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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) those with rheumatoid
arthritis and c) those with 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 groups Il and Il 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 the controls. In contrast to the 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 in each specimen from group I. 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 takes place.

Key words: corneal melting, corneal ulcer, matrix metalloproteinases, extracellular matrix,

primary Sjogren’s syndrome, rheumatoid arthritis



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: @) pacienti s primarnim Sjégrenovym syndromem, b) pacienti s
revmatoidni artritidou, C) pacienti s dal§imi keratolyzu doprovazejicimi 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 aktivaénimi analyzami. Pt#i imunodetekci MMPs byla v porovnani
S negativnimi ¢i slabé pozitivnimi kontrolami pozorovana zvySend intenzita signdlu MMP-1 -
2, -3, -7, -8 a -9 v epitelu a stromatu téméf u vSech patologickych vzorkl. V endotelu byla u
vetSiny vzorkil zaznamendna zvySend hladina MMP-2 ve skupiné I a 11l a MMP-9 ve skupiné
I. Zelatinova zymografie prokézala 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 zaznamenédny kazd4 pouze u
jednoho vzorku ze skupiny I, zatimco kontrolni vzorky byly negativni. Signifikantné 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 zejména ve fazi vykonné, pii které dochazi k masivni degradaci

extracelularni matrix.

Klic¢ova slova: keratolyza rohovky, rohovkovy vied, matrix metaloproteinazy, mezibunécna

hmota, priméarni Sjogrentiv syndrom, revmatoidni artritida
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1 INTRODUCTION

1.1 The Human Cornea

The cornea is a transparent avascular tissue located at the anterior part of the human eye (Fig.
1) which is exposed to the external environment. The anterior corneal surface is covered by
the tear film, and the posterior surface is washed by the aqueous humor. The transparent
cornea merges with the opaque sclera and semitransparent conjunctiva. The transition zone
between the cornea and sclera is called the limbus, which contains a reservoir of pluripotential
stem cells > 2,

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 °.

The adult cornea measures 11 to 12 mm horizontally and 9 to 11 mm vertically. It is
approximately 0.5 mm thick at the centre, and its thickness increases gradually toward the
periphery . It is composed of six layers: the epithelium, the basement membrane, Bowman’s
layer, the stroma, Descemet’s membrane and the endothelium * (Fig. 2).

The corneal epithelium consists of five to seven layers of nonkeratinized, stratified squamous
epithelial cells, which are generally divided into three different layers. The first is a
monolayer of columnar basal cells possessing mitotic activity. The second is formed by two
to three layers of wing cells, which are in an intermediate state of differentiation between
basal and superficial cells. The most superficial layer includes two to three layers of well
differentiated non-proliferating superficial cells with low metabolic activity “ °. The
epithelium, together with the tear film, contributes to the maintenance of a smooth corneal
surface. The corneal epithelium provides a barrier to external biological and chemical insults
due to junctional complexes (tight junctions, adherent junctions, desmosomes, and gap
junctions) between adjacent corneal epithelial cells >°.

The basement membrane, which is located between the basal epithelium and the underlying
Bowman’s layer, is a very important layer fixing the polarity of the epithelial cells °. The
components necessary for its formation (type IV and V11 collagen, laminin, fibronectin) * are
secreted by the basal cells of the corneal epithelium 8. The two most important functions of
the basement membrane are to provide a matrix on which cells can migrate and to help

epithelial wound healing **2.



Figure 1. Schematic illustration of the structure of the human eye. Adapted from Willoughby
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Figure 2. Schematic illustration of the corneal section showing all corneal layers. Adapted
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An acellular membrane-like zone between the corneal epithelium and stroma is called
Bowman’s layer. This 8 - 12 um thick layer is formed by a random arrangement of
proteoglycans and collagen fibers synthesized by stromal keratocytes (corneal
fibroblasts)**™°. It is composed mainly of collagen types I, 1l and V. Collagen type VII is
also present serving as an anchor between hemidesmosomes and anchoring plaques in the
stroma, and thus stabilizing epithelial cells, the basement membrane and Bowman’s layer™ ™.
The largest portion of the cornea is formed by the stroma. It consists of an extracellular matrix
(ECM), keratocytes and nerves. The cellular components — keratocytes — occupy only 2 - 3%
of the total volume of the stroma 2° and their turnover is very slow **. The most abundant
stromal component is the ECM composed of collagen (collagen type I, 1ll, V and VI) and
glycosaminoglycans *» 11822 The diameter of the collagen fibers and the distance between
individual fibers are highly uniform and are less than half of the wavelength of visible light %
24 This regular arrangement is a major determinant of corneal transparency 2. The turnover
of collagen molecules in the cornea is slow, requiring two to three years %°. Various
glycosaminoglycans (keratan sulfate, chondroitin sulfate, and dermatan sulfate) are present
between collagen fibers and regulate their spacing thus participating in the maintenance of
corneal transparency ** %,

Descemet’s membrane, the basement membrane of the corneal endothelium, is composed
mostly of collagen type IV, VIII and laminin but also contains collagens V, VI and XVIII
(reviewed in Jirsova et al.) ** %" 28 This layer is very fragile and it is torn easily on exposure
to mechanical stress °.

The posterior surface of Descemet’s membrane covers a single layer of corneal endothelial
cells. These cells are polygonal (mostly hexagonal) in shape and on their apical surface there
are sparse small microvilli that bulge into the anterior chamber, thereby increasing the surface
area exposed to aqueous humor 2* *°. They contain various junctional complexes (tight and
gap junctions). Endothelial cells are metabolically very active but they do not proliferate, or
divide very reluctantly, in humans **. In young adults the endothelial cell density is about
3500 cells/mm? and it decreases with age *. The most important physiological function of the
corneal endothelium is to regulate the water content of the corneal stroma thereby maintaining
corneal transparency ***".

The cornea is one of the most heavily innervated and sensitive tissues in the body. Most of the
sensory nerves in the cornea are derived from the ciliary nerves of the ophthalmic branch of
the trigeminal nerve. Nerve fibers penetrate the cornea in the deep peripheral stroma radially

and then course anteriorly, forming a terminal subepithelial plexus. The nerve fibers lose their
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myelination within a short distance of their point of entry into the cornea and terminate at the
epithelial wing cell level ** *. Loss of the superficial corneal epithelium therefore results in
severe ocular pain.

The cornea is one of the few avascular tissues in the body therefore a supply of nutrition
(glucose) must be provided by diffusion from the aqueous humor — a liquid filling the anterior
chamber (Fig. 1). In contrast, oxygen is supplied to the cornea primarily by diffusion from
tear fluid, which absorbs oxygen from the air. A small proportion of the oxygen is met by
diffusion from the aqueous humor and limbal circulation *°. Closure of the eyelids during
sleep reduces the amount of oxygen that reaches the cornea. Corneal metabolism thereby

changes from aerobic to anaerobic (with consequent accumulation of lactate) during sleep **
42

1.2 Corneal Transplantation

Corneal transplantation is the most frequently performed grafting procedure in which the
affected host corneal tissue is replaced with a donor corneal button or lamella.

The techniques of corneal grafting were first reported in 1824 by Reisinger who experimented
on rabbits but gained poor results **. The first human corneal transplant was performed in
1886, in which a full-thickness rabbit cornea was placed into a human recipient’s corneal
lamellar bed *. It was not until the twentieth century, in 1905, that Edward Konrad Zirm
performed the first successful human corneal transplantation called penetrating keratoplasty*,
and since then this method has gradually progressed and been improved, as have techniques
employed to store and preserve donor corneas.

The indications for corneal grafting include anatomic, functional (poor visual acuity) and
clinical indications (pseudophakic corneal edema, stromal corneal dystrophies, corneal
thinning, viral and microbial keratitis, noninfectious ulcerative keratitis or perforation etc.).
Anatomic indications of corneal transplantation involve: optical (traumatically distorted or
keratoconic corneas), reconstructive (corneal ulceration, melting and perforation), therapeutic
(edema, scarring, dystrophy, degeneration and medically unresponsiveness infections) or
cosmetic indications (removing unsightly corneal scars or deposits).

Although penetrating keratoplasty is the most successful tissue transplantation procedure
(success rates defined by grafts remaining clear after one year approach 90% in low risk

46-50

patients) , graft survival and the success of this procedure depend on a number of factors

such as the underlying diagnoses and the stage of the disease in the recipient, as well as
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immunology, topical and systemic drug administration, surgical technique, and the banking
procedures of the corneal graft *® >!. The success of high risk penetrating keratoplasties (the
success rate of which decreases to about 10 - 30%) °>** depends particularly on immunologic
risk factors such as vascularization, and previous graft rejection, as well as nonimmunologic
factors (ocular surface diseases, glaucoma, decreased sensation etc.) " >>>°,

There are two main techniques used in corneal grafting: penetrating and lamellar
keratoplasty®. Penetrating keratoplasty is a relatively easy surgical procedure and the
outcome is generally good ®*. It involves the removal of the whole cornea (all six layers) and
its replacement with a full thickness cornea from a donor. The size of the graft depends on
several factors including the host corneal size, pathology, and the risk of rejection >*. The risk
of rejection increases with graft sizes outside the range of 7.0 to 8.5 mm diameter, and as the
graft-host junction moves closer to the limbus ®®°. Lamellar keratoplasty involves selective
replacements of the diseased corneal layers leaving the rest of the healthy cornea of the
patient undisturbed. There are two types: anterior lamellar keratoplasty and posterior lamellar
keratoplasty ®* ®. Anterior lamellar keratoplasty is a procedure in which the epithelium, the
basement membrane, Bowman’s layer, and the stroma to a variable depth, are replaced by
donor tissue. It is used for example in superficial corneal scars or to restore useful vision in
various congenital or developmental disorders such as stromal dystrophies ®"®. Posterior
lamellar keratoplasty selectively replaces diseased Descemet’s membrane and the
endothelium, and it is used for the treatment of disorders affecting these two layers such as
endothelial dystrophies (Fuch’s endothelial corneal dystrophy, iridocorneal endothelial

syndrome, pseudophakic bullous keratopathy etc.) "2,

1.3 The Immune privilege of corneal grafts and corneal graft failure

Penetrating keratoplasty is orthotopic corneal transplantation, which is the most common and
successful form of solid tissue grafting performed with a survival rate of about 90% in the
first year after transplantation for uncomplicated first grafts performed in normal,
nonvascularized, low-risk beds “°. This relative success is achieved due to the fact that the
corneal allograft, and its graft bed, are endowed with immune privilege. Immune privilege of
corneal allografts is based on multiple, overlapping anatomical, physiological and
immunomodulatory features of the cornea and the underlying anterior chamber. These include
the afferent blockade of the immune response that is provided by a lack of donor mature

antigen presenting cells (APC) in the central part of the normal corneal graft. These cells
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express major histocompatibility complex class 11 (MHC 1I) on their surface, by which they
present antigens to T cells. In the cornea, there are three types of APC: MHC class Il-positive
dendritic cells present in the corneal epithelium and stroma, Langerhan’s cells resident in the
corneal epithelium, and macrophages mainly populating the posterior stroma "> ™. The
afferent blockade of the immune response is also assured by the absence of afferent ways of
immune response in the graft bed - blood vessels and lymphatics ". Other features are mainly
associated with deviation of the immune response from a destructive to a tolerant pathway
and the blockade of allodestructive immune effector elements including the presence of
complement regulatory proteins, immunosuppressive cytokines and neuropeptides in the
aqueous humor, and antigen-specific down-regulation of T-helper cell type 1 (Thl)
alloimmune response to intraocular antigens. The antigen-specific down-regulation of
delayed-type hypersensitivity responses to antigens introduced into the anterior chamber has
been termed anterior chamber-associated immune deviation ">7’. Also important is the Fas
ligand (FasL, CD95L) expression on multiple corneal epithelium and particularly on the
endothelium. This ligand triggers program cell death in cells bearing a Fas receptor, and
therefore effectively kills neutrophils, T-cells and other immune cells ™ 7",

Despite the immune privilege in patients with corneal grafts placed in high-risk beds, rates of
graft failures are between 70 to 90% 2>,

Except for uncommon reasons for corneal graft failure (such as ulceration and corneal

61, 81, 82

melting, primary graft failure, endophtalmitis or disease recurrence) , the main cause

for this event remains immune-mediated rejection characterized by delayed-type

hypersensitivity to donor alloantigens and leukocytic cellular infiltration of the graft site °"®,

A number of factors have been found to increase the risk of corneal rejection: rejection

associated with vascularisation of the cornea either pre- or post-operatively " ***°

56, 58

, prior graft

failure, particularly due to rejection
54, 61-65

, graft sizes outside the range of 7.0 to 8.5 mm in

diameter , preoperative glaucoma and pre-existing inflammation in the eye or prior

anterior segment surgery other than a previous graft > 8% 8,

The process of corneal allograft rejection is an inflammatory process which includes an
induction phase, called “afferent arm”, and an expression phase, called the “efferent arm”. In
the afferent arm the host becomes sensitized to the donor antigens by means of APC (see
above). The allorecognition process involves two different pathways. The direct pathway
involves donor APCs that sensitize the host directly after the T cells recognize the donor
MHC class 11, thus generating direct alloreactive T cells . The indirect pathway involves

host APCs invading-migrating into the graft, taking up the donor’s antigens, migrating to
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draining lymphatic nodes and then presenting their antigens in the context of “self” MHC
class 11 to the receptors of native T cells ® . The efferent phase is responsible for the actual
“attack” on the graft. This phase consists of the proliferation of alloreactive T cells in
lymphoid organs, delivery of these cells to the cornea, and the development of a “memory”
that can assist the alloimmune response in case of repeated exposure to the same antigen ®.

Clinically, graft rejection is observed as cellular infiltration. Inflammatory cells

(macrophages, monocytes and lymphocytes) & &

invade the specific portion of the corneal
graft that is being rejected: epithelium, stroma or endothelium. Epithelial and stromal
rejection are not common, however, endothelial rejection is the most common of the three
types, with reported rates from 8% to 37% of cases who underwent penetrating keratoplasty
47, 48, 90.

There are a variety of strategies which may lead to the prevention of corneal allograft
rejection. The most extensive clinical trials have evaluated the role of histocompatibility

matching of donor and recipient to prevent graft rejection. Early studies >> >

suggested that
histocompatibility matching can improve graft survival, particularly in high-risk patients.
Retrospective analysis of rejected corneal transplants also demonstrated a decreased

d °% 9. Controversial results not

frequency of rejection when HLA antigens are share
confirming the efficacy of HLA antigen matching in immune rejection prevention in high-risk
corneas was also suggested by the Collaborative Corneal Transplantation Studies Research
Group %.

The treatment of choice for acute corneal allograft rejection is mainly corticosteroid therapy
by topical, periocular, or systemic administration. It is suggested that the use of higher
frequency postoperative topical steroids, close follow-up of the patient, and the aggressive
treatment of suspected or diagnosed rejection results in graft survival rates *%. On the other
hand, immunosuppression by long-term corticosteroid therapy is associated with unacceptable
ocular and systemic side effects. Therefore it is wise to carefully monitor the patient’s general
health in these cases . This is why less toxic combined systemic immunosuppressive
therapy with cyclosporine or tacrolimus, mycophenolate mofetyl and corticosteroids is most
commonly used in the prevention of immune graft rejection in high-risk corneas. There are
other methods of still rather investigational therapies such as monoclonal antibody therapy
(using monoclonal antibodies directed at other relevant portions of the molecules involved in

the immune response), which also offer promise in the attempt to mitigate graft rejection " .
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1.4 Corneal Melting

Corneal melting (keratolysis) can be a reason for graft failure % %: however it may affect a
native cornea as well > 1®_ |t is a rare, occasionally recurrent and difficult-to-treat condition
leading to corneal destruction. It is characterized by the development of epithelial defects and
gradual stromal thinning due to the destruction and loss of the ECM, which may lead to

descemetocele formation and subsequent perforation of the cornea *°*'% (Fig. 3).

104, 105 106-108
1

Keratolysis could be associated with infectious
109, 110

, nhon-infectious inflammatory
traumatic , or trophic causes ***, but may also arise for no apparent reason **.
Infectious corneal melting is caused by bacterial (Pseudomonas aureginosa, Staphylococcus

aureus, Streptococcus pneumoniae, Klebsiella pneumoniae, Enterococci etc.) % 13115

113, 116, 117

fungal (Aspergillus flavus, Fusarium solani, Rhodotorula rubra etc.) or viral

(herpes, cytomegalovirus)

invasion and colonization of the corneal surface and deeper
layers of the cornea, which is followed by immune response, infection and rapid ulceration ***
105116 The corneal destruction associated with bacterial infection is thought to result from the
production of a mixture of proteases (cleaving ECM components) by bacteria, as well as the
host’s corneal and inflammatory cells 104,105

Traumatic corneal melting may occur as a consequence of severe chemical or thermal eye
burns. In these pathologic situations toxic substances such as prostaglandins, superoxide
radicals and others are released from the burnt cells of the necrotic tissue. An inflammatory
response is initiated when they diffuse into surviving tissues **°. The burned ulcerated corneas
produce proteolytic enzymes, originating from both the cornea and invading leukocytes, and
are capable of destroying stromal ECM components 1" 120121,

Trophic corneal melting can occur in keratomalacia which is a nutritional disorder of the
cornea caused by vitamin A deficiency. Although it is rare in the United States or Europe, it
poses a severe problem in developing countries affecting mainly children *°’. Except for focal
or diffuse corneal melting the manifestation of this disorder includes xerosis and stromal
ulcers ',

Non-infectious corneal melting has many different etiologies. It could occur as an isolated
ocular problem; however, it is more often linked to autoimmune diseases such as rheumatoid
arthritis (RA), Sjogren’s syndrome, Wegener’s granulomatosis and, rarely, to ocular
cicatricial pemphigoid (OCP) 10 106. 108,122

RA afflicts about 1% of the world’s population, mainly women ** *?*_ 1t is a disorder which

affects multiple joints throughout the body causing irreversible destruction of the cartilage,
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tendon and bone. It is often accompanied by extra-articular manifestations in different tissues
125 Qcular involvement, including dry eye syndrome, scleritis and keratolysis, occurs in 25 -
50 % of RA patients, most often in individuals suffering from the severe form of the disease
107, 126.

Primary Sjogren’s syndrome (pSS), with an estimated prevalence of only about 0.5%, is
characterized by the destruction of the lacrimal and salivary glands, resulting in dry eye and
xerostomia *"*%°_ There is lymphocytic infiltration in the exocrine glands and the production
of various autoantibodies " ** *31: however, this autoimmune disease may affect several
other tissues and organs as well # 3134 Most patients do not exhibit severe ocular
complications except for those who suffer, in addition to dry eye, from bacterial keratitis,
pannus formation, and sterile corneal melting 1% 3% 3¢,

Management of corneal melting is difficult and has to be adjusted individually. In less severe
cases, operating techniques stabilizing the anatomic integrity of the eye, such as the
application of tissue adhesives or amniotic membrane, could be used ' . In advanced

stages of keratolysis, these approaches are frequently unsuccessful "+ 1% 122

and, finally,
penetrating keratoplasty has to be performed in cases with imminent corneal perforation
102,103 "Unfortunately, some transplanted grafts also recurrently fail due to corneal melting *

1% (Fig. 3).

Figure 3. Process of recurrent corneal melting. Normal cornea (A), keratolysis of the cornea
(B), clear transplanted corneal graft (C), melted corneal graft (D). Photographs were provided
by of Ophthalmology, General Teaching Hospital.
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1.5 Matrix metalloproteinases — structure, substrates and presence in
normal human cornea

Matrix metalloproteinases (MMPs) are a family of 23 endopeptidases capable of degrading
various components of the ECM *" 13 These enzymes are grouped on the basis of substrate
preference, and domain organization, into six subfamilies: collagenases (MMP-1, -8, -13),
gelatinases (MMP-2, -9), stromelysins (MMP-3, -10), matrilysins (MMP-7, -26), membrane
type MMPs (MT-MMPs; MT1 - MT6-MMPs) and others (e.g., macrophage metalloelastase -
MMP-12 or enamelysin - MMP-20) .

Most of MMPs are synthesized as inactive pre-proenzymes and the N-terminal signal peptide
IS removed during translation to generate latent proenzyme (zymogen, proMMP). The
structure of these proenzymes is organized into three basic, distinctive, and well-conserved
domains: an aminoterminalpropeptide; a catalytic domain; and a hemopexin-like domain at
the carboxy-terminal (Fig. 4) " 2% 11 The propeptide consists of approximately 80-90

amino acids containing a cysteine residue, which interacts with the catalytic zinc atom.

Figure 4. Schematics of the domain structures of the eight representative MMPs. The catalytic
domain (represented by red) has an insertion of a gelatin binding domain (represented in gray)

in MMP-2 and MMP-9. In all other MMPs, the catalytic domain is a continuous entity " 3%
141, 149, 150
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The catalytic domain contains two zinc ions and at least one calcium ion coordinated to
various residues. One of the two zinc ions is present in the active site and is essential to the
catalytic processes of the MMPs. The second zinc ion is called “structural” and its role, along
with the role of the calcium ion within the catalytic domain, is still uncertain *** **3. The
hemopexin-like domain of MMPs is highly conserved and shows sequence similarity to the
plasma protein, hemopexin. The hemopexin-like domain has been shown to play a functional
role in substrate binding and/or in interactions with the tissue inhibitors of metalloproteinases
(TIMPs) 138 14419 "|n addition to these basic domains, the family of MMPs evolved into
different subgroups by incorporating and/or deleting structural and functional domains. For
example, fibronectin type-ll-like domain (involved in binding to denatured collagen or
gelatin) is typical of gelatinases *** **. The transmembrane domain at the carboxy terminus
and recognition motif for furin-like convertases at the end of the propeptide domain is a
characteristic of the MT-MMPs and three secreted MMPs (MMP-11, -21, -28) 140147 148

The regulation of MMPs occurs at four levels: gene expression, compartmentalization,
physical delocalization of the prodomain from the catalytic site of MMP and enzyme
inactivation by inhibitors ** ***. As many of MMPs’ genes are relatively “inducible”, their
gene expression is affected by a wide spectrum of effectors like cytokines (e.g. tumor necrosis
factor alpha - TNF-a, and interleukin 1 - IL-1), chemical agents (e.g. phorbol esters), physical
stress etc. MMP gene expression may be, on the other hand, down-regulated by several
suppressive factors [e.g. retinoic acids, glucocorticoids, transforming growth factor beta
(TGF-B)] 2. Recent studies emphasize not only soluble factors but also cell-matrix and cell-
cell interactions as keys in gene expression of these enzymes ** **. The signal from all
mentioned effectors leads via different signal transduction pathways (e.g. MAPKS), which
activate transcription factors (activator protein 1) directly regulating MMP gene expression®?3,
Compartmentalization is the second way of MMPs regulation. It seems that cells do not
indiscriminately release proteases, which are rather anchored to the cell membrane, or some
other molecules in interstitium. This is important to maintain a locally high enzyme
concentration and to target their catalytic activity to specific substrates within pericellular
space ™. Except for MT-MMPs, which are bound to the membrane of their original cells,
there are other examples like MMP-1 and -2 bound to integrins, MMP-7 bound to surface
proteoglycans or MMP-1, -2, -7, -8, -9 and -13 to heparin and heparan sulfate 40 3% 154136,
Binding of MMPs to cell membranes may also activate intracellular signaling cascades, an

effect independent of their proteolytic activities 1*°.
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Apart from a few members activated by furin (see below), most MMPs are secreted
extracellularly as inactive enzymes and activated by the delocalization of prodomain from the
catalytic site of MMPs %12 There are two ways: allosteric activation (interactions between
a proMMP and other molecules such as glycosaminoglycans can result in an active MMP
without proteolytic cleavage of the propeptide) and activation through proteolytic removal of
the prodomain **°. ProMMPs may be activated autocatalytically or by other MMPs (Tab. 1),
plasmin, trypsin, neutrophil elastase, plasma Kkallikrein and several chemical agents
(organomercurials, thiol reagents, oxidants or detergents) 3 1% 149151 'gome MMPs bearing
a furin recognition motif (all MT-MMPs, MMP-11 etc.) are processed into the active form
intracellularly **.

In addition, active MMPs may be inactivated by inhibitors. There are two main MMP
inhibitors: az-macroglobulin and TIMPs. a,-Macroglobulin, found in blood and tissue fluids,
is a general proteinase inhibitor, which has the important role of regulating MMP activities in
the fluid phase. It has the “bait” region, by which it attracts proteinases. Cleaving this part of
the molecule by a proteinase leads to the structural change of the inhibitors, which trap and
thereby neutralize a proteinase *2*. However, the main MMP inhibitors are TIMPs (TIMP-1, -
2, -3, -4), which inhibit all MMPs ** 2 TIMPs involve non-covalent binding to the target
MMP active site with 1:1 stechiometry, in which it chelates the MMP active site zinc ion.
However, in addition to blocking MMP enzyme activity, they have been shown to participate
in the MMP activation of some MMPs as well (TIMP-2 participate in activation of proMMP-
2 by MT1-MMP) 1,

MMPs are able to cleave most ECM components; however, members of each subfamily share
different substrate preferences (Tab. 1). In addition, they can process a large number of non-
ECM proteins, such as grow-factors, cytokines, chemokines, cell receptors, serine proteinase
inhibitors and other MMPs 14,

From substrates present in the normal human cornea, collagenases can cleave fibrillar

collagens types | and 111, abundant in the stroma " '*®

, and other collagens (collagen type
VII1) present in the Descemet’s membrane " **8, Gelatinases are especially able to degrade
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 " " & 149 159162 " gtromelysins and matrilysin cleave similar ECM
components, which are constitutively present in the stroma and corneal basement membranes

(type 1V collagen, procollagens, collagen cross-links, fibronectin, laminin) " 37 149163,
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Table 1. Substrates of some representative members of MMP family.

Reference

7,17, 18, 137, 149, 159-163, 165

Substrates present in the cornea

MMP subfamily | MMP number Protease name _ proMMP activated
epithelial basement membrane stroma
Collagenase-1
MMP-1 ) . - Collagen types I, I (111>>1) ProMMP-1, -2
(interstitial collagenase)
Collagenase-2
Collagenases MMP-8 _ - Collagen types I, 111 (I>>111) ProMMP-8
(neutrophil collagenase)
Collagen types I, 111
MMP-13 Collagenase-3 - ) ProMMP-9, -13
(H>>1>>111), gelatin
Gelati MMP-2 Gelatinase A Collagen types IV, VI fibronectin Collagen types V, VI ProMMP-1, -2, -13
elatinases
MMP-9 Gelatinase B laminin denatured collagens core protein decorin ProMMP-2, -9, -13
_ MMP-3 Stromelysin-1 Collagen type IV, fibronectin _ ProMMP-1, -3, -7, -8, -9, -13
Stromelysins o Procollagens collagen cross-links
MMP-10 Stromelysin-2 laminin ProMMP-1, -8, -10
o o Collagen type 1V, fibronectin ]
Matrilysins MMP-7 Matrylisin Procollagens collagen cross-links ProMMP-1, -2, -7, -9

laminin
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MMPs play an important physiologic role in tissues where they participate in embryonic
growth and tissue morphogenesis, cell migration and matrix microenvironment remodeling,
angiogenesis or ovarian and the uterine reproductive cycle %+,

In the cornea, where MMPs can be produced by keratocytes, epithelial cells and by immune

cells (monocytes and macrophages) '* 7"

, they probably participate in normal ECM
turnover.

In the normal human cornea, very low levels of collagenases MMP-1, -8 and -13 in the
epithelium, as well as a low level of MMP-2 in both the epithelium and anterior stroma, are
normally present 11" No, or a very low level of, MMP-9 was detected in the epithelium
of normal human corneas > 17°,

The presence of stromelysins MMP-3, -10 and matrilysin MMP-7 in the normal human
cornea is a matter of some controversy; in some studies they have been detected in the

175, 176 176-178

epithelium while others have not found them in any corneal layer

1.6 Matrix Metalloproteinases in non-infectious corneal melting

Although MMPs play an important role in an organism under normal physiological
conditions, the loss of their activity control or their over-expression may contribute to the
development of various diseases (arthritis, cancer, atherosclerosis, aneurysms, nephritis, tissue
ulcers, and fibrosis) *.

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 9 169 174,179,

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 ™8 The pathogenesis of rheumatoid corneal melting is unknown, but it
is presumed to be an immune-mediated process, associated with an inflammatory response
with mononuclear cell infiltration occurring in RA ™.

The increased expression of MMP-2, -3, -8 -9 was also described in the melted corneas of
patients treated with nonsteroidal anti-inflammatory drugs (NSAIDs) after photorefractive

keratectomy or cataract surgery ** 7% &%,

1.7 Induction mechanisms of corneal melting

100, 174, 182

Noninfectious corneal melting is usually associated with an autoimmune disease and

immune mediated inflammation is thought to play an important part in this process 2, The
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disturbed epithelial barrier caused by dry eye condition, often associated with autoimmunities
such as RA or pSS, or previous surgery promoting epithelial breakdown in such predisposed
patients, allows some immunomodulatory mediators to enter from the tears or from the
conjunctival vasculature in cases of marginal melting into the cornea *®. It is supposed that
lymphocytic (polymorphonuclear neutrophils - PMN and macrophages) and leukocytic (T

88, 99, 182

cells) infiltrate secrete pro-inflammatory cytokines in melted corneas, and as was

described in pathophysiology of pSS in salivary and lacrimal glands 2

or in synovial fluid of
RA patients *2. Pro-inflammatory cytokines TNF-o. and IL-1B, the production of which is
markedly increased in the corneal keratocytes of patients with rheumatoid corneal ulcerations

183 and in the tears of pSS patients *3*

, respectively, initiate MMP expression in various tissues
via MAPKs ¥ 1% However MMPs are also directly produced by activated neutrophils and
macrophages **°.

Apart from epithelial erosion, dry eye conditions contribute to the process of keratolysis due
to desiccation and hyperosmolar stress, which lead to the stimulation of pro-inflammatory
cytokines and consequently to the induction of MMP over-expression 2> 18,

It has been proposed that NSAIDs treatment could be another trigger mechanism inducing
melting 1 18" 188 NSAIDs are an important class of anti-inflammatory agents with a wide
variety of therapeutic applications throughout medicine (treatment of ocular allergies,
prevention of excessive postoperative inflammation, pain and photophobia control following
radial keratotomy and excimer laser photorefractive keratectomy) *%°. NSAIDs exert their
pharmacologic activity primarily by the inhibition of the cyclooxygenase, which is essential in
the biosynthesis of prostaglandins via the arachidonic acid metabolic pathway **”. There are
two different mechanisms which might be involved in NSAIDs-associated corneal melts *.
The first - an acute toxic one - is associated with the alternative metabolism of arachidonic
acid, which is caused by the selective blockade of cyclooxygenase, resulting in the production
of leukotrienes, lipoxins and hydroperoxyeicosatetraenoic acids. The resulting accumulation
of hydroperoxyeicosatetraenoic acids and leukotrienes provides potent chemoattractants for
neutrophils. Furthermore, leukotrienes are also potent stimuli for neutrophil degranulation "
87 The granules released by neutrophils during the inflammatory response contain
collagenase as well as other hydrolytic enzymes *°. When released in the cornea, the
accumulation of collagenase may potentiate corneal melting **’. The second mechanism - a
subacute one - is associated with delayed wound healing and localized MMP accumulation at
the site of an injury X 8 1% Diclofenac, one of the NSAIDs, retards corneal epithelial

192

healing ***, decreases the growth of epithelial cells and is associated with a higher
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incidence of persistent epithelial defects '**. On the other hand, corneal melting has not been
reproduced in experimental animals with the use of topically applied, commercially available,
brand-name NSAIDs. In addition, carefully controlled, prospective, double masked,
randomized clinical studies in hundreds of patients indicate that topically applied brand-name
NSAIDs appear safe for use in patients **°.

For corneal melting, other agents could also be responsible, such as plasminogen activators or
some cathepsins, which may degrade ECM and are able to activate MMPs during this process
194,19 The tissue-type plasminogen activator is a thrombolytic agent that degrades fibrin clots
through the activation of plasminogen to plasmin . Plasmin has broad substrate specificity.
Apart from the lyses of fibrin it contributes to tissue remodeling by degrading ECM proteins,
either directly or via the activation of MMPs *** 197. Cathepsins B and D are lysosomal
enzymes cleaving a wide range of proteins, including corneal proteoglycans, as well as
activating a number of zymogens such as procollagenase **. They are present in extracellular
spaces in various tissues and may be released from PMN and macrophages *®. Both agents

(plasminogen activator and cathepsins) were previously found in ulcerated corneas % *°.
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2 AIMS

The aims of this study are:

1.

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

to immunohistochemically identify 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, and in melted corneas as well as in grafts which
recurrently failed due to corneal melting obtained from patients from
these three groups: a) patients with primary Sjogren’s syndrome, b)
patients suffering from rheumatoid arthritis, and c) patients with various
other underlying pathologies

to compare the presence, localization and staining intensity of all above
mentioned MMPs in the controls and melted corneas and grafts

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

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

to compare MMP expression and activity in specimens among all three

patients’ 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 grafts (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 the 1% Faculty of Medicine, Charles University in Prague. The patients were

divided into three groups according to their diagnosis (group 1 — I11).

3.1.0 Group |

Group I included 11 specimens of two patients with pSS. Case 1, a 77-year-old patient, was
diagnosed with pSS elsewhere at the age of 71. She tested positive for anti-SS-A/Ro, anti-SS-
B/La, and antinuclear antibodies. No extraglandular manifestations were noted. Systemic
immunosuppression administered to the patient included various combinations of
cyclophosphamide, prednisolon, azathioprin, methylprednisolon, cyclosporine A, and
mycophenolate mofetil. Upon first examination in the Department of Ophthalmology, General
Teaching Hospital in Prague in 2002 at age 74, the patient presented bilateral severe dry eye
syndrome. In the course of three years, she 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, P0-7,
and P0-8) and the left eye (her native cornea was used as specimen PO-1 and one graft as
specimen PO0-5) requiring a number of surgical procedures including penetrating
keratoplasties (Fig. 5, Tab. 2). Despite all the measures undertaken, her condition could not be
controlled, and it led to bilateral blindness.

In case 2, the symptoms related to pSS started at the age of 46 when swollen salivary glands,
xerostomia, and severe dry eye symptoms were noted by the patient. Histopathology from a
labial salivary gland biopsy sample showed focal sialadenitis that was consistent with a
diagnosis of pSS. The patient tested positive for rheumatoid factor, antinuclear antibodies, and
Scl70 antibodies. Subsequently she also developed arthralgias. Systemic immunosuppression
therapy was started at the age of 50. Initially the patient was treated with oral prednisolon;
later, various combinations of methotrexate, cyclophosphamide, and methylprednisolon were
added.
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Table 2. Individual surgical interventions performed in case 1 to manage ocular complications

related to pSS. Keratolysis preceded all penetrating keratoplasty surgeries. Any occurrence of

corneal perforation or descemetocele formation is mentioned specifically in the table. Each

date represents one surgical session.

Date Eye Procedure Specimen
1999 Right Phaco + IOL
Apr-2002 Left PK for corneal perforation
Jun-2002 Left ECCE + IOL, PK for corneal perforation, AMT
Sep-2002 Right Tarsorrhaphy
Left Tarsorrhaphy
Nov-2002 Right AMT
Dec-2002 Right AMT
Mar-2003 Right PK for corneal perforation
Mar-2003 Left PK for corneal perforation PO-1
May-2003 Bilateral Tarsorrhaphy
Jun-2003 Left AMT, tarsorrhaphy
Aug-2003 Left AMT, tarsorrhaphy
Sep-2003 Right PK, AMT PO-2
Sep-2003 Left AMT, tarsorrhaphy
Oct-2003 Right AMT, tarsorrhaphy
Feb2004 Right Conjunctival flap
Jul-2004 Right PK, IOL explantation, AMT P0O-3
Left Suture of corneal wound dehiscence, buccal mucosa
transplantation
Aug-2004 Bilateral AMT, tarsorrhaphy
Sep-2004 Right PK, AMT, tarsorrhaphy P0-4
Sep2004 Left Necrectomy of the buccal mucosa, PK, AMT P0-5
Oct-2004 Left Necrectomy of the buccal mucosa, AMT
Oct-2004 Right AMT
Nov-2004 Right PK, AMT P0-6
Left Buccal mucosa transplant, tarsorrhaphy
Nov-2004 Right AMT
Nov-2004 Right AMT
Dec-2004 Right AMT
Dec-2004 Right PK, AMT, tarsorrhaphy PO-7
Feb-2005 Right PK, buccal mucosa transplantation, tarsorrhaphy P0-8
Left Anterior vitrectomy, IOL explantation, iris resection, osteo-
odonto-keratoprosthesis implantation, tarsorrhaphy
Mar-2005 Left Partial stripping of the buccal mucosa, tarsorrhaphy
May-2005 Right Buccal mucosa transplant, tarsorrhaphy
Jan-2007 Left Cyclocryotherapy for secondary glaucoma
Mar-2007 Left Pars plana vitrectomy for endophthalmitis with bacterial
etiology
Apr+2007 Left Evisceration and osteo-odonto-keratoprosthesis extraction
Sep-2007 Right Osteo-odonto-keratoprosthesis implantation, tarsorrhaphy
Jan-2008 Right Osteo-odonto-keratoprosthesis reposition
IOL = posterior chamber intraocular lens, PK = penetrating keratoplasty, ECCE =

extracapsular extraction, Phaco = indicates phacoemulsification, AMT = amniotic membrane

transplantation.
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Figure 5. Corneal melting of grafts and native cornea of patients from all three groups.

A) Corneal melting of the eye of case 1 from group I, sample PO-1. B) Pintucci’s
keratoprosthesis in the right eye of case 1, group I. C) Corneal melting of the whole cornea of
patient P1, sample P1-1. D) Decemetocele of the left eye, sample P2-1. E) Keratolysis of the
graft, sample P4-3. F) Corneal melting at the edge of a patch keratoplasty performed because
of melting, sample P5-2. All images were provided by the Department of Ophthalmology,

General Teaching Hospital in Prague.
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Upon first ocular examination at age 46, she had signs of moderate dry eye syndrome in both
eyes. She gradually developed severe dry eye syndrome bilaterally. When the patient reached
the age of 58, the first signs of peripheral ulcerative keratitis were observed in the right eye,
followed three years later by signs in the left eye. She rapidly developed corneal thinning, and
underwent her first keratoplasty in the right eye at the age of 59 (specimen P0-9), followed by
numerous other procedures due to complications related to melting of the graft, including two
penetrating keratoplasties (specimens P0-10 and P0-11), (Tab. 3). At the last follow up visit,
her visual acuity was full light projection in the right eye and hand movements with full

projection of light in the left eye.

Table 3. Individual surgical interventions performed in case 2 to manage ocular complications
related to pSS. Keratolysis preceded all penetrating keratoplasty surgeries. Any occurrence of
corneal perforation or descemetocele formation is mentioned specifically in the table. Each

date represents one surgical session.

Date Eye  Procedure Specimen
Dec-2003 Right AMT in the ulcer bed

Dec-2003 Right Cyanoacrylate adhesive to the ulcer bed

Jan-2004 Right PK, AMT P0-9
Jan-2004 Right AMT in the ulcer bed

Feb-2004 Right Partial resuture of the corneal graft, AMT in the ulcer bed

Apr-2004 Right PK, ECCE, AMT PO-10
May-2004 Right AMT

May-2004 Right AMT

May-2004 Right AMT, tarsorrhaphy

May-2004 Right Partial resuture of the corneal graft, AMT in the ulcer bed, AMT

Jun-2004 Right Partial resuture of the corneal graft,

Jun-2004 Right Conjunctival flap

Jun-2004 Right Addition of sutures to the conjunctival flap

Jul-2004  Right AMT in the ulcer bed, AMT

Jul-2004  Right PK for descemetocele P0O-11
Jul-2004  Right AMT in the ulcer bed, AMT

Jul-2004 Right AMT

Aug-2004 Right AMT, tarsorrhaphy

Aug-2004 Right AMT

Sep-2004 Right Anterior vitrectomy, AMT

Sep-2004 Right AMT in the ulcer bed, AMT

Jan-2005 Right Cryoablation of the eyelashes

Mar-2005 Right Cryoablation of the eyelashes

Sep-2005 Right Cryoablation of the eyelashes

PK = penetrating keratoplasty, ECCE = extracapsular extraction, AMT = amniotic membrane

transplantation.
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3.1.1 Group Il

Group Il contained seven melted explants of three patients with RA (Tab. 4), all of whom
were evaluated by rheumatologists, and the severity of RA was classified into four stages

(http://www.wheelessonline.com). All patients ~ were  administered  systemic

immunosuppressives. Full thickness grafts ranging from 7.75 to 8.50 mm in diameter 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 (Fig. 5).
The presence of accompanying keratoconjunctivitis sicca (KCS) was classified as mild,

moderate or severe 1%,

Table 4. Clinical details of patients with recurrent corneal melting.

Factors
. PK order Autoimmune influencing
Age  Sex  Specimen  Eye inthe eye  systemic disorder the ocular Comments
surface
oderate
71 M P1-2 L 2 RA stage -1V KCS
P1-3 L 3
P2-1 L 1 Corneal perforation
Descemetocele
77 F P2-2 L 3 RA stage II1 Severe KCS  formation
P23 L 4 Descer_netocele
formation
80 F P3 R 2 RA stage IV Severe KCS

RA = rheumatoid arthritis, KCS = keratoconjunctivitis sicca, M = male, F = female, L = left,

R = right, PK = penetrating keratoplasty.

3.1.2 Group Il

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 has occurred in both the native corneas (P4-2, P5-2) and
grafts (P4-1, P4-3, P5-1) either centrally or paracentrally (Fig. 5, Tab. 5).

KCS was also classified as mild, moderate or severe 199
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Table 5. Clinical details of patients with recurrent corneal melting.

Factors
. PK order Autoimmune influencing
Age  Sex  Specimen Eye in the eye systemic disorder the ocular Comments
surface
P41 L 2 OCP stage I; fDescer_netocele
idiopathic ormation
81 F P4-2 R 1 autoimmune Severe KCS - corpeal perforation
P4-3 R 2 hemolytic anemia
Lysis of previous
) patch keratoplasty
P5-1 R 2 and perforation of
adjacent native cornea
Descemetocele
. formation next to the
91 F None detected Entropion patch keratoplasty;
P5.2 R 3 excentric keratoplasty

(6.0 mm in diameter)
comprising mainly
native cornea
performed

OCP = ocular cicatricial pemphigoid, KCS = keratoconjunctivitis sicca, M = male, F =

female, L = left, R = right, PK = penetrating keratoplasty.
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3.2 Specimen Preparation

Eleven unaffected donor corneal buttons (mean age 59.84+16.9 years) that were unsuitable for
transplantation, due to their low endothelial cell density, served as controls (obtained from the
Ocular Tissue Bank, General Teaching Hospital, Prague). The mean time from the donors’
deaths to enucleation was 15 hours, and the mean time from death to tissue freezing was 17
hours. Melted grafts were frozen within three hours after surgery. 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 2. In
brief, they were thawed and homogenized in a cacodylate buffer (0.1 M cacodylic acid, 0.15
M NaCl, 0.01 M CaCl;, 1.5 mM NaNs;, 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 10,000x g. The supernatants were removed and frozen at
-20 °C. Specimen P5-1 (group I11) was used only for immunohistochemistry and the MMP-1
activity assay couldn’t be done in specimen P0-3 (group ) due to the 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. This method combines the well-known reduction of Cu*? to Cu*™ by protein in an
alkaline medium (the biuret reaction) with the highly sensitive and selective colorimetric
detection of the cuprous cation (Cu*) using a unique reagent containing bicinchoninic acid
(BCA). Different concentrations of bovine serum albumin (25 - 2000 pg/ml) diluted in the
cacodylate buffer were used as standards, and the cacodylate buffer as a blank. Twenty-five pl
of standards and specimens were each loaded in a separate well of the microplate, covered by
200 pl of a mixture of BCA Reagent A and BCA Reagent B (50:1, Reagent A:B) and gently
mixed. The microplate was covered by a lid and incubated at 37°C for 30 minutes. The
absorbance at 562 nm was measured on a SUNRISE ELISA Reader (Tecan Trading AG,
Mannedorf, Switzerland) and the total protein amount was determined by interpolation from

the standard curve.

3.3 Indirect Enzyme Immunohistochemistry

Seven-um thick cryosections from each of the OCT-embedded control and melted specimens

were placed on gelatin-coated glass slides (four per slide) and stored at -20°C. The slides were
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defrosted, and both fixed with cold acetone and re-hydrated in phosphate-buffered saline
(PBS) for 10 minutes. Endogenous peroxidase was blocked by a 30-minute incubation in 3%
hydrogen peroxide in PBS. After being washed three times in PBS for 5 minutes, 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 the primary
antibodies listed in table 6. According to the manufacturers, each antibody is specific to a
single MMP with no cross-reactivity with other MMPs. MMP-1 was detected using two
different antibodies (Tab. 6). The specimens from group | were evaluated with antibody
AB8105 and from groups Il and Il using antibody AB806. As the production of antibody
ABB806 was finished during the time of this study, AB8105 had to be used. Both antibodies
were tested on a set of the same specimens to ascertain that they have the same detection
manner. Subsequently, the slides were washed three times in PBS for 5 minutes, and the
secondary antibodies (polyclonal rabbit anti-mouse 1gG and swine anti-rabbit IgG conjugated

with biotin, 1:200; DakoCytomation, Glostrup, Denmark) were applied for 1 hour.

Table 6. Matrix metalloproteinase detecting antibodies used for indirect

immunohistochemistry.

Antibody Catalogue Concentration Company

number
Polyclonal rabbit anti-human AB8105* 1:300 Chemicon Intl. Inc,
MMP-1 Temecula, CA, USA
Polyclonal rabbit anti-human AB806** 1:100 Chemicon Intl. Inc,
MMP-1 Temecula, CA, USA
Monoclonal mouse anti- MAB13431 1:350 Chemicon Intl. Inc,
human MMP-2 Temecula, CA, USA
Polyclonal rabbit anti-human 29576 1:50 AnaSpec Inc., San Jose,
MMP-3 CA, USA
Monoclonal mouse anti- MAB13414 1:150 Chemicon Intl. Inc,
human MMP-7 Temecula, CA, USA
Polyclonal rabbit anti-human AB8115 1:300 Chemicon Intl. Inc,
MMP-8 Temecula, CA, USA
Monoclonal mouse anti- MAB3309 1:150 Chemicon Intl. Inc,
human MMP-9 Temecula, CA, USA
Monoclonal mouse anti- MAB13424 1:50 Chemicon Intl. Inc,
human MMP-13 Temecula, CA, USA

* specimens from the group I, ** specimens from groups Il and 111

After rinsing in PBS (three times for 5 minutes each), streptavidin/horseradish peroxidase
(1:250; DakoCytomation, Glostrup, Denmark) was added for 30 minutes. Finally, the slides
were developed with 0.06% 3,3'-diaminobenzidine tetrahydrochloride (Fluka, Buchs,
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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 antibodies were verified using positive controls that are
known to express MMPs: human placenta (MMP-1, -2, -3, -7) and breast carcinoma (MMP-7,
-8, -9, -13) 2% 22 samples were evaluated using an Olympus BX51 light microscope
(Olympus Co., Tokyo, Japan) at a magnification of 100x. Images were taken using a
Vosskiihler VDS CCD-1300 camera, (VDS Vosskithler GmbH, Osnabriick, Germany). 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), 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 pg) were treated with
sample buffer (1.5% sodium dodecyl sulfate - SDS, 15% glycerol, and 0.005% bromphenol
blue). Both zymographies were carried out as described previously 2% 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, 20 pl of each specimen were loaded onto the gels, and SDS-PAGE was performed 60
minutes at 200 V at 4 °C for gelatin zymography, and 90 minutes at 20 mA at 4 °C for casein
zymography. After electrophoresis, the gels were rinsed twice in 2.5% Triton X-100 for 30
minutes at room temperature to remove the SDS, the proteinases thereby released to fold into
their functional conformation. Afterwards they were incubated in the 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 to allow the proteinases to digest their substrates. 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 were 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
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overnight with a buffer lacking calcium and containing 20 mM ethylenediaminetetraacetic

acid (EDTA) and afterwards processed as described above.

3.5 MMP-1 Activity Assay

The concentrations of the active forms of MMP-1 were determined using a commercial kit
(Amersham matrix metalloproteinase-1 Biotrak Activity assay system, Amersham
Biosciences, Amersham, UK) according to the manufacturer’s protocol and as described
previously 2*%. In brief, an anti-MMP-1-coated microplate was allowed to equilibrate to room
temperature. One hundred pl of proMMP-1 in concentrations ranging from 0.78 to 12.5 ng/ml
served as standards and together with 100 ul of the tissue samples (diluted 1:10) and 100 pl of
the assay buffer (served as a blank) were incubated at 4 °C overnight in microplate wells. To
measure the total activity of MMP-1 in the standards and in the blank, bound proMMP-1 was
activated with 50 pl of 0.025 mM of 1 mM p-aminophenylmercuric acetate (APMA) in the
assay buffer. Fifty ul of assay buffer was added to each sample in which the endogenous level
of active MMP-1 was measured. A detection reagent was added to each well of the microplate
and incubated at 37 °C for 4 hours. Active MMP-1 was evaluated based on the color change
resulting from the cleavage of a chromogenic peptide substrate. The values of the color
reaction of the assays were read at 405 nm in a SUNRISE ELISA Reader (Tecan Trading AG,
Minnedorf, Switzerland). MMP-1 in samples was determined by interpolation from the
standard curve. The activity assay could not be performed in P5-1 (group I11) and P0-3 (group
1), due to the lack of a sufficient quantity of specimens. Due to the limited amount of all

sample material available, we performed this experiment only once.

3.6 MMP-3 Activity Assay

The commercial kit (Amersham matrix metalloproteinase-3, Biotrak Activity assay system,
Biotrak, Amersham Biosciences, UK) was used to evaluate the concentrations of the active
MMP-3 in samples of groups Il and Ill. The method was performed according to the
manufacturer's protocol as was described previously 2**. Briefly, microplate wells coated with
F(ab’), goat anti-mouse IgG were incubated with an anti-MMP-3 antibody for 3 hours at 37
°C and then rinsed with a wash solution four times. One hundred pl of proMMP-3 in different
concentration (0.25-8 ng/ml) were used as standards. All standards, 100 ul of assay buffer as a
blank and 100 pl of the tissue samples (diluted 1:10) were incubated at 4 °C overnight in
microplate wells. ProMMP-3 was activated with 100 ul of 1 mM APMA in the assay buffer in
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all standards and the blank. Each sample in which the endogenous level of active MMP-3 was
measured was supplemented with 50 ul of the assay buffer. To activate MMP-3 proenzyme in
standards, a 30-minute incubation at 37 °C was used, and all wells were washed four times.
The detection reagent was added to each well and incubated at 37 °C for 4.5 hours. The active
MMP-3 was also evaluated based on the color change reaction and the resultant color was
read at 405 nm in an ELISA Reader (ELISA Reader SUNRISE, Tecan Trading AG,
Miénnedorf, Switzerland) similarly to the MMP-1 activity assay. The activity of MMP-3 in all
samples was determined by interpolation from a standard curve. This experiment was carried

out only once due to the limited amount of sample material available.

3.7 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 statistical significance.
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4 RESULTS

4.1 Presence of Matrix Metalloproteinases in Control Corneas

All the control corneas exhibited regular morphology, with a five- to six-layered epithelium,
normal thickness of stroma, unaffected Descemet’s membrane and monolayer endothelium.
The staining intensities of particular MMPs in the control samples were averaged as no
prominent differences in MMP staining were found among the individual control specimens
for any of the MMPs tested (Tab. 7).

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 - in the area
adjacent to Bowman’s layer. The endothelium of the control specimens also revealed weak
staining for MMP-1 and -8. MMP-3, -7, -9, and -13 was not detected in any layer of all
control corneas (Fig. 6 and 7).

4.2 Localization of Matrix Metalloproteinases in Melted Corneas

Severe damage was observed in most of the pathological specimens including the complete
absence of 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 of the melted corneas from all three
groups.

The staining intensity of the different MMPs in melted specimens from all three patient
groups is summarized in table 7. Representative pictures of immunohistochemical staining in
melted corneas are shown in figures 6 and 7.

Increased MMP-1 staining was found in the epithelial fragments and the anterior stroma of all
melted specimens from all groups compared to the controls, except for the epithelium of
specimen P0-6 from group I. MMP-1 immunostaining intensity was also elevated in the
posterior stroma of all melted corneas from group I, and in almost all from groups Il and IlI
(71% and 80% of samples, respectively). The endothelium of 40% of melted specimens was
destroyed. Where it was unaffected, almost 50% of specimens from all three groups revealed
elevated levels of MMP-1 in this corneal layer.

Compared to the controls, a stronger MMP-2 staining intensity was present in the epithelial
fragments of almost all pathologic specimens (about 80-90%) from all three patient groups;

only one specimen from each group revealed the same or lower staining pattern (P0-8, P1-1,
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P4-1). A similar situation was noted in the anterior stroma, where only two specimens (P0-4
and P4-1 from groups | and 111, respectively) were negative. The occurrence of MMP-2 in the
posterior stroma was also similar in melted samples among all three groups, where MMP-2
staining was present in approximately 60-70% of all pathologic corneas. In the endothelium,
the presence of MMP-2 was detected in about 50% of specimens in groups I and Il and in
almost all samples (83%) from group I, where the endothelium remained unaffected.

In contrast to the completely negative controls, in the pathologic samples the MMP-3 was
detected in the epithelial fragments of all the melted grafts from all three groups except for
PO-7 (group I). A similar ratio of samples from groups | and Il exhibited MMP-3 staining in
the anterior stroma (82% and 86%, respectively), whilst the presence of this enzyme in the
posterior stroma was showed in the lower number of pathologic corneas from both these
groups (73% and 57%, respectively). About 60% of the samples from group Ill showed the
presence of MMP-3 throughout the whole stroma. The endothelium of almost 35% of the
samples used for MMP-3 immunostaining was destroyed. In the remaining specimens, a few
samples from all groups revealed MMP-3 expression in this layer (about 20%).

MMP-7 was detected in all layers of almost all melted corneas from group I; only 36% of
samples were completely negative. In groups Il and 111 almost all melted corneas were found
to express MMP-7 in their epithelium and anterior stroma (group Il - 100% in the epithelium
and 86% in the stroma; group Il - 80% in both corneal layers). About 50% of samples from
both of these groups displayed MMP-7 expression in the posterior stroma. Only two samples
(each from each group — P2-1 and P4-2) revealed the presence of this enzyme in the
endothelium as well.

Increased MMP-8 staining was observed in the epithelium (if it was not damaged) of about
63% of melted specimens from all three groups compared to the control corneas. In the
anterior stroma, the increased staining was found in almost all melted grafts in groups I, 1l and
I (91%, 71% and 80% specimens, respectively). MMP-8 was localized in the posterior
stroma of 72% of specimens from group | and approximately of 50% of melted corneas from
groups Il and I11. The endothelium of only three samples (P0-5, P0-9 and P2-1 from groups |
and 11, respectively) revealed increased MMP-8 staining compared to the controls.

The presence of MMP-9 was detected in the epithelial fragments and the anterior stroma of all
pathologic samples and in the posterior stroma of almost all specimens (about 80%) from all

three groups.
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Table 7. The immunohistochemical localization of individual MMPs in the corneal specimens obtained from patients from groups I, I1, and IlI

and the average values of immunohistochemical staining intensities in all the controls (C).

Group Il

Group 11

Group |
P0-1 P0-2 PO-3 PO-4 PO-5 P0O-6 PO-7 P0-8 P0-9 P0-10 PO-11|P1-1 P1-2 P1-3 P2-1 P2-2 P2-3 P3|P4-1 P4-2 P4-3 P5-1 P5-2

MMP  CL

Ep 4 4

MMP 1

AS
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2
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MMP 13 Ep

0
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The scale used for the intensity of the signal: O - negative, 1 - weak, 2 - moderate, 3 - intense, 4 - very intense positivity. CL = corneal layer, D

destroyed tissue, Ep

posterior stroma and En = endothelium.

anterior stroma, PS =

epithelium, AS
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Figure 6. Immunohistochemical localization of matrix metalloproteinases in melted and
control corneas. Immunohistochemical localization of MMP-1, -2, -3, -7, -8, -9, and -13 in
representative images of melted corneal specimens obtained from patients with pSS (group
1) and from control corneas. Original magnification: 100x. Ep = epithelium, AS = anterior

stroma, PS = posterior stroma, En = endothelium. Assumed from Brejchova et al 2%°.
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Eighty five percent of the melted corneas from group | with unaffected endothelium
exhibited the presence of MMP-9 in this corneal layer, whilst in groups Il and Ill the
positive staining of this enzyme was shown only in one specimen from each of these
groups (P2-1 and P4-2).

No positivity for MMP-13 was detected in almost all melted corneas except for a low level
of this enzyme in 30% of samples from all three groups. Weak to moderate staining was
detected in the epithelial fragments and in the stroma of 36% of specimens and in the
endothelium of 9% of samples from group I. Weak staining was also found in about 25%
of samples from groups Il and 111 (throughout all layers of sample P2-1 and in the anterior
stroma of samples P1-1 and P4-3).

In all pathologic samples, pronounced differences in the staining pattern of individual
MMPs were observed. No dependence MMP staining pattern and localization in the
individual group of patients was found; instead the MMP expression seemed to be rather

non-uniform. No immunostaining was present in any of the negative controls.

4.3 Detection of Matrix Metalloproteinase-2 and -9 Activities

A faint band of the partly cleaved form '*°, and none, or a very faint band, of the active
form of MMP-2 was detected in all the controls, whilst only two controls (C3 and C7)
exhibited a faint band of the MMP-9 proenzyme (Fig. 8).

In group I, extremely high and distinct levels of both the partly cleaved and active forms of
MMP-2 were found in two (PO-1 and P0-2) and three (PO-7, P0O-9 and P0-11) of the 11
melted specimens, respectively. Other samples displayed either no or low levels of both
forms of this enzyme, in a similar way to the controls. Levels of MMP-9 proenzyme and
the active form were extremely high in seven (P0-4, P0O-6 - P0O-11) melted grafts and
prominent in one (P0-5). Three melted specimens (PO-1 - PO-3) revealed faint bands of
both forms of MMP-9 (Fig. 8).

In group 11, markedly increased levels of both forms of MMP-2 (the partly cleaved and the
active form) were found in four (P1-1, P2-1, P2-2, P3) melted corneas. Two pathologic
samples (P1-2, P2-3) showed the presence of the active MMP-2 only, and sample P1-3
displayed a faint band of the partly cleaved proenzyme and a very faint band of the active
form of MMP-2. High levels of both forms of MMP-9 and a prominent band of only the
active MMP-9 were detected in five (P1-1, P1-2, P1-3, P2-2, P2-3) and two melted corneas
(P2-1, P3), respectively, (Fig. 8).
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Specimen P4-3 from group 111 showed markedly increased levels of both the partly cleaved
and the active MMP-2, while the sample P4-2 revealed increased expression of the
proenzyme only. Two melted corneas (P4-1, P5-2) displayed a faint band of the partly
cleaved proenzyme and none of, or a very faint band of, the active form of MMP-2. High
levels of both forms of MMP-9 were detected in three (P4-1, P4-2, P4-3) and weak levels
in one (P5-2) melted specimen (Fig. 8).

Figure 8. Gelatin zymography in melted specimens of patients from groups I, Il and 11I.
Detection of both forms of MMP-2 (the partly cleaved proenzyme - 67 kDa, and the active
form of MMP-2 - 62 kDa) as well as both forms of MMP-9 (the proenzyme -95kDa and
active MMP-9 - 82 kDa) in the controls and melted specimens.
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4.4 Detection of Matrix Metalloproteinase-3 and -7 Activities

Casein zymography revealed neither the proenzyme nor the active enzyme of MMP-3 or -7

in any of the control specimens.
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Negligible levels of the proform of MMP-3 were found in five melted specimens (PO-1,
PO-2, P0-6, PO-7, and P0-9) of group I. Both forms, the proform and active MMP-3, were
detected only in sample PO-5. Dense bands and faint bands corresponding to the
proenzyme of MMP-7 and its intermediate cleavage product in nine (P0-2 - P0-10) and two
melted corneas (PO-1 and PO-11) were observed, respectively. A very low level of the
active MMP-7 was found in specimen PO-7 only (Fig. 9).

In group 11, faint bands of the MMP-3 proenzyme in three melted corneal samples (P1-1,
P1-2, and P2-3) were detected. High levels of the inactive MMP-7 forms (proenzyme
cleavage products) were found in five (P1-1, P1-2, P1-3, P2-2, P2-3) melted corneas,
whereas sample P2-1 exhibited faint bands of these two MMP-7 forms (Fig. 9).

Two specimens (P4-2 and P4-3) from group Il displayed faint bands of the MMP-3
proenzyme. Faint bands corresponding to the inactive intermediate cleavage products of
MMP-7 were shown in all tested melted samples (P4-1, P4-2, P4-3, and P5-2) (Fig. 9).

Figure 9. Casein zymography in melted specimens of patients from groups I, Il and I11.

Detection of both forms of MMP-3 (the proenzyme - 60 kDa, and the active MMP-3 - 47
kDa) as well as several forms of MMP-7 (the proenzyme - 30 kDa, MMP-7 intermediate
cleavage products - 25 and 28 kDa, and the active MMP-7 - 20 kDa) in the melted

specimens.
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4.5 Evaluation of Active Matrix Metalloproteinase-1 and -3
Concentration

No activity was detected in the control specimens. In group I, the active form of MMP-1
was found in eight of ten melted corneas (concentration range, 0.08 — 0.7 ng/ml,
p=0.0011). Significantly higher MMP-1 activity was also shown in all melted corneas from
group Il (range, 0.35 — 8.38 ng/ml) and three of four tested pathologic samples from group
1l compared to the controls (range, 0.14 — 1,46 ng/ml; p-value < 0.001), (Fig. 10).
Specimens PO-3 and P5-1 couldn’t be evaluated due to the limited amount 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 ng/ml, p-value < 0.001) than in the controls, ten of
which displayed low levels of the active MMP-3 (range, 0-32.4 ng/ml) (Fig. 11). Group |
was not included in the MMP-3 activity assay evaluation due to the insufficient size of the

sample.

Figure 10. The concentrations of active MMP-1 in control (C) and melted corneas from all
three groups determined by MMP-1 activity assay.
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Figure 11. The concentrations of MMP-3 in control (C) and melted corneas from groups Il

and 111 determined by activity assays.
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5 DISCUSSION

5.1 Highlights of the Work Presented

In this study three groups of patients are presented: those suffering from pSS (group 1);
from RA (group II); and patients with various underlying pathologies (group I1I), who
underwent rapidly progressive recurrent corneal melting despite all available treatment.
We obtained 23 tissue specimens in total from all seven patients investigated. Five samples
were melted native corneas and 18 were corneal grafts or regrafts which had failed due to
corneal melting. Our findings clearly demonstrate markedly elevated levels of MMP-1,
-2, -3, -7, -8 and -9 as well as a higher activity of MMP-1, -2, -3, -7, and -9, in melted
corneas, compared to the control tissue. These results strongly support the hypothesis
that MMPs are responsible for, or strongly contribute to, the pathological process of

corneal melting.

5.2 Matrix Metalloproteinases in the 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 * 1

179. 181 "the exact mechanism of corneal melting and MMP participation in this process
haven’t been satisfactorily described yet. In this work, which summarizes results about
different MMP expression and activity in healthy and melted corneas, we have attempted
to illustrate how individual MMPs could contribute to the corneal melting process in each

corneal layer.

5.2.0 Loss of the Epithelium and Degradation of the Basement Membrane

The process of keratolysis usually precedes epithelial defect formation (see above), which
is followed subsequently by the epithelial basement membrane and stromal degradation 2%’
The failure to re-epithelialize, the delay in basement membrane repair and the degradation
of stromal components are thought to be caused by excessive proteolytic activity in the
cornea '8, for which MMPs are in all likelihood responsible %18 174179 "Gelatinases may
play an important role in the first step of this process. Their presence in melted tissue was
found by us as well as by others * '"°. Both the strong activity and immunostaining 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
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membrane during the process of corneal melting *’. According to the same hypothesis **’,
which was examined on a mouse thermal burn model of corneal melting, MMP-2 synthesis
is delayed and limited to a short period in the corneal melting process because it is
involved in the attempts of the melted tissue to regenerate. This could explain the
variability in MMP-2 activity detected by us in our melted specimens, which might have
been obtained at different stages of the melting. This theory is supported by discrepancies
among several studies reporting on MMP-2 expression in ulcerated corneas. Some studies
9, 169, 179

showed its over-expression
MMP-2 around a few keratocytes *°.

whereas another detected only a weak presence of

The epithelial basement membrane during corneal melting may also be degraded by other
MMPs, as with MMP-3 and -7. Both of these enzymes are able to cleave components of
the basement membrane (type IV collagen, procollagens, collagen cross-links, fibronectin,
laminin) =" 9. Previously detected strong immunostaining of MMP-3 in the melted graft
of a patient after photorefractive keratectomy treated with NSAIDs " is in compliance
with our results as we detected a high level of this stromelysin in both the epithelium and
the stroma in most of our melted specimens. Moreover, we proved a significant increase in
MMP-3 activity in groups Il and I1l compared to the control corneas by an MMP-3 activity
assay and the presence of active MMP-3 in one specimen of group | by casein
zymography. Unfortunately, there was not enough material available to perform a more
sensitive MMP-3 activity assay on specimens in group |. Although we have shown high
MMP-3 activity in groups Il and I, we were not able to detect the active form of this
enzyme using zymography in these specimens. This fact could be explained by the
different sensitivity of both methods because the highest concentration of active MMP-3
measured by the activity assay (106.2 ng/ml) doesn’t reach the detection limit of casein
zymography for this enzyme (400 ng/ml) 2%. Discrepancies between the MMP-3 activity
results (high levels detected by activity assay and no signal observed by zymography) as
well as differences between MMP-3 activity and the immunostaining may be caused by the
possible cross-reactivity of MMP-3 with MMP-10. Although there is no comment in the
manufacturer's datasheet, these two MMPs have almost identical substrate specificities **,
and therefore the MMP-3 activity assay may recognize both the active MMP-3 and -10.
Other more general reasons that could explain the observed variability in MMP expression
are discussed below.

To the best of our knowledge, the 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
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only one specimen from group I, we found a large quantity of MMP-7 proenzyme and its

partially activated form **° in almost all the specimens of all three groups.

5.2.1 Degradation of Stromal Extracellular matrix and Rupture of the Cornea

As collagens, especially collagen types | and 111, are the main ECM elements composing
the Bowman’s layer and corneal stroma ', the participation of collagenases in corneal
melting is expected. Our study confirmed a previously detected high level of MMP-1 in the
melted corneas ’* and, moreover, demonstrated a statistically significant higher MMP-1
activity. However, the concentration of active MMP-1 in the melted specimens was lower
than had been expected based on the 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 ** *°.

Perceptible differences in
immunostaining for MMP-8, a neutrophil collagenase, were shown in the stroma of all
melted specimens. As MMP-8 is produced by neutrophils, the distribution of which in
corneal stroma may vary among melted corneas, the level of MMP-8 could also differ
among these specimens 9137188 The presence of this collagenase in the corneal stroma
in areas of leukocyte infiltration was found in some of our specimens from group I, where
neutrophils were detected using an anti-CD66b antibody (data not shown) which had been
described previously in ulcerative keratolysis .

As far as we know, the presence of MMP-13 has not been previously tested in melted
corneas. 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 *', than it does types I and 111 %,
These two collagen types are more likely cleaved by MMP-8 and -1, respectively (Tab. 1)

137

Gelatinases represent another group of collagenolytic enzymes. From collagens present in
corneal stroma, they are able to degrade collagen type V, VI and denatured collagens *® *°
162 'Moreover, MMP-2 is capable of cleaving native collagen types | and IIl in a similar
manner to the collagenases, though with weaker activity 1> **°. It also digests the stromal
core protein decorin ‘®*. Our study demonstrated strong expression of both gelatinases
(MMP-2 and -9) in the stroma and high levels of active MMP-9 in almost all tested
specimens from all three groups.

Last but not least, the stromelysin-1 (MMP-3) and matrilysin (MMP-7), both of which we

have shown to be present in the stroma of almost all specimens from all three groups,
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could contribute to degradation of the corneal stroma. The stroma is also composed of
proteoglycans, which are effectively degraded by MMP-3 and -7 * % %2 These two
enzymes also digest laminin and fibronectin which is expressed in the stroma around
keratocytes " **°. Moreover, MMP-3 cleaves procollagen peptides collagen type V as well
as activating other MMPs 137139149,

Finally, once the stroma is completely lost, a descemetocele is formed, and the integrity of
the whole cornea is disrupted. As the Descemet’s membrane is composed mainly of
collagen 1V and VIII, which are cleaved by MMP-2, -3, -7, -9 and MMP-1, respectively,

and because it’s a very fragile layer, the rupture of this destructed cornea is very imminent
27,137

5.3 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 detected level and activity of individual MMPs 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 heterogenity in the
expression of MMPs showing local variations (dependent on the centre of the lesion)
within individual specimens. As our specimens were cut into two halves for subsequent use
in immunohistochemical staining and the activity assay, any variations found in the results
could reflect the heterogenity of MMP distribution or the distance from the central melting
point. 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 months. Different levels
of MMP expression can therefore explain the very different speeds 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 an increased expression of some unique combination of MMPs in samples from

particular groups.
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Discrepancies in results from immunostaining and the activity of some MMPs could be
explained by another reason which lies in 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
respect 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 their
quantitative differences between samples. Therefore, the staining results do not necessarily

have to correlate with the results from the activity assay or zymography.

5.4 Future Possible Treatment of Corneal Melting

Although the present management of keratolysis includes several surgical techniques (see

102,107 some beneficial

above) used according to the stage of this destructive process
effects of immunosuppressive agents have been reported %% 2> 24 However, in severe
cases of keratolysis the treatment is rather unsuccessful 1% 106122174

None of the disease-modifying therapies used in our patients were effective in the
regulation of MMP production and keratolysis. According to our results, novel treatment
strategies intent on inhibiting MMP activity or expression (especially MMP-1 and MMP-9
due to their massive overexpression in all melted specimens) should be considered in
similar cases. Agents inhibiting MMP activity such as recombinant TIMPs or another
synthetic matrix metalloproteinase inhibitor (Galardin), were successfully used previously
to treat ulcerated rabbit corneas 1°* #°. 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 *2% % 27 From agents
known to inhibit MMP expression, TNF-a antagonist infliximab has been shown to have a
beneficial effect in the treatment of progressive rheumatoid arthritis-associated corneal
ulceration %8, Infliximab inhibits TNF-a which is known to activate MMP production **"
185,218 Finally, an alternative way to manage keratolysis could be focused on the recovery
and strengthening of the stromal collagen structure by collagen cross-linking. Corneal
cross-linking is used as standard to treat initial stages of keratoconus; however, some
success in the treatment of several cases of refractive corneal melting has already been

reported 2% %%,
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5.5 Conclusions and Future Work

Taken together, our results have confirmed the important role of MMPs in noninfectious
corneal melting and extend the knowledge of their participation in this destructive
process.

Our work represents a comprehensive study evaluating the main representatives (MMP-
1, -8, -13; MMP-2, -9; MMP-3 and MMP-7) of four MMP subfamilies (collagenases,
gelatinases, stromelysins and matrilysins) on a relatively large set of pathologic
samples, which is rare due to the infrequency of keratolysis, and shows that it is not
only a few MMPs but a wide spectrum of these enzymes which contribute to this
destructive disease.

We have defined which members of the large MMP family participate in corneal
melting and in which corneal layer they mainly take effect. We have confirmed the
results of other studies supposing the role of gelatinases (MMP-2 and-9), collagenases
(MMP-1 and -8) and stromelysin MMP-3 % 1" 179181 in corneal melting, but, moreover,
this is the first study describing the presence of matrilysin MMP-7 and the negligible
level of collagenase MMP-13 in melted corneas 2% 2.

To the best of our knowledge, we are the first to determine the activity of MMP-1, -3
and -7 in melted corneal specimens 2% %,

Although we used specimens from patients with different underlying diseases in whom the
exact trigger mechanisms of corneal melting may have varied, the final progress of
corneal degradation concerning MMP expression and activation was shown to be
more or less similar in all patient specimens.

Although we have shown 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 both
corneal melting and the maintenance of homeostasis in normal cornea, but which have still
not been studied. MMP-10 (stromelysin-2) is a good candidate for our future work to be
focused on these topics, both because its presence in normal corneas was found in our first
experiments and because of its similarity to MMP-3 and similar substrate specifity, which
probably caused discrepancies in the MMP-3 activity results as well as differences between
MMP-3 activity and the immunostaining.

Despite this research, the disease-initiating mechanisms are still unclear and need to be
clarified. Our future work will mainly be focused on the elucidating of the immune-

mediated initiation of this destructive process. Since the TIMPs and other MMP inhibitors
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and the regulation of their expression may have an important influence on corneal melting,

their investigation is also another point in our future plans.
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6 LIST OF ABBREVIATIONS

aminophenylmercuric acetate

antigen presenting cells

bicinchoninic acid
ethylenediaminetetraacetic acid
extracellular matrix

Fas ligand

interleukin 1

keratoconjunctivitis sicca

major histocompatibility complex
matrix metalloproteinases
membrane-type MMPs
mitogen-activated protein Kinases
nonsteroidal anti-inflammatory drugs
ocular cicatricial pemphigoid

Optimal Cutting Temperature Compound
phosphate-buffered saline
polymorphonuclear neutrophils
primary Sjégren’s syndrome
proenzyme form of MMP

rheumatoid arthritis
SDS-polyacrylamide gel electrophoresis
sodium dodecyl sulfate

T-helper cell type 1

tissue inhibitors of metalloproteinases
transforming growth factor beta

tumor necrosis factor alpha

APMA
APC
BCA
EDTA
ECM
FasL
IL-1
KCS
MHC
MMPs
MT-MMPs
MAPKSs
NSAIDs
OCP
OCT
PBS
PMN
pSS
proMMP
RA
SDS-PAGE
SDS

Thl
TIMPs
TGF-p
TNF-a
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Purpose: To investigate the contribution of matrix metalloproteinases (MMPs) to recurrent corneal melting in
keratoconjunctivitis sicca associated with primary Sjérgen’s syndrome (pSS).

Methods: One native melted cornea and ten melted corneal grafts from two patients with severe pSS were used. The
presence of MMPs (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 were measured using an activity assay. Eleven unaffected corneas served as controls.

Results: The average values of the staining intensity revealed very intense MMP 1, intense MMP 2, 7, and 9 and moderate
MMP 3 and 8 positivity, in the corneal epithelium of melted corneas. Intense MMP 1 and 9 staining, moderate MMP 2,
3, and 8 staining, and weak MMP 7 staining were found in the anterior stroma. The posterior stroma revealed intense
MMP 1, moderate MMP 3 and 9, and weak MMP 2, 7, and 8 positivity. Immunostaining of the endothelium was moderate
for MMP 9 and weak for MMP 1, 2, 3, 7, and 8. MMP 13 was negative in all but four melted specimens, where weak-to-
moderate staining was found in the epithelium and stroma. Control corneas revealed moderate MMP 1 and 2 and weak
MMP 8 staining in the epithelium, weak MMP 2 staining in the anterior stroma, and weak MMP 1 and 8 staining in the
endothelium. Significantly elevated MMP 1 activity and extremely elevated MMP 9 activity were found in most of the
tested pathological specimens, compared to healthy controls, where no activity of the two enzymes was present. Markedly
elevated MMP 2 activity was found in 2 of 11 specimens, compared to normal tissue. The inactive form of MMP 3 was
detected in half of the tested specimens, and inactive MMP 7 in all melted corneas. Active MMP 3 and 7 were found in
one melted sample. Neither of these MMPs was found in any of the control specimens.

Conclusions: The increased expression and elevated activity of a wide range of MMPs in melted cornea samples from
two patients diagnosed with pSS confirm that these enzymes contribute to the tissue destruction, leading to serious
consequences such as corneal perforation and loss of vision.

Primary Sjogren’s syndrome (pSS) is a systemic
autoimmune disease with an estimated prevalence of only
about 0.5%. It is characterized by the destruction of the
lachrymal and  salivary  glands, resulting in
keratoconjunctivitis sicca syndrome (KCS) and xerostomia
[1-3]. There is lymphocytic infiltration in the exocrine glands
and the production of various autoantibodies [1,4,5].
Extraglandular systemic manifestations may involve several
tissues and organs [3,6-8]. The ethiopathogenesis of pSS is
complex; environmental factors are thought to trigger
inflammation in individuals with a genetic predisposition, but
the exact underlying cause remains unknown [2,5].
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Most patients do not exhibit severe ocular complications.
Those that need to attend ophthalmology clinics have been
found to suffer, in addition to dry eye, from bacterial keratitis,
pannus formation, and sterile corneal melting [9-11].

Corneal melting (keratolysis) is a rare, occasionally
recurrent condition. It is characterized by the development of
epithelial defects and the gradual reduction of stromal
components, which may lead to descemetocele formation and
subsequent perforation of the cornea [12-15]. Less than 20
cases of sterile corneal melting or corneal ulcers in association
with pSS have been described in the literature [11,16,17].
Although the exact mechanism of corneal melting has not
been elucidated, it is often linked to the overexpression of
matrix metalloproteinases (MMPs), which are considered
mainly responsible for the destruction and consequent loss of
the extracellular matrix (ECM) [18-21]. Most of these
endopeptidases are synthesized as inactive proenzymes that
are activated by proteolytic cleavage [22,23]. On the basis of
substrate specificity, sequence similarity, and domain
organization, MMPs are classified into six groups:
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collagenases, gelatinases, stromelysins,  matrilysins,
membrane type MMPs, and others. In the cornea, MMPs can
be produced by keratocytes, epithelial cells, monocytes, and
macrophages [20,24-27].

In this study, seven MMPs representing four main groups
of these endopeptidases were investigated in extremely severe
cases of KCS associated with pSS. These included
collagenases (MMPs 1, 8, 13) capable of cleaving collagen
types I, I, and III [23]; gelatinases (MMP 2 and 9) capable of
degrading collagen types IV, V, and VI, as well as decorin,
fibronectin, and laminin [28-30]; and stromelysins (MMP 3)
and matrilysins (MMP 7), which have similar substrates—
type IV collagen, procollagens, collagen cross-links,
fibronectin, and laminin [22,23]. We report recurrent corneal
melting in two patients with severe pSS and its relation to the
activity of major MMPs.

METHODS

The study adhered to the tenets set out in the Declaration of
Helsinki. Local Ethics Committee approval was granted. All
melted explants were obtained from the Department of
Ophthalmology, General Teaching Hospital and the 1st
Faculty of Medicine, Charles University, in Prague.

Case report 1: A T7-year-old patient was diagnosed with
pSS elsewhere at the age of 71. She tested positive for anti-
SS-A/Ro, anti-SS-B/La, and antinuclear antibodies. No
extraglandular manifestations were noted. Systemic
immunosuppression administered to the patient included
various combinations of cyclophosphamide, prednisolon,
azathioprin, methylprednisolon, cyclosporine A, and
mycophenolate mofetil. Upon first examination in our
Department of Ophthalmology in 2002 at age 74, the patient
presented with bilateral severe dry eye syndrome. In the
course of three years, she suffered from numerous episodes of
corneal melting, requiring a number of surgical procedures.
In the right eye, seven penetrating keratoplasties were
performed (6 grafts were used as specimens S2, S3, S4, S6,
S7, and S8), along with a number of amniotic membrane
transplants, tarsorrhaphies, and other surgeries aimed at
improving the condition of the ocular surface and preventing
progressive tissue melting. In the left eye, the patient
underwent four penetrating keratoplasties (her native cornea
was used as specimen S1 and one graft as specimen S5), as
well as other, similar, surgeries to the right eye. Despite all
the measures undertaken, her condition could not be
controlled, and it led to bilateral blindness.

Case report 2: In case 2, the symptoms related to pSS
started at the age of 46 when swollen salivary glands,
xerostomia, and severe dry eye symptoms were noted by the
patient. Histopathology from a labial salivary gland biopsy
sample showed focal sialadenitis that was consistent with a
diagnosis of pSS. The patient tested positive for rheumatoid
factor, antinuclear antibodies, and Scl70 antibodies.
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Subsequently she also developed arthralgias. Systemic
immunosuppression therapy was started at the age of 50.
Initially, the patient was treated with oral prednisolon; later,
various combinations of methotrexate, cyclophosphamide,
and methylprednisolon were added. Upon first ocular
examination at age 46, she had signs of moderate dry eye
syndrome in both eyes. She gradually developed severe dry
eye syndrome bilaterally. When the patient reached the age of
58, the first signs of peripheral ulcerative keratitis were
observed in the right eye, followed three years later in the left
eye. She rapidly developed corneal thinning, and underwent
her first keratoplasty in the right eye at the age of 59 (specimen
S9), followed by numerous other procedures due to
complications related to melting of the graft, including two
penetrating keratoplasties (specimens S10 and S11). At the
last follow up visit, her visual acuity was full light projection
in the right eye and hand movements with full projection of
light in the left eye.

Specimen preparation: Eleven melted corneal specimens
of the two patients were processed within three h after surgery.
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 the
Ocular Tissue Bank, General Teaching Hospital, Prague). The
mean time from the donor’s deaths to enucleation was 15 h,
and the mean time from death to tissue freezing was 17 h. 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
(Christine Gropl, Tulln, Austria). Before the activity
assessment, the specimens were thawed, were homogenized
in cacodylate buffer (0.1 M cacodylic acid, 0.15 M NaCl, 0.01
M CaCl,, 1.5 mM NaN3, 0.005% Triton X-100, and 0.1 nM
ZnCl,), and underwent protein extraction for 2 days at 4 °C.
Next, they were centrifuged for 30 min at 10,000x g; the
supernatants were removed and frozen at -20 °C.

Indirect enzyme immunohistochemistry: Cryosections (7
um thick) from each of the control and melted specimens were
placed on gelatin-coated glass slides (four per slide), fixed
with cold acetone for 10 min, rinsed in phosphate-buffered
saline (PBS), and incubated for 30 min in 3% hydrogen
peroxide in PBS. After washing in PBS, the specimens were
blocked for 30 min with 2.5% bovine serum albumin in PBS.
Then the slides were incubated for 1 h at room temperature
with the primary antibodies listed in Table 1. Subsequently,
the slides were washed in PBS, and the secondary antibodies
(polyclonal rabbit anti-mouse IgG and swine anti-rabbit IgG
conjugated with biotin, 1:200; DakoCytomation, Glostrup,
Denmark) were applied for 1 h. After rinsing in PBS (three
times for 5 min each), streptavidin/HRP (1:250;
DakoCytomation, Glostrup, Denmark) was added for 30 min.
Finally, the slides were developed with 0.06% 3,3'-
diaminobenzidine  tetrahydrochloride  (Fluka, Buchs,
Switzerland) in PBS, counterstained with Harris hematoxylin,
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TABLE 1. MATRIX METALLOPROTEINASE DETECTING ANTIBODIES USED FOR INDIRECT IMMUNOHISTOCHEMISTRY.

Antibody Catalogue number Concentration Company
Polyclonal rabbit anti-human MMP 1 AB8105 1:300 Chemicon Intl. Inc.
Monoclonal mouse anti-human MMP 2 MAB13431 1:350 Chemicon Intl. Inc.
Polyclonal rabbit anti-human MMP 3 29576 1:50 AnaSpec Inc., San Jose, CA
Monoclonal mouse anti-human MMP 7 MABI13414 1:150 Chemicon Intl. Inc.
Polyclonal rabbit anti-human MMP 8 ABS8115 1:300 Chemicon Intl. Inc.
Monoclonal mouse anti-human MMP 9 MAB3309 1:150 Chemicon Intl. Inc.
Monoclonal mouse anti-human MMP 13 MABI13424 1:50 Chemicon Intl. Inc.

and mounted with Eukit (Fluka, Buchs, Switzerland).
Negative control specimens (primary antibody omitted) were
included on each slide. Samples of human placenta (MMP 1,
2,3, and 7) and breast carcinoma (MMP 7, 8,9, and 13) were
used as positive controls [31,32]. 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), 4
(very intense). The mean average positivity was calculated
from at least three sections of two independent experiments.

Gelatin and casein substrate zymography: All specimens
(native cellular protein quantity, 8.5 pg) were treated with
sample buffer (1.5% sodium dodecyl sulfate [SDS], 15%
glycerol, and 0.005% bromphenol blue). Gelatin and casein
zymography were performed for the detection of MMP 2 and
9, and MMP 3 and 7, respectively, using 10% polyacrylamide
gel containing 0.1% gelatin (AppliChem GmbH, Darmstadt,
Germany) and 12% gel copolymerized with 0.09% B-casein
(Sigma-Aldrich, St. Louis, MO). In brief, 20 pl of each
specimen were loaded onto the gels, and SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) was performed at 200 V at
4 °C for gelatin zymography, and at 20 mA at 4 °C for casein
zymography. After electrophoresis, the gels were twice rinsed
in 2.5% Triton X-100 for 30 min at room temperature to
remove the SDS, then incubated in 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 to allow the
proteinases to digest their substrates. The gels were stained
for 1 h at room temperature in 0.5% Coomassie brilliant blue
R-250 (Serva Electrophoresis, Heidelberg, Germany) in 40%
methanol and 10% acetic acid, 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.

Matrix metalloproteinase 1 activity assays: The
concentrations of the active forms of MMP 1 were determined
using a  commercial kit  (Amersham  matrix
metalloproteinase-1  Biotrak  Activity assay system,
Amersham Biosciences, Amersham, UK) according to the
manufacturer’s protocol. The values of the color reaction of
the assays were read at 405 nm in a SUNRISE ELISA Reader
(Tecan Trading AG, Ménnedorf, Switzerland). The activity of
MMP 1 in ten samples was determined by interpolation from

the standard curve. The activity assay could not be performed
in S3, due to the lack of sufficient specimens.

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 statistical significance.

RESULTS

Localization of individual matrix metalloproteinases in
melted and control specimens: All control corneas exhibited
regular morphology, with a five- to six-layered epithelium.
Severe damage was observed in most of the pathological
specimens, ranging up to the complete absence of the
epithelial layers and, in some specimens, a partly dissolved
Bowmann’s layer and a partly dissolved edge of the anterior
stroma in the area of the lesions.

The levels of staining of antibodies against particular
MMPs in control samples were averaged. No prominent
differences in MMP staining were found among the individual
control specimens for any of the MMPs tested. 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 adjacent to Bowman’s layer, in approximately one-
sixth of the anterior stroma. Weak staining was also found for
MMP 1 and 8 in the endothelium of the control specimens.
Immunostaining for MMP 3, 7, 9, and 13 was completely
negative in all layers of all control corneas (Figure 1).

The staining intensity of different MMPs in melted
specimens is summarized in Table 2. Immunohistochemical
staining of both the control and melted specimens is shown in
Figure 1. In the melted specimens, stronger staining for MMP
9 was found in the epithelial fragments of all tested corneas,
if they were not destroyed. It was also found for MMP 1, 2,
3,and 7 in almost all melted corneas, compared to the controls.
Increased staining for MMP 1 and 9 was found in the whole
stroma in all tested corneas, and for MMP 2, 3, 7, and 8 in
almost all melted grafts, compared to the controls. Positivity
staining for MMP 2, 3, and 7 was detected in the endothelium
of a few melted specimens, while staining for MMP 9 was
observed in all melted grafts. MMP 13 revealed only a weak-
to-moderate staining pattern in the epithelial fragments and in
the stroma of four specimens and in the endothelium of one
specimen.
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Figure 1. Immunohistochemical
localization of matrix
metalloproteinases in  melted and
control corneas. Immunohistochemical
localization of MMP 1, 2, 3, 7, 8, 9, and
13 in representative images of melted
corneal specimens obtained from
patients with pSS (cases 1 and 2) and
from  control corneas.  Original
magnification, 100x. Ep = epithelium,
AS = anterior stroma, PS = posterior
stroma, En = endothelium

Detection of metalloproteinase activity:
Gelatin and casein zymography—Using gelatin
zymography, 2 of the 11 melted specimens (S1 and S2)

displayed extremely high levels of both the proenzyme and
active form of MMP 2, compared to the control corneas.
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TABLE 2. THE IMMUNOHISTOCHEMICAL LOCALIZATION OF INDIVIDUAL MMPS IN THE CORNEAL SPECIMENS OBTAINED FROM TWO PATIENTS WITH PSS (S1-8
AND S9-11 RESPECTIVELY) AND THE AVERAGE VALUES OF IMMUNOHISTOCHEMICAL STAINING IN ALL MELTED SPECIMENS (S) AND coNTROLS (C).

MMP Corneal layer
MMP 1 Ep
AS
PS
En
MMP 2 Ep
AS
PS
En
MMP 3 Ep
AS
PS
En
MMP 7 Ep
AS
PS
En
MMP 8 Ep
AS
PS
En
MMP 9 Ep
AS
PS
En
MMP 13 Ep
AS
PS
En

UocoocobrrwNnUONMNNMNUOOOURNMNNNWRWONWMAR
coocoNMNwWwwWwhrURRBMIORRPDMOONNRERNMNNWWWANMZ
OHHUUOHUOOHUUNNUONI—'UOHNUUN(}QU%
cCooUrrwUUNMNMNUOOOUOCOOOoUocooUUnmdMNMO

Sample
S6

N
[(92]
©
DOOUO-bwabbUUNNbUNNwOHwUwaU(é

PONMNONNDATONwWIONwwIRNMNDwR,rrTOorwO
CORPRPWARORNRPRERRNAORRNNONAONN R
UcooUMNMNNOOOCOOURRrwOMMOOONMNWIwWATOY
UrRrrRrrRrOwwNnONMNNMNMNDwwbONMNNMNDOwwNnOsSSS
COOCORRRANRPRRPRNOOOONAMAWROWRRENLALDLR
OOOUUHNUOHNUUOOUUOONONNUUI—‘NUE
COOCONNWWRENNRPREPWRNNNRRPR,NWE®WWLAW®D
CoOo0O0OO0CO0O0OORrROCOORrROOOOOOOOOORNROoONOD

The scale used for the intensity of the signal: 0 - negative, 1 - weak, 2 - moderate, 3 - intense, 4 - very intense positivity.
D = destroyed tissue. Ep = epithelium, AS = anterior stroma, PS = posterior stroma and En = endothelium.

Levels of MMP 9 proenzyme and the active form were
extremely high in seven (S4, S6-S11) melted specimens and
prominent in one (S5). Three melted specimens (S1-S3)
revealed faint bands for both forms of MMP 9, and two
controls did so for MMP 9 proenzyme only (Figure 2A).

Casein zymography revealed neither the proenzyme nor
the active enzyme of MMP 3 or 7 in any of the control
specimens. Negligible levels of the proform of MMP 3 were
found in five melted specimens (S1, S2, S6, S7, and S9). Both
forms, the proform and active MMP 3, were detected in one
sample (S5) only. Nine melted corneas (S2-S10) revealed high
levels of MMP 7 proenzyme and its intermediate cleavage
product. Two samples (S1 and S11) revealed low levels. Very
low levels of active MMP 7 were found in one specimen (S7)
only (Figure 3).

Matrix metalloproteinase 1 activity assay—The active
form of MMP 1 was found in eight of ten melted corneas at
concentrations ranging from 0.08 to 3.03 ng/ml (p=0.0011).
No activity was detected in the control specimens (Table 3).

DISCUSSION

In this study, we present two cases with pSS undergoing
rapidly progressive recurrent corneal melting despite all
available treatment, including immunosuppression. We
obtained two series of tissue specimens from the eyes of one
repeatedly grafted patient: six consecutive ones from the right
eye, and two from the left . We also obtained one series of
three consecutive tissue samples from the right eye of another
patient with pSS. Our findings clearly demonstrated the
increased presence of MMP 1, 2, 3, 7, 8, and 9, as well as
higher activity of MMP 1, 2, 3, 7, and 9, in the pathological
pSS specimens, compared to the control tissue.

To the best of our knowledge, this is the first time that
these enzymes have been studied in corneal melting
associated with pSS. Previously, differences in corneal MMP
expression were detected in patients with keratolysis
associated with rheumatoid arthritis [21], an autoimmune
disorder that has some overlapping clinical features with pSS,
and in patients with melted corneas after cataract surgery and
photorefractive keratectomy, both of which are treated with
diclophenac [18,19,33]. Our study demonstrated a statistically
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Figure 2. Gelatin zymography of matrix
metalloproteinases 2 and 9 in melted and
control corneas. Melted specimens (A)
S1 and S2 showed extremely high
levels, and specimens S7, S9, and S11
considerable levels, of both the
proenzyme (67 KDa band) and the
active form of MMP 2 (62 kDa band).
Levels of MMP 9 proenzyme (95 kDa
band) and the active form (82 kDa band)
were extremely high in S4 and S6-S11,
and prominent in S5. Weak bands for
both MMP 9 forms were found in
specimens S1-S3. In control samples
(B), a moderate level of the MMP 2
proenzyme was present in all
specimens, whereas the active form of
MMP 2 was either not present or very
faint, except in samples C1, C3, and
C11. As for MMP 9 proenzyme, only C3
and C7 showed faint bands.

Figure 3. Casein zymography of matrix
metalloproteinases 3 and 7 in melted
specimens. Very slight bands of only the
MMP 3 proform (59 kDa) were detected
in five melted specimens (S1, S2, S6,
S7, and S9) and of both the proform and
active MMP 3 (47 kDa) in one specimen
(S5). High levels of MMP 7 proenzyme
(30 kDa) and its intermediate cleavage
product (28 kDa) were detected in nine
melted corneas, S2-S10, and weak
bands of these two MMP 7 inactive
forms were found in two melted
specimens (S1 and S11). A very slight
band of active MMP 7 (20 kDa) was
found in one specimen only (S7).

significant higher activity of MMP 1 and a high expression of
MMP 9 in the corneal epithelium and stroma. Both these
results conform to the immunostaining results of others [18,
19,21,33]. As for MMP 2, its overexpression in both the
epithelium and stroma, as well as its higher activity, have been
reported in other investigations [18,33]. However, one study
showed only a weak presence of MMP 2 in the stroma of a
patient who had undergone cataract surgery and had been
treated with diclophenac [19]. Our results also demonstrated
variability in the MMP 2 expression in melted corneas, since
only 2 of the 11 specimens revealed a considerable increase
in its activity, compared to the controls. One possible
explanation for this phenomenon is that MMP 2 activity is
limited to a short period in the melting process, unlike the
other MMPs. This hypothesis is supported by delays in the
activity increase of this enzyme in corneas after alkali burn,
suggesting its role to be in the regeneration and remodeling of

the corneal ECM, rather than in the degradation process [34,
35].

A marked increase of MMP 3 in the epithelium and
stroma of melted grafts has been detected previously, in the
stroma of a patient after photorefractive keratectomy treated
with topical diclofenac [18]. Although we confirmed the
presence of MMP 3 in melted corneas as well, we were not
able to detect a prominent increase in its activity. This may be
due to the low sensitivity of casein zymography [36].
Unfortunately, there was not enough material available to
perform other, more sensitive methods of MMP 3 detection.

Our study is the first to demonstrate the presence and
activity of MMP 7 in melted corneas. Additionally, casein
zymography showed a large quantity of inactive MMP 7 in all
tested specimens and active MMP 7 in one specimen. We
suggest that MMP 7 is an important element in the degradation
of the corneal basement membrane in corneal melting, as it
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TABLE 3. MMP 1 AcTiviTY AssAY. THE CONCENTRATIONS OF THE ACTIVE FORMS OF MMP 1 IN MELTED CORNEAL TISSUE WERE DETERMINED BY
INTERPOLATION FROM THE STANDARD CURVE.

Specimen
S1
S2
S4
S5
S6
S7
S8
S9

S10
S11

was abundant in the corneal epithelium, especially in its basal
layer.

Up to now, MMP 8 has been studied only in one melted
cornea following cataract surgery, where it was found to be
considerably increased in both the epithelium and stroma
[19]. In our study, we found a weak-to-moderate presence of
this enzyme in both the epithelium and stroma. We attribute
such differences to the fact that the occurrence of MMP § in
the stroma depends on the presence of neutrophils [22], the
distribution of which may vary among melted corneas [19,
37,38].

We also found a weak increase in the presence of MMP
13 in the stroma of three samples. To the best of our
knowledge, no other study has previously evaluated MMP 13
in melted corneas. The expression of MMP 13 has only been
described in the epithelium of wounded corneas [39] and in
the epithelium and stroma of corneas with keratoconus [40].

We did not observe any trend towards an increase or
decrease of individual MMP expression over time, or of
disease progression, in any of the consecutive patient samples.
Instead, the combination of MMPs detected seemed to be
completely different in each specimen. This could have a
number of causes, such as the different stages of melting at
which the explants were obtained. It may also be that the
expression of MMPs showed local variations within
individual specimens, depending on the distance from the
central melting point. It should be noted, however, that the
staining and activity of individual MMPs were similar for
consecutive sections obtained from each specimen.

MMPs in patients suffering from primary SS have
previously been studied in tears [41], saliva [42], and salivary
glands [43,44]. It has been suggested that the activation of
these enzymes is the key factor responsible for the corneal
barrier disruption, as well as for the destruction of the salivary
glands [42,44-46]. Given the characteristic features of pSS,
there may be more than one mechanism leading to the
induction of different MMPs. For example, lymphocytic
infiltrates secrete pro-inflammatory cytokines [2] that are
known to initiate MMP expression in various tissues via

Concentration of active MMP 1 (ng/ml)
0.69
0.08
0.23
0.7
0.23
0.0
0.39
0.0
3.03
1.22

different pathways [22]. Up-regulated IL-1B, found in the
tears of pSS patients [41], could also play a role in the
expression of MMPs, especially MMP 9, via mitogen-
activated protein kinase signaling pathways [47]. Finally, a
mouse model of dry eye has shown that desiccation and
hyperosmolar stress may lead to the induction of MMPs via
the stimulation of proinflammatory cytokines [45,47]. We
hypothesize that in advanced cases of pSS, such as in our
patients, MMPs may be upregulated to such an extent that the
epithelial barrier is substantially degraded, followed by the
dissolution of its basement membrane (caused mainly by
MMP 3, 7, and 9) and the gradual degradation of the stroma,
involving MMP 1, 3, 7, 8, and 9. After the stroma is
completely lost, a descemetocele is formed, and finally the
integrity of the whole cornea is disrupted.

The fact that none of the disease-modifying therapies
used in these patients was effective in decreasing MMP
production and keratolysis suggests that different treatment
strategies with anti-MMP therapies should be considered in
similar cases, such as using recombinant tissue inhibitors of
MMPs [48] or chemical inhibitors of MMPs. For example, the
TNF-o antagonist infliximab has been shown to inhibit one of
the activators of MMP production [49]. Direct inhibition of
MMPs can be achieved by tetracyclines,
medroxyprogesteron, or ion-chelating agents such as cysteine
or thylenediaminetetraacetic acid [50-53]. Finally, an
alternative approach in keratolysis treatment could be focused
on the recovery and strengthening of the collagen structure by
collagen cross-linking [54].

Our study examined extremely severe cases of corneal
melting associated with pSS, and has elucidated the
participation of some MMPs in this destructive process. It
confirmed that these enzymes play an important role in the
severe degradation of corneal tissue leading to corneal
perforation and loss of vision. Their involvement suggests that
MMP inhibitors may play an important role in the treatment
of this condition.
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The aim of this study was to compare the presence and activity of matrix metalloproteinases (MMPs) 1, 2,
3,7, 8,9 and 13 in human melted and cadaverous corneas. Twelve melted corneal specimens from three
patients with rheumatoid arthritis, one patient with ocular cicatricial pemphigoid and one patient with
melting attributed to spastic entropion and ten control corneal buttons were used. The presence of MMPs
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 and -9 was seen in the corneal epithelium and the anterior stroma of all, and for MMP-2, -3, -7 and -8
of almost all, melted corneas compared to the negative or slightly positive staining of the controls. The
posterior stroma showed the presence of MMP-1, -2, -3 and -9 in almost all and of MMP-7 and -8 in half
of all melted specimens. A markedly higher level of active MMP-2 was detected in six and active MMP-9
in all of eleven pathologic specimens compared to control specimens, using gelatin zymography. The
proenzymes of MMP-3 and -7 and the MMP-7 intermediate cleavage product were detected only in
melted corneas using casein zymography. Significantly increased MMP-1 and -3 activity was also found
in the melted corneas using activity assays. The markedly increased immunostaining for MMP-1, -2, -3,
-7, -8 and -9 as well as the elevated levels of the active forms of MMP-1, -2, -3 and -9 in melted corneal
specimens from patients with various diagnoses suggest that although different stimuli may trigger the
pathways that lead to the destruction of the extracellular matrix, these enzymes could play a subsequent
role in this process.

Keywords:

corneal melting

matrix metalloproteinases
extracellular matrix degradation
rheumatoid arthritis

ocular cicatricial pemphigoid
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1. Introduction

Corneal melting (keratolysis) is a rare but recurrent and diffi-
cult-to-treat condition leading to corneal destruction. It is charac-
terized by the development of epithelial defects and gradual
stromal thinning due to the destruction and loss of the extracellular
matrix (ECM), which may lead to descemetocele formation and
subsequent perforation of the cornea (Malik et al., 2006; Palay et al.,
1992; Perez et al., 2002; Pleyer et al., 2002).

Keratolysis could be associated with infectious (Barletta et al.,
1996; McElvanney, 2003), non-infectious inflammatory (Bernauer
et al,, 1995; Donzis and Mondino, 1987), traumatic (Joseph et al.,
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2001; Liu et al., 2002), or trophic causes (Vajpayee et al., 2003),
but may also arise for no apparent reason (Hagen et al., 1997). Non-
infectious corneal melting has many different etiologies. It could
occur as an isolated ocular problem; however, it is more often
linked to autoimmune diseases such as rheumatoid arthritis (RA)
and rarely to ocular cicatricial pemphigoid (OCP) (Bernauer et al.,
1995; Malik et al., 2006; Solomon et al., 2002).

Management of corneal melting is difficult and has to be
tailored to the individual patient. The application of tissue adhe-
sives or amniotic membrane grafts may stabilize the anatomic
integrity of the eye (Donzis and Mondino, 1987; Perez et al.,
2002); however, in advanced stages of keratolysis, these
approaches are frequently unsuccessful (Bernauer et al., 1995;
Solomon et al., 2002). Finally, keratoplasty has to be performed
in cases with imminent corneal perforation (Palay et al., 1992;
Perez et al., 2002; Pleyer et al., 2002). Unfortunately, in most
transplanted patients new grafts also recurrently fail by melting
(Bernauer et al., 1995; Palay et al., 1992).
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Corneal melting is generally linked to the increased presence of
matrix metalloproteinases (MMPs) (Gabison et al., 2003; Hargrave
et al,, 2002; O'Brien et al., 2001; Riley et al., 1995). MMPs are
a family of endopeptidases capable of degrading various compo-
nents of the extracellular matrix (Birkedal-Hansen et al., 1993).
They are synthesized as inactive proenzymes, which are then
activated by proteolytic cleavage (Cawston, 1996). On the basis of
domain organization and substrate preference, MMPs are grouped
into collagenases (MMP-1, -8, -13), gelatinases (MMP-2, -9), stro-
melysins (MMP-3, -10), matrilysins (MMP-7, -26), membrane type
MMPs (MT1-MT6-MMPs) and others (e.g., macrophage metal-
loelastase — MMP-12 or enamelysin — MMP-20) (Visse and Nagase,
2003). From among the MMP substrates that are present in the
normal human cornea, collagenases are able to cleave fibrillar
collagen types I and IIl present in the stroma (Cawston, 1996;
Marshall et al., 1991a), while gelatinases can cleave especially
basal membrane components (collagen types IV and VII, fibronectin
and laminin) and stromal collagen types IV, V and VI, the core
protein decorin and denatured collagens (Cawston, 1996;
Funderburgh et al., 1998; Giannelli et al., 1999; Imai et al., 1997;
Ljubimov et al., 1995; Marshall et al., 1991b; Myint et al., 1996).
Stromelysins participate in the activation of various MMPs and
together with matrilysins can cleave stromal and corneal basal
membrane components (type IV collagen, procollagens, collagen
cross-links, fibronectin, laminin) (Birkedal-Hansen et al., 1993;
Cawston, 1996; Imai et al., 1995; Ljubimov et al., 1995).

The aim of this study was to determine the localization and
activity of members of all the main groups of MMPs (MMP-1, -2, -3,
-7, -8, -9 and -13) in order to identify their involvement in the
recurrent keratolysis process.

2. Methods
2.1. Patients and specimens

The study adhered to the tenets of the Declaration of Helsinki.
Twelve specimens from five patients (P1-5) obtained between
October 2001 and December 2007 during penetrating keratoplasty
(including regrafts) for corneal melting were examined. The mean
age of the patients was 78 years (71—91 years). Patients 1—3 were
diagnosed with RA, case 4 with OCP and idiopathic autoimmune
hemolytic anemia. No systemic disorder was found in case 5. All
patients were evaluated by rheumatologists, and the severity of RA
was classified into four stages (http://www.wheelessonline.com).
Patients with autoimmune disorders were administered systemic

Table 1
Clinical details of patients with recurrent corneal melting.

immunosuppressives. Except for patient 5, who underwent patch
keratoplasty, full thickness grafts ranging from 7.75 to 8.50 mm in
diameter were transplanted. Keratolysis occurred in all native
corneas (specimens P2-1, P4-2, P5-2) and grafts (specimens P1-1,
P1-2, P1-3, P2-2, P2-3, P3, P4-1, P4-3, P5-1) either centrally or
paracentrally. The presence of accompanying keratoconjunctivitis
sicca (KCS) was classified as mild, moderate or severe (Lemp, 2008).
Eleven melted explants were obtained from the Department of
Ophthalmology, General Teaching Hospital and 1st Faculty of
Medicine, Charles University in Prague, Czech Republic and one
from the Department of Ophthalmology, Sokolov Hospital, Czech
Republic. Patient details are summarized in Table 1.

Ten donor corneal buttons (Co1—Co10, mean age 60 years,
16—84 years), not suitable for transplantation due to low endo-
thelial cell density, were obtained from the Ocular Tissue Bank,
General Teaching Hospital, Prague, and served as controls. The
mean time from the donor's death to enucleation was 15 h and
23 min (time range 9 h 45 min—20 h 45 min), and the mean time
from death to tissue freezing was 17 h 15 min (time range 11 h
45 min—21 h 55 min).

All specimens were dissected into two halves, snap-frozen in
liquid nitrogen, and one half was embedded in Optimal Cutting
Temperature Compound (OCT) (Christine Grépl, Tulln, Austria). All
samples were stored at —70 °C. Melted grafts were frozen within
3 h after surgery.

2.2. Indirect enzyme immunohistochemistry

Seven-um-thick cryosections of each OCT-embedded control
and melted specimen were fixed with cold acetone for 10 min and
re-hydrated in phosphate buffered saline (PBS). Endogenous
peroxidase was blocked by a 30 min incubation in 3% hydrogen
peroxide in PBS. After washing in PBS, the specimens were blocked
for 30 min with 2.5% bovine serum albumin in PBS. The sections
were subsequently immunolabeled with the primary antibodies
[monoclonal mouse anti-human MMP-2 (MAB13431), MMP-7
(MAB13414), MMP-9 (MAB3309), MMP-13 (MAB13424) and poly-
clonal rabbit anti-human MMP-1 (AB806), MMP-8 (AB8115); all
from Millipore, Bedford, MA, USA; polyclonal rabbit anti-human
MMP-3 (29576) AnaSpec, Fremont, CA, USA] for 1 h at room
temperature. According to the manufacturers, each antibody is
specific for a single MMP with no cross-reactivity with other MMPs.
After washing in PBS, the secondary antibodies (polyclonal rabbit
anti-mouse IgG and swine anti-rabbit IgG conjugated with biotin;
DakoCytomation, Glostrup, Denmark) were applied for 1 h, then

No Age Sex Specimen Eye PKorder Autoimmune
in the eye systemic disorder

Factors influencing Comments
the ocular surface

P1 71 M Pi1-1 L 1 RA stages IlI-IV Moderate KCS
P1-2 L 2
P1-3 L 3

P2 77 F P2-1 L 1 RA stage IlI Severe KCS
P2-2 L 3
P2-3 L 4

P3 80 F P3 R 2 RA stage IV Severe KCS

P4 81 F P4-1 L 2 OCP stage I; idiopathic Severe KCS
P4-2 R 1 autoimmune
P4-3 R 2 hemolytic anemia

P5 91 F P5-1 R 2 None detected Entropion
P5-2 R 3

Descemetocele formation

Corneal perforation
Descemetocele formation
Descemetocele formation

Descemetocele formation
Corneal perforation

Lysis of previous patch keratoplasty and perforation of adjacent native cornea
Descemetocele formation next to the patch keratoplasty; excentric keratoplasty
(6.0 mm in diameter) comprising mainly native cornea performed

RA = rheumatoid arthritis, OCP = ocular cicatricial pemphigoid, KCS = keratoconjunctivitis sicca, M = male, F = female, L = left, R = right, PK = penetrating keratoplasty.
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the slides were rinsed in PBS again, followed by incubation with
streptavidin/HRP (1:250, DakoCytomation) for 30 min. Finally, the
slides were developed with 0.06% 3,3’-diaminobenzidine tetrahy-
drochloride (Fluka, Buchs, Switzerland) in PBS, counterstained with
Harris hematoxylin and mounted with Eukit (Fluka). One section on
each slide, where the primary antibody was omitted, served as
a negative control. The antibodies were verified using positive
controls that are known to express MMPs: human placenta (MMP-
1,-2, -3,-7) and breast carcinoma (MMP-7, -8, -9, -13) (Vizoso et al.,
2007; Weiss et al., 2007). Samples were evaluated using an
Olympus BX51 light microscope (Olympus Co., Tokyo, Japan) at
a magnification of 100x. The intensity of the signal was evaluated
separately in the epithelium, anterior and posterior stroma and
endothelium. All experiments were performed in duplicate.

2.3. Preparation of samples for zymography and the activity assays

Eleven melted specimens (P1-1, P1-2, P1-3, P2-1, P2-2, P2-3, P3,
P4-1, P4-2, P4-3, P5-2; Table 1) and ten control specimens (Co1—10)
were processed as previously described (Vajtr et al., 2002). In brief,
they were thawed and homogenized in cacodylate buffer (0.1 M
cacodylic acid, 0.15 M NacCl, 0.01 M CaCl,, 1.5 mM NaNs, 0.005%
TRITON X-100 and 1 nM ZnCly), then underwent protein extraction
for two days. The samples were centrifuged for 30 min at 10 000 G,
the supernatants removed and frozen at —20 °C. Specimen P5—1
was used only for immunohistochemistry due to the lack of
material.

2.4. Gelatin and casein substrate zymography

Twelve pl of each specimen, adjusted to represent the same
quantity of cellular protein (8.5 pg), was used for both gelatin and
casein zymography. The specimens were treated with sample
buffer [1.5% Sodium dodecyl sulfate (SDS), 15% glycerol, and 0.005%
bromphenol blue] without boiling or reduction. Zymography was
carried out as described previously (Mesa et al., 2006) 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) at 200 V or a 12%
gel containing 0.09% casein (Sigma—Aldrich, St. Louis, MO, USA) at
20 mA for 90 min at 4 °C. The gels were twice soaked in 2.5% Triton
X-100 for 30 min at room temperature to remove the SDS, then
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 to allow proteinase digestion of their substrates. Gels
were rinsed again in a mixture of 40% methanol and 10% acetic acid,
stained with a solution of 0.5% Coomassie brilliant blue R-250
(Serva Electrophoresis, GmbH, Heidelberg, Germany) in 40%
methanol and 10% acetic acid for 1 h, and destained with a 40%
methanol and 10% acetic acid mixture. 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 buffer lacking calcium and containing
20 mM EDTA. Gels were incubated overnight at 37 °C and, after the
incubation period, were stained and destained as described above.

2.5. MMP-1 and -3 activity assays

The concentrations of the active forms of MMP-1 and -3 were
determined using commercial kits (Amersham matrix metal-
loproteinase-1 and Amersham matrix metalloproteinase-3, Biotrak
Activity assay system, Biotrak, Amersham Biosciences, UK)
according to the manufacturer's protocol and as described previ-
ously (Li et al., 2003). In brief, microplate wells coated with F(ab’),

goat anti-mouse IgG were incubated with anti-MMP-3 antibody for
3 h at 37 °C, then rinsed with a wash solution four times.
A commercially prepared anti-MMP-1-coated microplate was
allowed to equilibrate to room temperature. One hundred pul each of
pro-MMP-1 (0.78—12.5 ng/ml) or pro-MMP-3 (0.25—8 ng/ml)
served as standards. One hundred pl of the tissue samples (diluted
1:10) and 100 ul of assay buffer as a blank were incubated at 4 °C
overnight in microplate wells pre-coated with anti-MMP-1 or anti-
MMP-3 antibody. To measure the total activity of MMP-1 or MMP-3
in the standards, bound pro-MMP-1 or pro-MMP-3 was activated
with 50 pl of 0.025 mM or 100 pl of 1 mM p-aminophenylmercuric
acetate in assay buffer, respectively. Fifty ul of assay buffer was
added to each sample in which the endogenous level of active
MMP-1 or -3 was measured. To activate MMP-3 proenzyme, a 30-
min incubation at 37 °C was used, and all wells were washed four
times. Detection reagent was added to each well of the MMP-1 or
MMP-3 activity assay microplates and incubated at 37 °C for 4 or
4.5 h, respectively. Active MMP-1 or MMP-3 was evaluated based
on the color change resulting from the cleavage of a chromogenic
peptide substrate. The resultant color was read at 405 nm in an
ELISA Reader (ELISA Reader SUNRISE, Tecan Trading AG, Mdn-
nedorf, Switzerland). The activity of MMP-1 or MMP-3 in all
samples was determined by interpolation from a standard curve.
Due to the limited amount of sample material available, we per-
formed these experiments only once.

2.6. 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 statistical significance.

3. Results
3.1. Detection of MMPs by indirect enzyme immunohistochemistry

Moderate and weak MMP-1 staining was present in the
epithelium and endothelium of each control specimen, respec-
tively. Increased MMP-1 staining was found in the epithelial frag-
ments and the anterior stroma of all melted specimens compared
to controls; the epithelium of one specimen was destroyed (P1-3).
MMP-1 immunostaining was also elevated in the posterior stroma
of nine (P1-1, P1-2, P2-1, P2-3, P3, P4-1, P4-2, P4-3, P5-2) and in the
endothelium of four (P1-1, P2-1, P4-2 and P4-3) melted corneas.

Moderate staining for MMP-2 was present throughout the
epithelium of all control corneas, and a weak signal was observed in
the anterior stroma in the area adjacent to Bowman's layer.
A stronger staining intensity was present in the epithelial frag-
ments of seven (P2-1, P2-2, P2-3, P3, P4-2, P4-3, P5-1), the posterior
stroma of eight (P1-1, P1-2, P2-1, P2-3, P3, P4-2, P5-1, P5-2) and the
endothelium of eight (P1-1, P2-1, P2-2, P2-3, P3, P4-2, P4-3, P5-1)
melted corneas. Increased MMP-2 staining was found in the ante-
rior stroma of all melted specimens as well, except for one (P4-1).

Immunostaining for MMP-3 was negative in all control corneas.
In the pathologic samples, MMP-3 was detected in the epithelial
fragments (P1-1, P2-1, P2-2, P2-3, P3, P4-1, P4-2, P4-3, P5-1, P5-2) of
ten and the anterior stroma (P1-1, P1-2, P1-3, P2-1, P2-2, P3, P4-2,
P4-3, P5-2) of nine melted specimens. Additionally, positivity was
observed in the posterior stroma of seven (P1-1, P1-2, P2-1, P3, P4-
2, P4-3, P5-2) and the endothelium of three melted specimens (P2-
1, P4-3, P5-2).

MMP-7 was not found in any layer of any of the ten control
specimens, whereas this enzyme was found in the epithelial frag-
ments (P1-1, P2-1, P2-2, P2-3, P3, P4-1, P4-2, P5-1, P5-2) of nine, the
anterior stroma (P1-1, P1-2, P2-2 P1-3, P2-1, P3, P4-2, P4-3, P5-1,
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P5-2) of ten and the posterior stroma (P1-1, P2-1, P3, P4-2, P4-3,
P5-2) of six melted corneas. The endothelium of two pathological
samples (P2-1, P4-2) revealed weak immunostaining for MMP-7.

Weak MMP-8 staining was detected in the epithelium and the
endothelium of all control specimens, while the other corneal areas
were negative. A similar staining intensity in the epithelium was
seen in four melted corneas (P2-2, P3, P4-1, P5-2), whereas the
other specimens exhibited markedly elevated staining or were
destroyed (P1-2, P1-3). MMP-8 was also present in the anterior
stroma of nine (P1-1, P1-3, P2-1, P2-2, P3, P4-2, P4-3, P5-1, P5-2)
and the posterior stroma of six (P1-1, P2-1, P3, P4-2, P4-3, P5-1)
melted specimens. The endothelium was mostly negative or weakly
positive except for one sample (P2-1), where slightly elevated
MMP-8 expression was found.

MMP-9 was not found in any of the control specimens. The
presence of this enzyme was detected in the epithelial fragments
and the anterior stroma of all pathologic samples; the epithelium of
one (P1-3) specimen and the epithelium and anterior stroma of
another (P2-2) specimen were destroyed. MMP-9 expression was
found in the posterior stroma of nine (P1-1, P1-2, P1-3, P2-1, P2-2,
P3, P4-2, P4-3, P5-2) and in the endothelium of one (P2-1) melted
cornea.

No positivity for MMP-13 was detected in any control or melted
cornea except for a low level of this enzyme in the epithelial frag-
ments, the posterior stroma and the endothelium of one (P2-1) and
in the anterior stroma of three melted corneas (P1-1, P2-1, P4-3).

The immunolocalization of individual MMPs in control and
pathologic specimens is shown in Fig. 1. Control specimens revealed
little intra-individual or inter-individual variability in the staining
intensity, while more pronounced differences were observed in the
melted specimens. No immunostaining was present in any of the
negative controls.

3.2. Detection of MMP activity: gelatin and casein zymography

In the patient group, markedly increased levels of both the
partly cleaved form of MMP-2 (Stefansson et al., 1994) and the
active form of MMP-2 were found in five (P1-1, P2-1, P2-2, P3, P4-3)
melted corneas, while one sample (P4-2) revealed the increased
expression of the proenzyme only (Fig. 2, B). Two pathologic
samples (P1-2, P2-3) showed the presence of active MMP-2 only. In
three melted corneas (P1-3, P4-1, P5-2) and all ten tested control
corneas, a faint band of the partly cleaved proenzyme and no or
a very faint band of the active form of MMP-2 was found.

High levels of both forms of MMP-9 were detected in eight (P1-
1, P1-2, P1-3, P2-2, P2-3, P4-1, P4-2, P4-3) and weak levels in one
(P5-2) melted specimen (Fig. 2B). Two melted corneas (P2-1, P3)
revealed a prominent band of active MMP-9 only. Two controls
exhibited a faint band of the MMP-9 proenzyme (Fig. 2A).

Casein zymography revealed faint bands of the MMP-3 proen-
zyme in five melted corneal samples (P1-1, P1-2, P2-3, P4-2, and
P4-3). Dense bands migrating at 28 kDa and 25 kDa, corresponding
to the proenzyme of MMP-7 and its intermediate cleavage product,
were found in five (P1-1, P1-2, P1-3, P2-2, P2-3) melted corneas,
whereas five melted samples (P2-1, P4-1, P4-2, P4-3, P5-2)
exhibited faint bands of these two MMP-7 forms (Fig. 3). No MMP-3
or MMP-7 forms were found in any of the control specimens.

3.3. Detection of MMP activity: MMP-1 and MMP-3 activity assay

Significantly higher MMP-1 activity was shown in melted
corneas compared to controls (p-value < 0.001). The active form of
MMP-1 was found in ten of eleven melted corneas at levels ranging
from 0.1 to 8.4 ng/ml; no activity was detected in control specimens
(Fig. 4).

The concentration of active MMP-3 in the melted specimens
was significantly higher (range, 12.6—106.22, p-value < 0.001) than
in controls, nine of which displayed low levels of active MMP-3
(range, 0—32.4 ng/ml) (Fig. 4).

4. Discussion

In this study we found markedly elevated levels of MMP-1, -2,
-3, -7, -8 and -9 in melted corneas obtained from a set of patients
suffering from various underlying pathologies.

Non-infectious corneal melting usually precedes epithelial
defect formation, which is followed in turn by the loss of the
epithelial basement membrane and stromal degradation
(Matsubara et al., 1991). The failure to re-epithelialize, the delay in
basement membrane repair and the degradation of stromal
components are thought to be caused by excessive proteolytic
activity in the cornea (Fini et al., 1998). MMPs are believed to be
mainly responsible for this process (Fini et al., 1998; Gabison et al.,
2003; O'Brien et al., 2001; Riley et al., 1995).

In agreement with our results, gelatinases play an important
role in corneal melting. These findings are supported by the results
of other studies describing the expression of MMPs in corneal
melting associated with RA (Smith et al., 2001) as well as with
diclofenac treatment (Gabison et al., 2003; O'Brien et al., 2001). As
was found earlier, MMP-9 participates in the degradation of the
corneal basement membrane during the process of corneal melting
in thermally burned corneas, whereas MMP-2 exhibits delayed
synthesis; the involvement of MMP-2 in the attempts of the melted
tissue to regenerate has been suggested (Matsubara et al., 1991).
The variability in MMP-2 activity detected by us may therefore be
explained by the different stages of melting present in the speci-
mens used for analysis. The presence of both MMP-2 forms in
control tissue, which has been found by other authors (Fini et al.,
1992; Kenney et al., 1994) as well as by us, supports the hypoth-
esis that MMP-2 may participate in the maintenance of ECM
homeostasis (Matsubara et al., 1991). On the other hand, the pres-
ence of active MMP-2 in control tissue could also be related to the
absence of inhibitors in the sample buffer that protect proteins
against degradation by proteinases in the samples. Prolonged
extraction of tissue in the absence of inhibitors could have
contributed to the cleavage of MMPs by other enzymes, thus
leading to the appearance of low levels of activated forms even in
control tissue.

The degradation of the epithelial basement membrane during
keratolysis could also be caused by MMP-3 and -7. In the present
study, their elevated expression in the melted specimens is in
agreement with an earlier report describing the presence of MMP-3
in corneal melting associated with diclofenac treatment (Gabison
et al.,, 2003). Moreover, our results revealed for the first time
a significant increase in MMP-3 activity compared to control
corneas. The highest concentration of active MMP-3 measured by
the activity assay (106.2 ng/ml) is much lower than the detection
limit of casein zymography for this enzyme (400 ng/ml), thus
explaining why we were not able to detect bands corresponding to
active MMP-3 using casein zymography (Quesada et al., 1997). The
observed differences between the MMP-3 activity results (very
high activity levels) and both the histological (strong staining) and
zymography results (no signal) could be caused by the possible
cross-reactivity of MMP-3 with MMP-10. Although the manu-
facturer's datasheet does not address this possibility, these two
MMPs have almost identical substrate specificities (Birkedal-
Hansen et al., 1993), thus the MMP-3 activity assay may recognize
active MMP-10 as well. Other, more general reasons that could
be responsible for the observed variability in MMP expression are
discussed below.
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Control corneas Melted corneas

MMP 1

MMP 2

MMP 3

MMP 7

MMP 8

MMP 9

MMP 13

Fig. 1. Immunostaining of MMP-1, -2, -3, -7, -8, -9 and 13 in representative samples of melted and control corneas. The photomicrographs of melted corneas stained for MMP-3, -8
and -13 have insets showing the epithelium of the same specimen. Ep = epithelium, AS = anterior stroma, PS = posterior stroma, En = endothelium.
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Fig. 2. Detection of MMP-2 and -9 activity using gelatin zymography in control corneas (A) and melted grafts (B). Prominent bands and faint bands of both the partly cleaved form
of MMP-2 (67 kDa) and the active enzyme (band at 62 kDa) were detected in five (P1-1, P2-1, P2-2, P3, P4-3) and three (P1-3, P4-1, P5-2) melted corneas, respectively. Two samples
showed the presence of the active form only (P1-2, P2-3), while the remaining specimen (P4-2) revealed a prominent band of the proenzyme and a faint band of active MMP-2. A
faint band of partly cleaved MMP-2 and no or a very faint band of active MMP-2 were found in all control corneas. Markedly increased levels of both forms of MMP-9 (a 95-kDa band
of the proenzyme and an 82-kDa band corresponding to the active form) or only the active form were seen in eight melted specimens (P1-1, P1-2, P1-3, P2-2, P2-3, P4-1, P4-2, P4-3)
and two melted corneas (P2-1, P3), respectively. Weak bands of both forms were found in one specimen (P5-2). Two controls (Co2, Co10) exhibited a faint band at 95-kDa cor-

responding to MMP-9 proenzyme.

To the best of our knowledge, evidence for the expression of
MMP-7 in melted corneas has not been previously shown by other
researchers. Although we did not detect the active form of MMP-7,
we found a large quantity of MMP-7 proenzyme and its partially
activated form (Yu and Woessner, 2000).

As collagen types I and Il are the main components of the
corneal stroma (Marshall et al., 1991a), the participation of colla-
genases in its degradation is expected. We confirmed a high level of
MMP-1 in the melted corneas (Riley et al., 1995). Moreover, we
found significantly elevated MMP-1 activity. Surprisingly, the
concentration of active MMP-1 in the melted tissues was rather low,
which does not correlate with our immunostaining results. This
could be due to the presence of some tissue inhibitors of matrix
metalloproteinases or other proteins (a2-macroglobulin, etc.). The
presence of MMP-1 in the normal corneal epithelium, at levels less
than those seen in pathological specimens, has been reported by
other researches as well (Mackiewicz et al., 2006; O'Brien et al.,
2001). To the best of our knowledge, MMP-13 has also not been
previously studied in melted corneas by other researchers.
Surprisingly, we detected low levels of MMP-13 in only three melted
corneas. This could be due to the fact that MMP-13 is more efficient
at cleaving collagen type II, which is absent from the human cornea
(Marshall et al., 1991a; Nakayasu et al., 1986), than types I and III
(Knauper et al,, 1996). Immunostaining for MMP-8, a neutrophil
collagenase, was mostly located in the same area where neutrophils

P1-1 P1-2

pro MMP-3 60 kDa —

pro MMP-7 28 kDa —
25 kDa —

P1-3 P21

were detected using an anti-CD66b antibody (data not shown). The
presence of this collagenase in the corneal stroma in areas of
leukocyte infiltration was described previously in ulcerative kera-
tolysis associated with diclofenac use (O'Brien et al., 2001).

We found some variability in the expression of individual MMPs
in each specimen. This could be caused by a number of reasons such
as the influence of the diverse underlying pathologies or the different
stages of melting at which the explants were obtained. The expres-
sion of MMPs may also be inhomogeneous, showing local variations
within individual specimens; our specimens were cut into two halves
for subsequent use in immunohistochemical staining and the activity
assay, thus any differences found could reflect the non-uniformity of
MMP distribution. It should be noted, however, that the staining of
individual MMPs was similar for consecutive sections obtained from
each cornea. Another reason could lie in the different levels of the
active and inactive forms of individual MMPs. The antibodies used for
immunostaining do not distinguish between the proenzyme and
active forms of the MMPs, unlike the activity assay. Based on the
methods used, it is impossible to determine whether 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 their
quantitative differences between samples.

To date, little is known about the mechanisms responsible for
the induction of corneal melting. We agree with the suggestions of

P22 P23 P3 P4-1 P42 P43 P52

Fig. 3. Casein zymography in melted corneal grafts. Low levels of the MMP-3 proenzyme (60 kDa) were observed in five melted corneal samples (P1-1, P1-2, P2-3, P4-2, P4-3).
Dense bands in five (P1-1, P1-2, P1-3, P2-2, P2-3) and faint bands in five (P2-1, P4-1, P4-2, P4-3, P5-2) melted corneas migrating at 28 kDa and 25 kDa, corresponding to the
proenzyme of MMP-7 and its intermediate cleavage product, were detected. No MMP-3 or -7 proenzymes or active enzymes were found in any of the control specimens.
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Fig. 4. The concentrations of MMP-1 and MMP-3 in control (Co) and melted corneas (P) determined by activity assays.

previous reports (Kervick et al., 1992; Palay et al., 1992; Riley et al.,
1995) that corneal melting associated with autoimmune disorders
could be induced by immunomodulatory mediators. Pro-inflam-
matory cytokines, which may enter the cornea from the tears via
a damaged epithelial barrier, could stimulate the production of
MMPs by stromal fibroblasts and attract an invasion of poly-
morphonuclear neutrophils and macrophages (Burrage et al., 2006;
Kervick et al., 1992; Webster and Crowe, 2006).

Although our results support a crucial role for MMPs in corneal
melting, plasminogen activator or some cathepsins may also
participate in keratolysis. For example, plasminogen activator,
which activates plasminogen into plasmin, has been shown to
activate some MMPs as well in order to cleave some ECM compo-
nents (Berman et al., 1980; Lijnen, 2003/2004; Twining et al., 1985).

Our results extend our knowledge about the participation of
MMPs in corneal melting. Although we used specimens from
patients with three different underlying causes, in whom the exact
stimuli responsible for the initiation of corneal melting could vary,
the final progress of ECM degradation in regards to MMP expres-
sion and activity was found to be almost similar in all patients/
specimens.
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