups according to their diagnosis (Group | — ).

Group I included 11 specimens of two patients with pSS. Systemic immunosuppression was
administered to both patients. The presence of severe dry eye was diagnosed in both cases
bilaterally. Case 1 suffered from numerous episodes of corneal melting in both the right eye
(six grafts were used as specimens P0-2, P0-3, P0-4, P0-6, PO-7, and P0-8) and left eye (her
native cornea — P0-1 and one graft as specimen PO0-5) requiring a number of surgical
procedures including penetrating keratoplasties. Peripheral ulcerative keratitis was observed
in both eyes of case 2, who developed corneal thinning in her right eye (specimens P0-9, PO-
10 and P0-11) followed by penetrating keratoplasties.

Group Il contained seven melted explants of three patients with RA, all of whom were
evaluated by rheumatologists, and the severity of their RA was classified into four stages
(http://www.wheelessonline.com). All the patients were administered systemic

immunosuppressives. Full thickness grafts were transplanted due to keratolysis, which
occurred in all native corneas (specimen P2-1) and grafts (specimens P1-1, P1-2, P1-3, P2-2,
P2-3, P3) either centrally or paracentrally. The presence of accompanying keratoconjunctivitis
sicca (KCS) was classified as moderate in P1, and severe in P2 and P3 ™.

Group I included five melted corneas of two patients: P4 suffered from OCP and idiopathic
autoimmune hemolytic anemia and P5 who underwent full thickness and patch keratoplasty,
but no systemic disorder explaining the observed keratolysis was detected. She suffers from
chronic entropion. Corneal melting occurred in both the native corneas (P4-2, P5-2) and grafts
(P4-1, P4-3, P5-1), either centrally or paracentrally. KCS was classified as severe in P4 ™.

3.2 Specimen Preparation

Eleven unaffected donor corneal buttons (mean age 59.8 £ 16.9 years) that were unsuitable

for transplantation due to their low endothelial cell density, served as controls (obtained from

11
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the Ocular Tissue Bank, General Teaching Hospital, Prague). All specimens were dissected
into two halves, snap-frozen in liquid nitrogen, and stored at -70 °C. Prior to freezing, one-
half was embedded in Optimal Cutting Temperature Compound (OCT, Christine Gropl,
Tulln, Austria).

Before the activity assessment the specimens were processed as previously described "°. In
brief, they were thawed and homogenized in cacodylate buffer (0.1 M cacodylic acid, 0.15 M
NaCl, 0.01 M CaCl,, 1.5 mM NaNj3, 0.005% Triton X-100, and 0.1 nM ZnCl,). Subsequently
all samples underwent protein extraction for two days at 4 °C, followed by centrifugation for
30 minutes at 10,000 g. The supernatants were removed and frozen at -20 °C. Specimen P5-
1 (Group I1I1) was used only for immunohistochemistry and the MMP-1 activity assay
couldn’t be done in specimen P0-3 (Group 1) due to a lack of material. The Thermo Scientific
Pierce BCA Protein Assay (Pierce Biotechnology Inc., Rockford, IL, USA) was used for the
colorimetric detection and quantitation of total protein in all of our specimens.

3.3 Indirect Enzyme Immunohistochemistry

A seven-um thick cryosections from each of the OCT-embedded control and melted
specimens were placed on gelatin-coated glass slides and stored at -20°C. The slides were
defrosted, fixed with cold acetone and re-hydrated in phosphate-buffered saline (PBS), both
for 10 minutes. Endogenous peroxidase was blocked by a 30-minute incubation in 3%
hydrogen peroxide in PBS. After washing in PBS the specimens were blocked for 30 minutes
with 2.5% bovine serum albumin in PBS. The sections were subsequently immunolabeled (1
hour at room temperature) with primary antibodies (polyclonal rabbit anti-human MMP-1 and
MMP-8, monoclonal mouse anti-human MMP-2, MMP-7, MMP-9 and MMP-13 all from
Chemicon Intl. Inc, Temecula, CA, USA and polyclonal rabbit anti-human MMP-3 from
AnaSpec Inc., San Jose, CA, USA). Subsequently, the slides were washed in PBS and the
secondary antibodies (polyclonal rabbit anti-mouse 1gG and swine anti-rabbit 1gG conjugated
with biotin; DakoCytomation, Glostrup, Denmark) were applied for 1 hour. After rinsing in
PBS, streptavidin/horseradish peroxidase (DakoCytomation, Glostrup, Denmark) was added
for 30 minutes. Finally, the slides were developed with 0.06% 3,3'-diaminobenzidine
tetrahydrochloride (Fluka, Buchs, Switzerland) in PBS, counterstained with Harris
hematoxylin, and mounted with Eukit (Fluka, Buchs, Switzerland). One section on each slide,
where the primary antibody was omitted, served as a negative control. The intensity of the
signal was assessed separately in the epithelium, anterior stroma, posterior stroma, and

endothelium using five grades of positivity: 0 (negative), 1 (weak), 2 (moderate), 3 (intense),
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4 (very intense). The mean average positivity was calculated from at least three sections of

two independent experiments.
3.4 Gelatin and Casein Substrate Zymography

Gelatin and casein zymography were used for the detection of MMP-2 and -9, and MMP-3
and -7, respectively. All specimens (native cellular protein quantity, 8.5 ug) were treated with
a sample buffer (1.5% sodium dodecyl sulfate - SDS, 15% glycerol, and 0.005% bromphenol
blue). Both zymographies were carried out as described previously ' with slight
modifications. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using a
10% SDS-polyacrylamide gel containing 0.1% gelatin (AppliChem GmbH, Darmstadt,
Germany) or a 12% gel containing 0.09% casein (Sigma-Aldrich, St. Louis, MO, USA). In
brief, SDS-PAGE was performed for 60 minutes at 200 V at 4 °C for gelatin zymography, and
for 90 minutes at 20 mA at 4 °C for casein zymography. After rinsing twice in 2.5% Triton X-
100 for 30 minutes at room temperature, the gels were incubated in a reaction buffer (50 mM
Tris-HCI, pH 7.5; 200 mM NaCl, 5 mM CaCl, and 0.02% 23 lauryl ether - Brij-35) at 37 °C
overnight. The gels were stained for 1 hour at room temperature in 0.5% Coomassie brilliant
blue R-250 (Serva Electrophoresis, Heidelberg, Germany) in 40% methanol and 10% acetic
acid, and then destained with a mixture of 40% methanol and 10% acetic acid. Proteolytic
activities appeared as clear bands of lysis against a dark background of stained gelatin or
casein. All experiments were performed in duplicate. To confirm that the bands were MMPs,
separate gels were treated overnight with a buffer lacking calcium and containing 20 mM

ethylenediaminetetraacetic acid (EDTA), and afterwards processed as described above.
3.5 Matrix Metalloproteinase-1 and -3 Activity Assay

The concentrations of the active forms of MMP-1 and -3 were determined using a commercial
kit (Amersham matrix metalloproteinase-1 and Amersham matrix metalloproteinase-3 Biotrak
Activity assay system, Amersham Biosciences, Amersham, UK) according to the
manufacturer’s protocol and as described previously "®. The values of the color reaction of the
assays were read at 405 nm on a SUNRISE ELISA Reader (Tecan Trading AG, Méannedorf,
Switzerland). MMP-1 and -3 were determined in samples by interpolation from the standard
curve. The MMP-1 activity assay could not be performed in P5-1 (Group Ill) and P0-3
(Group 1), and concentrations of the active MMP-3 was measured only in samples of Groups
I1 and 111 due to a lack of sufficient quantities of the specimens. Owing to the limited amount

of all sample material available, we performed this experiment only once.

13



3.6  Statistical Analysis

The Mann-Whitney U test was used to analyze the differences between the control and the

experimental groups. A p value <0.05 was considered to indicate a statistical significance.
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4 Results

4.1 Localization of Matrix Metalloproteinases in Melted and Control Corneas

All control corneas exhibited regular morphology, with a five- to six-layer epithelium, stroma
of normal thickness, an unaffected Descemet’s membrane and a monolayer endothelium.
Severe damage was observed in most of the pathological specimens including the complete
absence of the epithelial layers and, in some specimens, a partly dissolved Bowman’s layer
and a partly destroyed edge of the anterior stroma in the area of the lesions or throughout the
whole specimen. Also the endothelium was destroyed in most melted corneas from all three
groups.

In controls, moderate staining for MMP-1 and -2, and weak staining for MMP-8, were
detected in the epithelium. A weak signal for MMP-2 was observed in the anterior stroma.
The endothelium revealed weak staining for MMP-1 and -8 (Fig. 1). Staining intensities of
particular MMPs were averaged as no prominent differences in MMP staining were found
among the individual control specimens for any of the MMPs tested (Tab. 1).

Staining intensity for MMP-1 and -9 was increased in the corneal epithelium and the stroma
of all patient groups. Immunostaining for MMP-2, -3, -7 and -8 was elevated in both these
corneal layers in almost all melted specimens (74 - 96%) from all three groups, in contrast to
the controls. In the endothelium, immunostaining for MMP-2 was increased in almost all
specimens of groups I, Il and Il (55, 71 and 60%), respectively. MMP-9 staining was
elevated in the endothelium of specimens from group | (60%). In all pathologic samples
pronounced differences in the staining pattern of individual MMPs were observed. The
staining intensity of individual MMPs in melted specimens from all three patient groups is
summarized in table 1, and representative pictures of some melted corneas are shown in
figure 1. The influence of the underlying diseases on the localization and staining intensity of
individual MMPs seems to be rather negligible, as no trend indicating the increased presence
of some unique combination of MMPs in samples obtained from individual groups was

shown.
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Table 1. The immunohistochemical staining intensities of individual MMPs in the corneal specimens from all three groups and their average

values in all controls (C).
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4.2 Detection of Matrix Metalloproteinase-2 and -9 Activities

Control samples revealed a moderate level of the partly cleaved MMP-2 proenzyme (67 kDa
band) in all specimens, whereas the active form (62 kDa band) was either not present or very
faint, except in samples C1, C3, and C11. In group I, melted specimens P0-1 and P0-2 showed
extremely high levels of both partly cleaved proenzyme and the active form of MMP-2.
Specimens P0-7, P0-9, and P0-11 revealed distinct levels of both forms of this enzyme and
other samples displayed either no, or low levels of, both forms of this enzyme. In group II,
prominent bands and faint bands of both the partly cleaved proenzyme and the active MMP-2
were detected in four (P1-1, P2-1, P2-2, P3) and one (P1-3) melted corneas, respectively. Two
samples showed the presence of the active form only (P1-2 and P2-3). The sample P4-3 and
specimens P4-1, P5-2 from group Il exhibited prominent bands and faint bands of both
MMP-2 forms (the partly cleaved proenzyme and the active enzyme), respectively. The graft
P4-2 exhibited a prominent band of the inactive and a faint band of active MMP-2.

The presence of MMP-9 in control corneas was not shown, except for faint bands of MMP-9
proenzyme (95 kDa band) in samples C3 and C7. Levels of MMP-9 proenzyme and the active
form (82 kDa band) were extremely high in seven (P0-4, P0-6 - P0O-11), and prominent in one
(PO-5), samples of group I. Three melted specimens (PO-1 - P0-3) showed weak bands for
both MMP-9 forms. In group 11, markedly elevated levels either of both forms of MMP-9, or
of only the active form, were observed in five melted specimens (P1-1, P1-2, P1-3, P2-2, P2-
3) and two melted corneas (P2-1 and P3), respectively. Increased levels and low levels of both
MMP-9 forms were detected in three (P4-1, P4-2, P4-3) and one (P5-2) melted specimens of

group 111, respectively.
4.3 Detection of Matrix Metalloproteinase-3 and -7 Activities

Casein zymography revealed neither the proenzyme (60 kDa) nor the active enzyme of
MMP-3 (47 kDa) in any of the control specimens. Negligible levels of the pro-MMP-3 were
found in five melted specimens (P0-1, PO-2, P0-6, PO-7, and P0-9), and levels of both the
proenzyme and active MMP-3 were found in specimen P0O-5 of patients from group I. Three
melted corneal samples (P1-1, P1-2, and P2-3) of group Il and two melted corneal samples
(P4-2, P4-3) of group Il exhibited low levels of the MMP-3 proenzyme.
No form of MMP-7 was observed in any of the control specimens. Dense bands and faint
bands migrating at 30 kDa and 28 kDa, corresponding to the proenzyme of MMP-7 and its
intermediate cleavage product in nine (P0O-2 - P0-10) and two melted corneas (PO-1 and PO-
11) of group I, were observed, respectively. A very slight band of the active MMP-7 (20 kDa)
18



was found in specimen PO-7 only. High levels of inactive MMP-7 forms (intermediate
cleavage products - 28 and 25 kDa) were found in five (P1-1, P1-2, P1-3, P2-2, P2-3) melted
corneas of group Il, whereas the sample P2-1 of group Il, and all four tested pathologic
samples of group Il (P4-1, P4-2, P4-3, and P5-2), exhibited faint bands of these two MMP-7

forms.
4.4 Evaluation of Active Matrix Metalloproteinase-1 and -3 Concentration

The active form of MMP-1 was not found in any control corneas. In group I, the active
MMP-1 was found in eight of ten melted corneas (p=0.0011). Significantly higher MMP-1
activity was also shown in all melted corneas from group Il and three of four tested pathologic
samples from group 111 compared to controls (p-value < 0.001). Specimens P0-3 and P5-1
couldn’t be evaluated due to limited amounts of available tissue.

The concentration of active MMP-3 in the melted specimens of groups Il and Il was
significantly higher (range, 12.6-106.22, p-value < 0.001) than in controls, ten of which
displayed low levels of the active MMP-3 (range, 0-32.4 ng/ml). Group | was not included in
the MMP-3 activity assay evaluation due to insufficient amounts of the sample.
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5 Discussion

In this work, which summarizes results about different MMP expression and activity in
healthy and melted corneas or grafts, we have attempted to illustrate the exact contribution of
individual MMPs (MMP-1, -2, -3, -7, -8, -9, and 13) in the corneal melting process in

individual corneal layers.
5.1 Matrix Metalloproteinases in Process of Corneal Melting

Although the expression of some MMPs during corneal melting associated with various
pathologies (RA, cataract surgery treated with NSAIDs) has already been reported 8% 6% % 8,
the exact mechanism of corneal melting and MMP participation in this process are yet to be
satisfactorily described.

The process of keratolysis usually precedes epithelial defect formation (see above), which is
subsequently followed by epithelial basement membrane and stromal degradation *°. The
failure to re-epithelialize, the delay in basement membrane repair and the degradation of
stromal components are thought to be caused by the proteolytic activity of MMPs ©% 63 6580
Gelatinases, the presence of which in melted corneas has been shown in this study as well as

in previously reported works ®% %

, may play an important role in the first step of this process.
Strong activity as well as immunostaing of MMP-9 in almost all samples of all three patient
groups clearly corresponds to a recently reported hypothesis that MMP-9 participates in the
degradation of the corneal basement membrane during the process of corneal melting .
MMP-2 is involved in the attempts of the melted tissue to regenerate as its synthesis is
delayed and limited to a short time period °. This could explain the variable MMP-2 activity
detected in our melted corneas, most probably obtained in different stages of melting.
Discrepancies among several studies reporting on MMP-2 expression in ulcerated corneas
also support this theory % %8 Other possible candidates capable of cleaving components
of the epithelial basement membrane during corneal melting are MMP-3 and -7 ** 2. Our
study revealed the presence of MMP-3 in the epithelium of melted corneas and, moreover, a
significant increase in MMP-3 activity in groups Il and Il compared to control corneas.
Unfortunately, specimens in group | could not be tested by MMP-3 activity assay due to
insufficient amounts of the material. The casein zymography did not confirm results of
MMP-3 activity assay in specimens from groups Il and Ill, most probably due to the lower
sensitivity of casein zymography for this enzyme ®. Discrepancies in the MMP-3 activity

results, as well as between MMP-3 activity and the immunostaining, may also be caused by
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the possible cross-reactivity of MMP-3 with MMP-10. As these two MMPs have almost
identical substrate specificities %, an activity assay may recognize both the active MMP-3 and
-10. To the best of our knowledge, expression of MMP-7 in melted corneas has not been
previously shown by other researchers. Although we detected the active form of MMP-7 in
only one specimen from group I, we found a large quantity of MMP-7 proenzyme and its
partially activated form % in almost all specimens of all three groups.

As collagens, especially collagen types I and I11, are the main ECM elements composing the

Bowman’s layer and corneal stroma >3

, collagenases are the likeliest candidates for
degradation of these layers during corneal melting. Our study confirmed the previously
found® high level of MMP-1 in the melted corneas, and, moreover, demonstrated a
statistically significantly higher MMP-1 activity. However, the concentration of active
MMP-1 in the melted specimens was lower than expected based on immunostaining results.
This could be explained by the presence of some TIMPs or other protein inhibitors (a2-
macroglobulin, etc.), which are physiologically expressed in corneal tissue 3% °.

Perceptible differences in immunostaining for MMP-8 in the stroma of all melted specimens
could be explained by the fact that this enzyme is mainly produced by neutrophils, the
distribution of which in corneal stroma may vary among melted corneas * 3% 6 # The
presence of MMP-8 in the corneal stroma in areas of leukocyte infiltration was found in some
of our specimens from group | (data not shown), as well as having been previously described
in ulcerative keratolysis 2. As far as we understand, the presence of MMP-13 is still
unknown. We found a negligible level of this collagenase in the stroma of some samples from
all three groups. This could be explained by the fact that MMP-13 preferably cleaves collagen
type 11, which is not present in any corneal layer >*. Gelatinases represent another group of
collagenolytic enzymes capable of cleaving collagen type V, VI and denatured collagens
present in corneal stroma > *® %% Except for collagens, it digests the stromal core protein
decorin *°. Our study demonstrated strong expression of both gelatinases in the stroma, as
well as a high level of active MMP-9 in almost all tested specimens from all three groups. In
addition, the MMP-3 and -7, present in the stroma of almost all specimens from all three
groups, may also assist in the degradation of corneal stroma due to their effectiveness at

°2 87. 8 |aminin and fibronectin °* *’. Moreover

\V/ 39, 41, 52.

degrading some stromal proteoglycans
MMP-3 cleaves procollagen peptides and collagen type
Finally, once the stroma is completely lost, a descemetocele is formed. As the Descemet’s

membrane is composed mainly of collagen IV and VIII, which are cleaved by MMP-2, -3, -7,
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-9 and MMP-1, respectively, and because it’s a very fragile layer, the rupture of this

destructed cornea is very imminent %%,

5.2 Variability of Matrix Metalloproteinases Expression in Individual Specimens

Some variability in the expression of individual MMPs was found among our specimens in all
three groups. No trend towards an increase or decrease of individual MMP expression or
activity was found over time, or of disease progression, in any of the consecutive patient
samples. Instead, the level and activity of individual MMPs detected seemed rather to vary in
each specimen. This phenomenon could have a number of causes such as the different stages
of melting at which the explants were obtained or some heterogeneity in the expression of
MMPs showing local variations (which depends on the distance from the focus of the
melting) within individual specimens. As our specimens were cut into two halves for
subsequent use in immunohistochemical staining and the activity assay, thus any variations
found in the results could reflect the diversity of MMP distribution or the distance from the
focus of the melting. On the other hand, the immunostaining of individual MMPs was similar
for consecutive sections obtained from each cornea.

From the clinical course of corneal melting we know that the speed of corneal melting differs
tremendously. In some patients with the same diagnosis, the cornea can melt and perforate
within a few days whereas in others it can take weeks or even months. Different levels of
MMP expression can therefore explain the very different speed of the process of keratolysis in
individual cases which is clinically striking.

With respect to our results, it seems that the influence of the diverse underlying diseases on
the expression of individual MMPs is negligible as we were not able to show any trend
towards the increased expression of some unique combination of MMPs in samples from
appropriate groups.

Discrepancies in results from immunostaining and the activity of some MMPs could be
explained by another reason, namely the different levels of the active and inactive forms of
individual MMPs. The antibodies used for immunohistochemistry do not distinguish between
the zymogen and active MMPs, in contrast to the activity assays. In regards to the methods
used, we cannot say that the level of the active enzyme is directly proportional to the level of
the inactive form of the same enzyme in each specimen. The ratio between the two forms
could be affected by the presence of MMP inhibitors and the quantitative differences between
their samples. Therefore, the staining results do not have to necessarily correlate with the

results from the activity assay or zymography.
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5.3 Future Possible Treatment of Corneal Melting

Current management of keratolysis includes several surgical techniques (the application of
tissue adhesives, amniotic membrane transplantation, penetrating keratoplasty) used
according to the stage of this destructive process *" 2. However, in severe cases of keratolysis
the treatment is rather unsuccessful 1242863,

None of the disease-modifying therapies used in our patients were effective in regulating
MMP production and corneal melting. According to our results, novel treatment strategies
intent on the inhibition of MMP activity or expression should be considered in similar cases.
Agents inhibiting MMP activity, such as recombinant TIMPs or another synthetic matrix
metalloproteinase inhibitor (Galardin), were previously successfully used to treat ulcerated
rabbit corneas '* . The direct inhibition of MMP activity can also be achieved by ion-
chelating agents such as cysteine or EDTA, and by tetracyclines, which also have chelating
properties and furthermore inhibit phagocytosis ***. From agents known to inhibit MMP
expression, TNF-o antagonist infliximab has been shown to have a beneficial effect in the
treatment of progressive RA-associated corneal ulceration *. Infliximab inhibits TNF-o
which is known to activate MMP production 3% " % Finally, an alternative method of
keratolysis management could be focused on the recovery and strengthening of the stromal
collagen structure by collagen cross-linking. Corneal cross linking is used to treat initial
stages of keratoconus; however, some success in the treatment of several cases of refractive

corneal melting has already been reported %%,
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6 Conclusions and Future Work

In this study, we present three groups of patients suffering from pSS (group 1), RA (group I1)
and patients with other underlying pathologies (group I11), who underwent rapidly progressive
recurrent corneal melting despite receiving all available treatment. We obtained 23 tissue
specimens in total from all of the seven patients investigated (five melted native corneas and
18 corneal grafts failed due to corneal melting).

Our findings clearly show which members of the large MMP family participate in corneal
melting and in which corneal layer they mainly take effect. We confirmed partial results of
other studies supposing the role of gelatinases (MMP-2 and-9), collagenases (MMP-1 and -8)

and stromelysin MMP-3 ©% 03 ©5 ©8

in corneal melting; but moreover, this is the first
comprehensive study describing the presence of all the main MMPs. In addition it shows the
presence of matrilysin MMP-7 and a negligible level of collagenase MMP-13 in melted
corneas " % To the best of our knowledge, we are the first to determine the activity of
MMP-1, -3 and -7 in melted corneal specimens °" .

Although we used specimens from patients with different underlying diseases, in whom the
exact trigger mechanisms of corneal melting may vary, the final progress of corneal
degradation concerning MMP expression and activation was shown to be more or less similar
in all the patients’ specimens. These findings are in compliance with the complexity of
keratolysis and implicate the participation of all the main MMPs in this process.

Even though we showed the expression of a wide spectrum of MMPs in melted and normal
corneas, there are still other MMPs which may have an important influence on corneal
melting but which have still not been studied. MMP-10 (stromelysin-2) is a good candidate
for our future work focusing on this topic because of its similarity to MMP-3 and its similar
substrate specifity, which probably cause discrepancies between the MMP-3 activity results as
well as differences between MMP-3 activity and the immunostaining.

Despite the research which we performed, the disease-initiating mechanisms are still unclear
and need to be clarified. Our future work will mainly be focused on the elucidating of
immune-mediated initiation of this destructive process. Since the TIMPs and other MMP
inhibitors and the regulation of their expression may have an important influence on corneal

melting, their investigation is also one point included in our future plans.
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