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ARTICLE INFO ABSTRACT

Article history: During infectious keratitis, the production of collagenolytic and inflammatory substances,
Received 17 January 2023 along with increased corneal matrix metalloproteinase (MMP) activity, induces the de-
Revised 6 June 2023 gradation of corneal collagen and may cause postkeratitis complications, such as opacity,
Accepted 19 June 2023 thinning, and corneal perforation. MMPs, especially MMP-2 and MMP-9, are overexpressed
Available online 21 June 2023 in infectious keratitis and sustained over time by inflammatory and nonmicrobial me-

chanisms. The high MMP levels are correlated with excessive corneal destruction in bac-
terial, herpetic, fungal, and acanthamoeba infections. Nonspecific treatments, such as
tetracyclines, particularly doxycycline, or corticosteroids, are used as adjuvants to anti-
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. microbials to alleviate the disproportionate degradation and inflammation of the corneal
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layers caused by corneal MMPs and decrease the recruitment and infiltration of in-
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flammatory cells. Treatments showing inhibition of specific MMPs (Galardin,
ZHAWOCT7726), interfering with pro-MMP activation (EDTA, ascorbic acid), or showing
anticytokine effect (epigallocatechin-2-gallate, TRAM-34) have been reported. Other treat-
ments show a direct action over corneal collagen structure such as corneal cross-linking or
have been associated with reduction of MMP levels such as amniotic membrane grafting.
Although the use of these drugs has been shown in studies to be effective in controlling
inflammation, especially in experimental ones, robust studies are still needed based on
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randomized and randomized clinical trials to demonstrate their potential effect as ad-

juvants in the management of infectious keratitis.

© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The extracellular matrix (ECM) of the cornea is a complex and
organized meshwork comprised of cells, especially keratino-
cytes, collagen, proteoglycans, hyaluronic acid, elastin, la-
minin, fibronectin, and other components, such as matrix
metalloproteinases (MMPs), immune mediators, and growth
factors that compose and maintain the corneal homeostasis
and its characteristic transparency.®"*%

In a healthy cornea, ECM and stromal collagen remodeling
is mediated by the MMPs secreted by keratocytes.**'% MMPs
are zinc-dependent endopeptidases with a main proteolytic
role in degrading and remodeling ECM components.'®’®
Based on their chemical substrate and function, MMPs are
divided into membrane-type-MMPs, collagenases, gelati-
nases, stromelysins, and matrilysins.”” The action of MMPs is
controlled by a complex molecular interplay. Tissue in-
hibitors of MMPs (TIMPs) are the main endogenous regulators
of MMPs,” with an important function in uptaking, activation,
and removal of MMPs, as well as influencing cell phenotype
and production of cytokines, chemokines, and growth fac-
tors.*'®%° The impairment of the balance between MMPs/
TIMPs is implicated in multiples diseases, such as diabetes,
hypertension, renal diseases, neurodegenerative diseases,
wound healing, cancer, and inflammatory disorders.”®

Likewise, the disruption of the corneal surface home-
ostasis because of MMPs/TIMPs imbalance has an important
role in diverse conditions, including infectious keratitis and
its progression.”” Microbial keratitis causes an excessive re-
lease of proteolytic enzymes, especially MMPs, along with the
transformation of quiescent keratocytes in activated fibro-
blasts, as well as indirect recruitment of inflammatory cells,
thus preventing the healing of the ulcer and causing corneal
melting by collagen destruction, neovascularization, corneal
scar formation, and even corneal perforation.”*’? Although
certain MMP inhibitors have been used as adjuvants in non-
infectious ulcers, and their positive effect on ulcer healing
has already been advocated in moderate to severe ocular
chemical injuries and sterile corneal ulceration, among
others,®*’° their use is still controversial. In fact, the overall
knowledge regarding their use in the management of corneal
infections is currently scarce.

As far as we know, there are no ongoing clinical trials at-
tempting to clarify the role that MMPs and TIMPs may have in
the pathophysiology of infectious corneal ulcers, nor the use
of MMP inhibitors as adjuvants in the therapeutic manage-
ment of microbial keratitis.

We focus on the participation of MMP and TIMP infectious
keratitis, their relationships, and their role in stromal corneal
destruction, remodeling, neovascularization, and the dif-
ferent strategies to control corneal degradation.

2. Metalloproteinases and the ocular surface

MMPs and TIMPs are present in the ECM of the different struc-
tures of the eye.” On the ocular surface, MMPs help to maintain
the normal corneal structure and play an important role in the
destruction and remodeling of corneal components.”’

MMPs are produced as pro-MMPs that depend on zinc for
their catabolic activation in the ECM.”” The production of
MMPs is regulated by various activators and inhibitors. At
transcriptional levels, the expression of MMPs is upregulated
by mRNA expression, hormones such as estrogen and pro-
gesterone, inflammatory cytokines, such as tumor necrosis
factor-a (TNF-a), and growth factors including transforming
growth factor-8 and B1 (TGF-8, TGF-f1) and endothelial
growth factor (VEGF), cell-to-cell contact, and ECM interac-
tions.”’’® For example, the overexpression of VEGF increases
MMP-2 concentrations in rats. In contrast, TGF-f1 may
downregulate MMPs.*® In addition to the gene transcription
level, MPPs are regulated at posttranslational levels with the
modifications of proteins by mRNA stability, epigenetic reg-
ulation, and the action of enzyme precursors with en-
dogenous and exogenous activation.*”

The activation of pro-MMPs requires the disruption of the
cysteine switch through zinc in the catalytic site. Proteinases
including plasmin, trypsin, other MMPs, reactive oxygen, and
hypochlorous acid produced by leukocytes can facilitate this
disruption and the MMP activation.”® Once activated, MMPs
are regulated by unspecific protease inhibitors, such as a2-
macroglobulin and al-antiprotease, and by specific in-
hibitors, the TIMPs. Endogenous TIMPs, namely, TIMP-1, — 2,
-3, and -4, blockage the activity of all MMPs in a reversible
form.”” Increased MMPs or decreased TIMPs levels can lead to
MMP/TIMP imbalance, resulting in pathological conditions.”’

Under physiological conditions, the balance between MMPs
and TIMPs is essential to maintain corneal homeostasis.
Excessive levels of MMPs cause a disbalance of this ratio that
can be tested in the tear film and has been linked to dry eye
syndrome, corneal ulceration or erosion, and other in-
flammatory conditions.?’*® MMP-2 (gelatinase or collagenase
A) comes from stromal fibroblasts and macrophages. Its
function in a healthy cornea consists of breaking down col-
lagen types IV, V, VII, gelatins, and fibronectin.*” In pathologic
conditions like after an injury, however, MPPs, including MMP-
2, show abnormally elevated levels."” MMP-9 is a collagenase B
originating from corneal epithelial cells, macrophages, and
neutrophils with similar substrates to MMP-2’% but with dif-
ferent patterns of action. The long-time persistence of MMP-2
after an injury suggests that it is involved in collagen re-
modeling and stromal reparation, while MMP-9 might partici-
pate in the degradation of epithelial basement membrane
before corneal ulceration.”” MMP-1 (collagenase A) breaks
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down collagen types I, II, and III and is produced by stromal
fibroblasts and keratocytes, while MMP-3 (stromelysin) breaks
proteoglycans, fibronectin, laminin, gelatin, and types III, 1V,
and V collagen.”” MMP-8, a neutrophil collagenase, also digests
types I, II, and III collagens, but it is only produced by poly-
morphonuclear polymorphonuclear neutrophils (PMNs). In
certain infectious and inflammatory conditions, MMP-2, MM-8,
MMP-9, and other MMPs are also secreted by inflammatory
cells including fibroblasts (that originate from activated kera-
tocytes), endothelial cells, macrophages, neutrophils, and
lymphocytes.””*>*° Moreover, TIMP-1 TIMP-2, and TIMP-3 are
normally present in the cornea and can be produced by the
same cells that express MMPs.”"

3. Metalloproteinases and microbial keratitis
3.1 Metalloproteinases and bacterial keratitis
Bacterial keratitis implies an intense interaction with corneal

ECM that determines the urgency, progression, resolution,
and implications of the infection.”” The role of MMPs in
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bacterial keratitis has been widely studied. Collagen de-
gradation is mediated by proteases and enzymes released by
the infecting bacteria and the inflammatory cascade pre-
cipitated by infection and corneal fibroblasts.** (Fig. 1).
Corneal epithelial cells contain pattern-recognition re-
ceptors that can generate innate immune responses against
microbial factors known as pathogen-associated molecular
patterns.”” The pathogen-associated molecular patterns re-
leased are different depending on the bacterial type. Gram-
negative bacteria such as Pseudomonas aeruginosa, the most
common bacterium causing infectious keratitis and fre-
quently associated with severe corneal melting,”” release li-
popolysaccharide, a type of pathogen-associated molecular
patterns. Toll-like receptors are part of the innate immune
system, and they recognize a wide range of patterns from
many infectious agents. Quiescent corneal keratocytes dif-
ferentiated into corneal fibroblasts and myofibroblasts can
detect lipopolysaccharide and other virulence factors
through toll-like receptors, activating innate immune re-
sponse by means of inducing the secretion of MMPs, TGF-1,
and chemokine interleukins IL-1 and IL-8.>* These activated
fibroblasts induce, in turn, urokinase-type plasminogen
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Fig. 1 - Role of keratinocytes, inflammatory cells, and epithelial corneal cells in the production of metalloproteinases (MMPs)
in bacterial keratitis. In the left area of the graphic, the depiction shows how bacteria activate epithelial corneal cells,
keratinocytes, and inflammatory cells, namely, polymorphonuclear neutrophils (PMNs). This interaction induces the
secretion of interleukins and cytokines, initiating an inflammatory cascade that causes the activation of corneal fibroblasts.
In the right area of the graphic, it is shown how diverse types of pro-MMPs are produced by epithelial corneal cells, activated
fibroblasts, and PMNSs. The transformation in the activated form of MMPs requires the interaction of activated fibroblasts
with the urokinase-type plasminogen activator (uPA)-plasmin-MMP via the direct effect of specific bacterial products or other
triggers in a positive microenvironment with enough substrates.
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activator (uPa). The uPa transforms the plasminogen into
plasmin, which mediates the conversion of inactive pro-
MMPs into their active forms, thus releasing their proteolytic
actions.”” The uPA-plasmin-MMP via plays a central role in
the disproportionate collagen degradation during corneal
ulceration, with MMP-1 and MMP-9 as the main media-
tors.'”°? Moreover, fibroblasts recruit inflammatory cells that
release proinflammatory cytokines, including TNF-«, IL-1, IL-
8, IL-12, IL-18, IFN-, and IFN-y.”’

To promote collagen destruction, Pseudomonas aeruginosa
produces proteases, including MMPs, serine proteases, and
other collagen-degrading enzymes, and helps to activate pro-
MPPs secreted by fibroblasts.””** Other bacteria, such as
Streptococcus pneumoniae, release virulence factors, including
a polysaccharide, pneumolysin, neuraminidases, and zinc
MMPs. " In addition, other bacteria release IL-18 that induces
the expression of IL-8, a potent neutrophil-attracting mole-
cule, thus enabling the prolongation of the MMP cascade.'*””

To facilitate bacterial clearance, PMNs generate an innate
immune reaction in the infection site and the secretion of IL-
1 and IL-1B, and stimulate corneal fibroblasts into the pro-
duction of MMPs. The interaction between PMNs and corneal
fibroblasts promotes the further infiltration of inflammatory
cells. Thus, activated corneal fibroblasts are responsible for
collagen-degrading MMPs secretion and the sustaining of
corneal ulcer physiopathology.®*'

Likewise, activated corneal fibroblasts stimulate the up-
regulation of MMP-1, MMP-2, and MMP-9 and the down-
regulation of TIMP-1.*:°®!°? Numerous studies support a
correlation between the high levels of MMP-9 in acute Pseu-
domonas aeruginosa keratitis and the severity of the kera-
titis.**°*'%? In mice, the neutralization of MMP-9 produced by
Pseudomonas aeruginosa reduced Langerhans cells and PMN
count, reducing the severity of the corneal ulcer.”* MMP-9 has
also been proposed as an indicator of inflammatory eye dis-
ease and ocular surface disease and suggested as a ther-
apeutic target.”®

Therefore, according to the evidence, the intervention in
the early stage of the ulcerative keratitis, inhibiting the sub-
sequent cascade of events regulated by corneal MMPs, con-
stitutes an initial opportunity for therapeutic intervention.

3.2. Metalloproteinases and virus

Viral infections share with bacterial keratitis some events
related to collagen destruction. In fact, Herpes simplex virus
(HSV) keratitis generates an upregulation of MMP-9.°° The
infection of human epithelial cells by HSV produces an up-
regulation of MMP-9 and TNF-« in a dose-dependent manner.
In fact, TNF-a concentration is positively correlated with
MMP-2 and MMP-9 levels.’°® The upregulation of MMP-9
seems to have specific timing, with MMP-9 levels increasing 2
days after inoculation of HSV and decreasing at 7 days after
infection. The decrease in PMN infiltrates areas, and TNF-a
levels are linked with the downregulation of MMP-9."%

The inhibition of inflammatory cells such as macro-
phages®*” and PMNs>° in HSV keratitis in mouse models de-
creases the inflammatory cell infiltration and MMP-9 levels.

The ratio of MMPs to TIMPs may be important for the course
of necrotizing HSV keratitis since TIMPs might participate in
the repair process.’”” In stromal ulceration, the neutrophil
infiltration might provide a source of MMP-8 collagenases.
Likewise, IL-1p levels seem to cause an imbalance in the level
of MMPs and TIMPs, and have also been linked with the se-
verity of HSV corneal infection."?

Furthermore, MMP-2, MMP-7, and MMP-9 have an inter-
esting role in corneal repairing, remodeling, and angiogenesis.
MMP-2 concentration increases during corneal neovascular-
ization in the areas of new vessel formation,’* just like MMP-
14, which stimulates migration and provides guidance for
vascular endothelial cells during neovascularization.””°* PMN
and macrophage upregulation caused by MMP-9 activity sti-
mulates neovascularization. Meanwhile, the inhibition of
MMP-9 seems to be associated with a reduction of corneal
angiogenesis in HVS keratitis.”® Therefore, the incorporation
of these inhibitors in clinical practice has a therapeutic po-
tential for improving the final corneal status. However, this
should be still demonstrated in randomized, blinded clinical
trials.

3.3. Metalloproteinases and fungi

TIMPs and MMPs, especially MMP-9, play a relevant role in
the pathophysiology of fungal keratitis.”®” Excised corneal
buttons with previous fungal keratitis demonstrated a sig-
nificant increase in MMP-9 activity, inflammatory cytokines,
and PMN count in a study.” In an experimental model of
Candida albicans keratitis, it was found that transcriptional
levels of MMP-8, MMP-9, MMP-13, and TIMP-1 were increased
in the early stage and were linked to the progression to a
more severe stage of keratitis.”'°® Other studies have con-
firmed the expression of MMP-8 and MMP-9 derived from
leukocytes and PMNs in Fusarium solani keratitis. The ex-
pression of MMP-2, MMP-3, MMP-7, and MMP-13 was also
found to be augmented, and TIMP-1 was found to be upre-
gulated, whereas TIMP-2, -3, and -4 concentrations did not
show significant changes.’® Therefore, the MMP/TIMP ratio
may be important to determine the course of fungal kera-
titis.”® Furthermore, microbial collagenases have been also
found to be produced by fungi.”®

3.4. Metalloproteinases and acanthamoeba

Acanthamoeba trophozoites first adhere to epithelial cells
and then produce extracellular proteases that promote the
destruction of corneal tissues®*“® and collagenolytic enzymes
that cause severe stromal necrolysis. These enzymes were
found in experimental studies injecting Acanthamoeba into
the cornea of rats.° On the other hand, the study of other
proteins secreted by Acanthamoeba in in vitro conditions,
such as the mannose-induced Acanthamoeba cytopathic
protein (MIP-133), showed that it does not cross-react with
MMP-1 and MMP-9 in epithelial and stromal cells. MIP-133
regulated MMP-2 and MMP-3 expressions in a different
manner depending on the cell type,’ a fact that illustrates the
different targets of Acanthamoeba enzymes.
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4. The role of metalloproteinases in microbial
keratitis treatment

Antimicrobials are the treatment of election in infectious
keratitis; however, the current therapies are focused ex-
clusively on the antibiotic effects, neglecting the stromal
degradation cascade triggered by activated fibroblasts and
the disproportionate activity of MMP that occurs after the
elimination of the microorganism. Acute and chronic in-
flammatory changes in corneal stroma cause structural al-
terations and may induce long-term vision loss. In fact, the
very antimicrobial therapy can promote the release of bac-
terial factors and the initiation of the collagenolytic cascade,
which, in the first instance, may elicit corneal melting, and
corneal fibrosis and angiogenesis posteriorly.*

There are some potential strategies to control corneal
melting through MMP inhibitors (Fig. 2). The direct suppres-
sion of MMPs has been explored with inhibitors such as
ZHAWOC?7726, a synthetic TIMP peptidomimetic protein.

Using native inhibitors of MMPs, such as TIMPs, permit high
inhibitory ability and differences in specificity.”” The syn-
thetic inhibition of MMPs with molecules such as
ZHAWOC7726 has been shown promising in preclinical stu-
dies for the treatment of a variety of related diseases, in-
cluding rheumatoid arthritis, inflammatory processes, and
cancer. TIMP-1 binds to pro-MMP-9 and prevents the conver-
sion of MMP-9 into an active enzyme. ZHAWOC7726 down-
regulated MMPs-9 expression and its proinflammatory action
in ex vivo models and reduced ulcer progression, corneal
perforation, and scar formation in infectious Pseudomonas
aeruginosa keratitis in a porcine model.”*

Galardin (GM6001 or Ilomastat) is another small-molecule
inhibitor of MMP, with a broad spectrum of action against
MMP-1, -2, -3, -8, and -9, which has been shown to have a
significant effect in inhibiting MMP-2 and MMP-9 activity in in
vitro condition. Topical treatment with galardin seemed to
prevent and delay the onset of corneal melting and perfora-
tion in experimental models of keratitis by Pseudomonas aer-
uginosa,”'®*' and the topical treatment with ilomastat
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Pro inflammatory factors
TNF-q, IL-1, IL-8, IL-12,
IL-18, IFN-B, IFN-y
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Fig. 2 - Diagram of antimetalloproteinases treatment and its blocker points in infectious keratitis. uPA, urokinase-type
plasminogen activator. MMP, matrix metalloproteinase. TIMP, tissue inhibitor of MMP.
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presented a therapeutic concentration in the sclera, con-
junctiva, and aqueous humor in a rabbit model.”* Galardin
has been studied in preclinical models and clinical trials for
the treatment of various conditions related to elevated MMP
activity involving cancer, cardiovascular disease, and peri-
odontitis. In preclinical studies, galardin has been associated
with side effects, such as inhibition of normal wound healing,
altered tumor progression, and increased susceptibility to
bacterial infections”°’; however, the evaluation of these side
effects in the human ocular surface has not been studied.

Although the peptides galardin and ZHAWOC7726 have
shown promise in preclinical studies, they have not yet been
approved for use in humans.

The inhibition of selected MMPs could be used as ad-
junctive therapy in bacterial keratitis. The inhibition of MMP-
13 activity with subconjunctival and topical inhibitor treat-
ment (MMP13i) may contribute to decreasing the basement
membrane degradation by Pseudomonas aeruginosa and its
severity in a mice model.*®

Likewise, the selective inhibition of MMP-2 and MMP-9 by
the small-molecule SB-3CT has been shown to reduce corneal
inflammatory lymphangiogenesis in a murine model.”®

The application of peptides as drug molecules in vivo and
clinical conditions has been limited because of intrinsic high
in vivo clearance, low molecular stability, and low membrane
permeability.®® Likewise, due to the structural homology
shared by MMPs, most developed inhibitors have a broad
spectrum of inhibition and affect the bilateral role of MMPs in
pathological situations, such as cancer, angiogenesis, inva-
sion, or viral and bacterial infection, in which MMPs present a
procarcinogenic and anticarcinogenic effect or prosuscept-
ibility and antisusceptibility to infection. The biochemical
studies promote that the designing of MMP inhibitors must
be highly specific and selective to limit side effects and ide-
ally administered as topical and a short-term treatment.”’

In addition, antibody-based inhibitors of MMPs displayed
preferential binding. Being needed verifies that the developed
drug presents the preference for human MMPs.”’

Collagenases are also inhibited by metal-binding agents,
such as ethylenediaminetetraacetic (EDTA), thiols,"”™® cy-
steine, acetylcysteine, citrate,”° and human serum antiprotease
a2-macroglobulin, due to the zinc requirement of MMPs and
other proteolytic enzymes to be activated.’' Some formulations
have been used for this chelating and anticollagenase effect as
adjuvants for conventional therapy. For example, the com-
bined use of a gel of 0.02% chlorhexidine digluconate and
chelating agent EDTA achieved a drastic reduction of tropho-
zoite and cyst survival of Acanthamoeba keratitis in in vitro
studies.”®® EDTA could be useful in the treatment of gram-ne-
gative bacterial® and fungal® keratitis due to its chelating
properties and direct effect on different structures of microbes.
These agents, however, despite high affinity and favorable re-
sults in vitro and some experimental animal studies, present a
poorly bioavailability in vivo due to their unspecific inhibition of
MMPs and other unrelated proteins that may be affected by the
metal chelation and consequently have not elicited clinically
significant responses in patients.”’

Inhibiting corneal fibroblasts and inflammatory cells, the
source of MMP cascade, is other alternative to reduce corneal
melting.** Tetracyclines present both broad-spectrum antibiotic

and nonantimicrobial properties, including tissue inhibition of
MMPs, cytokines, and growth factors.”* Tetracyclines have the
ability to chelate calcium and zinc ions necessary for the acti-
vation of MMPs and show anticollagenolytic action and activity
against neutrophils, immunomodulation, cell proliferation, and
angiogenesis.'**" Within this antibiotic group, doxycycline has
been shown to inhibit JNK, ERK, and p38MAPK signaling path-
ways and to reduce MMP-9 activity, decrease keratocyte MMP-9
expression, and reduce TNF-a and TGF-§ transcription.”>’”#>%° A
reduction of corneal melting was reported with systemic dox-
ycycline use in chemical and sterile ulcer cases.**’*?! In the
infectious ulcer area, the use of oral doxycycline 100 mg twice a
day during a period of four weeks may help to stabilize corneal
breakdown as an adjunctive therapy in the management of
Pseudomonas eruginosa,”> Acanthamoeba,®” Nocardia,”® and Can-
dida albicans™* corneal melting. However, to the best of our
knowledge, no randomized clinical trials have been conducted
regarding the efficacy of doxycycline, nor other tetracyclines, as
adjuvants for the treatment of infectious ulcers. Regarding
lymphangiogenesis and angiogenesis, topical treatment with
doxycycline inhibited the corneal lymphangiogenesis dramati-
cally through the suppression of VEGF-C signaling, macrophage
function, and MMPs activity, especially of MMP-9.>"%%%” The
development of the third generation of tetracyclines such
as tigecycline, omadacycline, and eravacycline may have
anti-inflammatory properties and anti-MMP activity in vitro,
specifically against MMP-2 and MMP-9. However, it is necessary
for studies to value the clinical effectiveness in treating corneal
ulcers or other ocular surface diseases.”” By contrast, topical
administration of other antibiotics, such as fluoroquinolones,
may induce the expression of MMP-1, MMP-2, MMP-8, and
MMP-9 in debrided corneal epithelium, thus delaying corneal
wound healing.**%

Comparing the topical effect of doxycycline to dex-
amethasone in a model of corneal alkali burns in mice, dex-
amethasone was associated with the lowest corneal opacity
scores and a greater effect decreasing MMP levels, neutrophil
infiltration, inflammatory cytokines, TIMP-1 expression, and
a significant increase in MMP-8. On the other hand, topical
doxycycline showed faster wound healing and fewer corneal
opacities than placebo treatment.'? Steroids are used in cor-
neal ulcers and controlled keratitis infections to reduce the
inflammatory cascade, corneal neovascularization, and fi-
brosis. Steroids may improve corneal haze, scar, and fibrosis,
attenuating cell-mediated collagen degradation and the in-
filtration of inflammatory cells.” Several clinical trials re-
garding the benefit of corticosteroid treatment in infectious
ulcers have been performed, but no specific conclusions have
been reached.” Actually, the SCUT trial could not find an
overall difference at 3 months in best-corrected visual acuity.
Only using a regression model, it was found that corticos-
teroid use, initiated after 48 hours of the antibiotic treatment,
was associated with a mean improvement of one line in best-
corrected visual acuity at 12 months among patients with
ulcers not caused by Nocardia.”*?”> Hopefully, the SCUT-II
study will provide new evidence in this regard.*® Topical
corticosteroids are also used as adjuvant therapy to VHS
corneal stromal disease. Topical corticosteroid treatment in
VHS reduces the persistence and progression of stromal in-
flammation and contributes to faster resolution of the
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infection without detrimental effects in visual outcomes at
6 months in comparison with noncorticoid groups.”*®* Simi-
larly, corticosteroid treatment has been used to control
the inflammation induced by Acanthamoeba after anti-
acanthamoeba treatment has been initiated."

Photoactivated chromophore for corneal cross-linking
(PACK-CXL) associated with corticosteroids as adjunctive
treatments in bacterial keratitis has provided evidence of
their efficacy in reducing inflammatory cells and bacterial
pathogens.®® Several studies and meta-analyses support the
benefit of PACK-CXL in bacterial keratitis®” since PACK-CXL
may increase the resistance of keratolysis by inhibiting col-
lagenase A, MMP-2, in in vitro models;® however, the relation
between ultraviolet B radiation and other MMPs such as
MMP-9 is controversial.*® Moreover, there are still some con-
cerns regarding the use of PACK-CXL in nonbacterial in-
fectious keratitis.>> Again, more evidence supported by
randomized clinical trials is necessary.

The inhibition of other molecules, such as proin-
flammatory cytokines, may also be useful in the prevention
of corneal melting caused by stimulation of MMPs activity.
TNF-a is an inductor MMPs activity. In corneal melting re-
fractory to treatments such as topical and systemic steroids,
steroid-sparing agents and amniotic membrane transplanta-
tion showed a response with the infusion of infliximab (a
TNF-a inhibitor), which downregulated the expression of
MMPs associated with collagen breakdown.’® Another pos-
sible therapeutic target for corneal ulcers is the uPA-plasmin
system. Medroxyprogesterone inhibits IL-18-induced collagen
degradation and the upregulation of uPA expression by cor-
neal fibroblasts, MMPs expression and activation, and TIMPs
expression.”'%'"" Medroxyprogesterone has not been tested
keratitis, Similar to medrox-
yprogesterone, triptolide is able to inhibit IL-1 and lipopoly-
saccharide-induced chemokines®*"'* and could be useful as a
potential treatment for corneal ulcerations, especially those
of viral origin. Topical epigallocatechin-3-gallate suppressed
the IL-1@-secretion and attenuated the formation of corneal
neovascularization via inhibition of VEGF production and

reduction of MMP-9 levels in chemical ulcers in mice
24,30,70

in infectious however.

corneas.

The inhibition of secretion inflammatory factors IL1-8 and
IL-10 by atractylenolide I°? and thymol,” through the sup-
pression MyD88/NF-xB pathway, combined with natamycin
get increase corneal transparency in an experimental model
of mice infected by Aspergillus fumigatus. Likewise, in A. fu-
migatus keratitis model, the infiltration of nerolidol inhibits
the production of LOX-1/IL1- signaling,'®* and the use of
astaxanthin inhibits IL1-8 and TNF-o** protecting against the
inflammation damage of the cornea. The selective suppres-
sion of interleukins, especially in fungal keratitis, may be a
promising treatment in the corneal clearance in light of ex-
perimental murine studies.

Regarding corneal neovascularization and corneal opa-
cities prevention, ascorbic acid, via anti-VEGF and anti-MMP
mechanisms, inhibits VEGF and MMP-9 production, and its
topical application decreased neovascularization in a rabbit
corneal model.”> According to other studies, ascorbic acid
promoted corneal epithelial wound healing and the re-
construction of epithelial basement membranes thanks to

the stimulation of epithelial stem cell formation.’’ In another
clinical study, vitamin C supplementation was administered
to 82 patients with infectious keratitis. Systemic vitamin C
reduced the size of corneal opacity, especially in younger
patients and those with hypopyon, with the intravenous vi-
tamin C group (20 g/d) showing the best results compared to
oral vitamin C (3 g/d).”

TRAM-34 is a selective inhibitor of calmodulin/calcium-
activated K+ channels (Kc53.1). These channels mediate the
downregulation of TGFg-1-induced proliferation and differ-
entiation of fibroblasts to myofibroblasts and may present a
therapeutic target for the treatment and prevention of cor-
neal fibrosis in in vitro studies.” The combination of TRAM-34
with ascorbic acid in an in vivo topical model of rabbit cornea
showed an effective reduction of corneal fibrosis,*® but this
promising target has not been used yet in an infectious ker-
atitis model. Likewise, curcuminoids present antiangiogenic
properties in mice cornea models associated with the in-
hibition of MMP-9 and fibroblast growth factor-2.”?

Amniotic membrane grafts are being used as another po-
tential modality for the treatment of corneal ulcers asso-
ciated with bacterial, viral, and fungal keratitis.”* Rapid
improvement of HSV-1-induced ulcerative stromal keratitis is
noted after amniotic membrane transplantation on mice
with corneal ulceration. This may be caused by reduced ex-
pression and activity of MMP-8 and 9, increased expression of
TIMP-1, and sustained expression of TIMP-2.**

As already proven in sterile corneal inflammation, the
plausible biological effects of all these molecules as ad-
juvants are interesting and may have a role in the manage-
ment of infectious keratitis. The stability in vivo of these
molecules and the select inhibition of defined MMPs involved
in infectious keratitis may be the main limitations in clinical
practice. Topical administration may have advantages, which
includes more ease in the absorption and direct effect of the
drug over the therapeutic target and the limitation of side
effects; however, the controlled action of MMPs during
human corneal infection must be proven in standard clinical
experience. Unfortunately, currently, there are no high-
quality randomized controlled trials in humans to guide
clinicians in their proper use, despite their widespread use in
clinical practice among corneal specialists.

5. Conclusion

Microbial keratitis is characterized by the production of col-
lagenolytic substances with the consequent inflammation
and corneal collagen degradation and also with the stimula-
tion of physiological pathways that perpetuate the secretion
of MMPs by epithelial, stromal, and inflammatory cells.

The control of excessive collagen destruction during mi-
crobial keratitis could be a goal to minimize corneal scarring
after the infection, decrease the duration of the process, and
avoid the consequences related to corneal stroma lysis,
thinning, and perforation.

Some anticollagenase treatments, such as tetracyclines,
reduce stromal destruction in clinical noninfectious ulcers.
Although doxycycline treatment seems to produce the same
effect in MMPs activity in an infectious keratitis context,
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randomized and masked clinical trials are necessary to con-
firm its benefit.

The study of new substances, either systemic or topical,
has shown potential in experimental and animal studies, but
their use in human models could contribute to expanding the
knowledge about the intricate relation between MMPs, cor-
neal healing, the decrease in postinfectious corneal opacity,
and the improvement of visual outcomes after corneal in-
fections.

the article provides an interesting resume about some of the
actual antimetalloproteinase’s treatment.

Reference: 93 Sugioka et al., 2016 by clarify the molecular
connection via of the activated keratocytes during corneal
inflammation.

Reference: 48 Jamerson et al., 2020 by the complete in-
formation about the role of metalloproteinase 9 in ocular
surface disorders, including infectious keratitis, and the
useful drugs over metalloproteinase 9 activity.

6. Method of literature search

A literature review was conducted using PubMed, Web of
Science, and ScienceDirect platforms. The search was per-
formed using the terms “metalloproteinases” or “MMPs” or
“corneal metalloproteinases” or “collagenase” or “corneal
collagenases” in combination with search words, such as
“infectious keratitis,” “bacterial keratitis,” “viral keratitis,”
“fungal keratitis,” and “acanthamoeba keratitis” for the first
part of this review with the objective of describing the con-
nections about corneal infectious and MMPs variations and
activity.

The next search included “anticollagenolytic,” “antic-
ollagenase treatment,” “collagenase,” and directed searches
with the keywords “doxycycline,” “corticoid,” and “corticos-
teroids” combined with “keratitis,” “infectious keratitis,” and
“corneal infection” with the objective to show the actual ad-
vances of anticollagenolytic therapy in corneal infection.

A total of 98 articles were found, and 22 articles were ex-
cluded because of not relevant information for this review.
Relevant articles from the reference lists of identified articles
were manually searched for additional inclusions. The re-
spective references of articles were cross-matched to identify
35 more articles relevant for the review and finally included.
The search was restricted to articles written in English.
However, articles written in other languages with at least an
English abstract were also considered if adequate informa-
tion could be retrieved from the abstract. Articles without an
English abstract were excluded. We included articles with the
subject matter of interest for the description of the physio-
pathology of corneal MMPs in normal situations and during
bacterial, viral, fungal, and acanthamoeba corneal infections.

We included all the retrieved articles, reviews, case reports,
and clinical trials founded related to antimetalloproteinase
treatment in infectious keratitis in clinical practice and ex-
perimental studies. Likewise, we excluded articles if the an-
ticollagenase treatment was focused on different contexts
other than infectious keratitis, such as chemical corneal
burns. A few select articles published before 1990 are included
for historical objectives, particularly to characterize corneal
MMPs and biological pathways, including some articles de-
scribing antimetalloproteinase treatments in experimental
studies in that decade.

» o«

7. Key references

Reference: 75 Nishida et al., 2021 by the description of ex-
tended in time corneal melting in infectious keratitis through
corneal fibroblasts and inflammatory mediators. Moreover,

Disclosure

The authors report no proprietary or commercial interest in
any product mentioned or concept discussed in this article.

Declaration of Competing Interest

The authors report no proprietary or commercial interest in
any product mentioned or concept discussed in this article.

REFERENCES

1. Alizadeh H, Li H, Neelam S, Niederkorn JY. Modulation of
corneal and stromal matrix metalloproteinase by the
mannose-induced acanthamoeba cytolytic protein. Exp Eye
Res. 2008;87(3):286-91.

2. Anumanthan G, Gupta S, Fink MK, et al. KCa3.1 ion channel: a
novel therapeutic target for corneal fibrosis. PLoS One.
2018;13(3):e0192145.

3. Arafat SN, Robert MC, Shukla AN, et al. UV cross-linking of
donor corneas confers resistance to keratolysis. Cornea.
2014,;33(9):955-9.

4. Arpino V, Brock M, Gill SE. The role of TIMPs in regulation of
extracellular matrix proteolysis. Matrix Biol.
2015;44-46:247-54.

5. Austin A, Lietman T, Rose-Nussbaumer J. Update on the
management of infectious keratitis. Ophthalmology.
2017;124(11):1678-89.

6. Badenoch PR, Johnson AM, Christy PE, Coster DJ.
Pathogenicity of acanthamoeba and a corynebacterium in the
rat cornea. Arch Ophthalmol. 1990;108(1):107-12.

7. Baidya SK, Amin SA, Jha T. Outline of gelatinase inhibitors as
anti-cancer agents: a patent mini-review for 2010-present. Eur
J Med Chem. 2021;213:113044.

8. Baig AM, Katyara P, Khaleeq A, Nazim F. Repurposing drugs:
Ca2+ ion dependency that can be exploited to treat keratitis
caused by acanthamoeba castellanii. Eye. 2019;33:1823-5.

9. Barletta JP, Angella G, Balch KC, et al. Inhibition of
pseudomonal ulceration in rabbit corneas by a synthetic
matrix metalloproteinase inhibitor. Investig Ophthalmol Vis
Sci. 1996;37(1):20-8.

10. Benton AH, Marquart ME. The role of pneumococcal
virulence factors in ocular infectious diseases. Interdiscip
Perspect Infect Dis. 2018;2018:2525173.

11. Berman MB. Collagenase inhibitors: rationale for their use in
treating corneal ulceration. Int Ophthalmol Clin.
1975;15(4):49-66.

12. Berman MB. Regulation of corneal fibroblast MMP-1
collagenase secretion by plasmin. Cornea. 1993;12(5):420-32.

13. Bian F, Pelegrino FSA, Henriksson JT, et al. Differential effects
of dexamethasone and doxycycline on inflammation and
MMP production in murine alkali-burned corneas associated


https://doi.org/10.1016/j.survophthal.2023.06.007

SURVEY OF OPHTHALMOLOGY 68 (2023) 929-939

937

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

with dry eye presented in part as abstracts at the annual
meeting of the Association for Research in Vision and
Ophthalmolo. Ocul Surf. 2016;14(2):242-54.

Blanco AR, Nostro A, D’Angelo V, et al. Efficacy of a fixed
combination of tetracycline, chloramphenicol, and
colistimethate sodium for treatment of Candida albicans
keratitis. Investig Ophthalmol Vis Sci. 2017;58(10):4292-8.
Burns FR, Gray RD, Paterson CA. Inhibition of alkali-induced
corneal ulceration and perforation by a thiol peptide.
Investig Ophthalmol Vis Sci. 1990;31(1):107-14.

Burns FR, Paterson CA, Gray RD, Wells JT. Inhibition of
pseudomonas aeruginosa elastase and pseudomonas
keratitis using a thiol-based peptide. Antimicrob Agents
Chemother. 1990;34(11):2065-9.

Caban M, Owczarek K, Lewandowska U. The role of
metalloproteinases and their tissue inhibitors on ocular
diseases: focusing on potential mechanisms. Int ] Mol Sci.
2022;23(8):4256.

Cabral-Pacheco GA, Garza-Veloz I, Rosa CCDLa, et al. The
roles of matrix metalloproteinases and their inhibitors in
human diseases. Int ] Mol Sci. 2020;21(24):1-53.

Carnt N, Robaei D, Watson SL, Minassian DC, Dart JKG. The
impact of topical corticosteroids used in conjunction with
antiamoebic therapy on the outcome of acanthamoeba
keratitis. Ophthalmology. 2016;123(5):984-90.

Chang JH, Huang YH, Cunningham CM, et al. Matrix
metalloproteinase 14 modulates signal transduction and
angiogenesis in the cornea. Surv Ophthalmol.
2016;61(4):478-97.

Chen J, Lan ], Liu D, et al. Ascorbic acid promotes the
stemness of corneal epithelial stem/progenitor cells and
accelerates epithelial wound healing in the cornea. Stem
Cells Transl Med. 2017;6(5):1356-65.

Chen X, Lu D, Liu W, et al. Therapeutic effect of
atractylenolide I on aspergillus fumigatus keratitis by
affecting MyD88/ NF-xB pathway and IL-14, IL-10 expression.
Cytokine. 2023;162:156112.

Cho YW, Yoo WS, Kim §]J, et al. Efficacy of systemic vitamin C
supplementation in reducing corneal opacity resulting from
infectious keratitis. Medicine. 2014;93(23):e125.

Chu KO, Chan KP, Yang YP, et al. Effects of EGCG content in
green tea extract on pharmacokinetics, oxidative status and
expression of inflammatory and apoptotic genes in the rat
ocular tissues. ] Nutr Biochem. 2015;26(11):1357-67.

Chung PC, Lin HC, Hwang YS, et al. Paecilomyces lilacinus
scleritis with secondary keratitis. Cornea. 2007;26(2):232-4.
Cucina A, Filali S, Risler A, et al. Dual 0.02% chlorhexidine
digluconate — 0.1% disodium EDTA loaded thermosensitive
ocular gel for acanthamoeba keratitis treatment. Int ] Pharm.
2019;556:330-7.

Cui N, Hu M, Khalil RA. Biochemical and biological attributes
of matrix metalloproteinases. Prog Mol Biol Transl Sci.
2017;147:1-73.

Du HT, Du LL, Tang XL, Ge HY, Liu P. Blockade of MMP-2 and
MMP-9 inhibits corneal lymphangiogenesis. Graefe’s Arch
Clin Exp Ophthalmol. 2017;255(8):1573-9.

Duarte AS, Correia A, Esteves AC. Bacterial collagenases - a
review. Crit Rev Microbiol. 2016;42(1):106-26.

Fangueiro JF, Calpena AC, Clares B, et al. Biopharmaceutical
evaluation of epigallocatechin gallate-loaded cationic lipid
nanoparticles (EGCG-LNs): in vivo, in vitro and ex vivo
studies. Int ] Pharm. 2016;502(1-2):161-9.

Federici TJ. The non-antibiotic properties of tetracyclines:
clinical potential in ophthalmic disease. Pharmacol Res.
2011;64(6):614-23.

Fini ME, Girard MT. Expression of collagenolytic/gelatinolytic
metalloproteinases by normal cornea. Investig Ophthalmol
Vis Sci. 1990;31(9):1779-88.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Fuchs AA, Balne PX, Giuliano EA, Sinha NR, Mohan RR.
Evaluation of a novel combination of TRAM-34 and ascorbic
acid for the treatment of corneal fibrosis in vivo. PLoS One.
2022;17(1):e0262046.

Fukuda K, Ishida W, Fukushima A, Nishida T. Corneal
fibroblasts as sentinel cells and local immune modulators in
infectious keratitis. Int ] Mol Sci. 2017;18(9).

Gall FM, Hohl D, Frasson D, et al. Drug design inspired by
nature: crystallographic detection of an auto-tailored
protease inhibitor template. Angew Chem Int Ed Engl.
2019;58(12):4051-5.

Gao N, Kumar A, Yu FSX. Matrix metalloproteinase-13 as a
target for suppressing corneal ulceration caused by
pseudomonas aeruginosa infection. J Infect Dis.
2015;212(1):116-27.

Garrana RMR, Zieske JD, Assouline M, Gipson IK. Matrix
metalloproteinases in epithelia from human recurrent corneal
erosion. Investig Ophthalmol Vis Sci. 1999;40(6):1266-70.
Girard MT, Matsubara M, Fini ME. Transforming growth
factor-f and interleukin-1 modulate metalloproteinase
expression by corneal stromal cells. Investig Ophthalmol Vis
Sci. 1991;32(9):2441-54.

Hamida Abdelkader SM, Rodriguez Calvo-de-Mora M,
Gegundez-Fernandez JA, Soler-Ferrandez FL, Rocha-de-
Lossada C. Review of the literature on the currently available
evidence for the management of infectious keratitis with
PACK-CXL. Arch la Soc Espanola Oftalmol. 2022;97(8):464-72.
Han L, Su W, Huang J, et al. Doxycycline inhibits
inflammation-induced lymphangiogenesis in mouse cornea
by multiple mechanisms. PLoS One. 2014;9(9):1831.

Hao JL, Nagano T, Nakamura M, et al. Effect of Galardin on
collagen degradation by pseudomonas aeruginosa. Exp Eye
Res. 1999;69(6):595-601.

Hayashi K, Hooper LC, Detrick B, Hooks JJ. HSV immune
complex (HSV-IgG: IC) and HSV-DNA elicit the production of
angiogenic factor VEGF and MMP-9. Arch Virol.
2009;154(2):219-26.

Heiligenhaus A, Li HF, Yang Y, et al. Transplantation of
amniotic membrane in murine herpes stromal keratitis
modulates matrix metalloproteinases in the cornea. Investig
Ophthalmol Vis Sci. 2005;46(11):4079-85.

Huan Y, Peng XD, Lin J, et al. Anti-inflammatory effects of
astaxanthin against fungal keratitis. Int ] Ophthalmol.
2020;13(11):1681-8.

Hurley JC. Antibiotic-induced release of endotoxin: a
reappraisal. Clin Infect Dis. 1992;15(5):840-54.

Ikema K, Matsumoto K, Inomata Y, et al. Induction of matrix
metalloproteinases (MMPs) and tissue inhibitors of MMPs
correlates with outcome of acute experimental pseudomonal
keratitis. Exp Eye Res. 2006;83(6):1396-404.

Iwatake A, Murakami A, Ebihara N. The expression of matrix
metalloproteinases and their inhibitors in corneal fibroblasts
by alarmins from necrotic corneal epithelial cells. Jpn J
Ophthalmol. 2018;62(1):92-100.

Jamerson EC, Elhusseiny AM, ElSheikh RH, Eleiwa TK, El
Sayed YM. Role of matrix metalloproteinase 9 in ocular
surface disorders. Eye Contact Lens. 2020;46:557-63.

Kapoor C, Vaidya S, Wadhwan V, et al. Seesaw of matrix
metalloproteinases (MMPs). ] Cancer Res Ther.
2016;12(1):28-35.

Kaufman HE. The practical detection of MMP-9 diagnoses
ocular surface disease and may help prevent its
complications. Cornea. 2013;32(2):211-6.

Kenney MC, Chwa M, Alba A, et al. Localization of TIMP-1,
TIMP-2, TIMP-3, gelatinase A and gelatinase B in pathological
human corneas. Curr Eye Res. 1998;17(3):238-46.

Kim HS, Luo L, Pflugfelder SC, Li DQ. Doxycycline inhibits
TGF-B1l-induced MMP-9 via Smad and MAPK pathways in


https://doi.org/10.1016/j.survophthal.2023.06.007

938

SURVEY OF OPHTHALMOLOGY 68 (2023) 929-939

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

human corneal epithelial cells. Investig Ophthalmol Vis Sci.
2005;46(3):840-8.

Kimura K, Nomi N, Yan ZH, Orita T, Nishida T. Inhibition of poly
(I:C)induced matrix metalloproteinase expression in human
corneal fibroblasts by triptolide. Mol Vis. 2011;17:526-32.
Kvanta A, Sarman S, Fagerholm P, Seregard S, Steen B.
Expression of matrix metalloproteinase-2 (MMP-2) and
vascular endothelial growth factor (VEGF) in inflammation-
associated corneal neovascularization. Exp Eye Res.
2000;70(4):419-28.

Lee MY, Chung SK. Treatment of corneal neovascularization
by topical application of ascorbic acid in the rabbit model.
Cornea. 2012;31(10):1165-9.

Lee S, Zheng M, Kim B, Rouse BT. Role of matrix
metalloproteinase-9 in angiogenesis caused by ocular
infection with herpes simplex virus. J Clin Invest.
2002;110(8):1105-11.

Levin M, Udi Y, Solomonov I, Sagi I. Next generation matrix
metalloproteinase inhibitors - novel strategies bring new
prospects. Biochim Biophys acta Mol Cell Res. 2017;1864(11 Pt
A):1927-39.

Li Q, Gao XR, Cui HP, et al. Time-dependent matrix
metalloproteinases and tissue inhibitor of
metalloproteinases expression change in fusarium solani
keratitis. Int ] Ophthalmol. 2016;9(4):512-8.

Madzharova E, Kastl P, Sabino F, auf dem Keller U. Post-
translational modification-dependent activity of matrix
metalloproteinases. Int ] Mol Sci. 2019;20(12).

Malhotra S, Khare A, Grover K, Singh I, Pawar P. Design and
evaluation of voriconazole eye drops for the treatment of
fungal keratitis. ] Pharm. 2014;2014:1-9.

Mannis MJ. The use of antimicrobial peptides in
ophthalmology: an experimental study in corneal
preservation and the management of bacterial keratitis.
Trans Am Ophthalmol Soc. 2002;100:243-71.

Marasini S, Zhang AC, Dean SJ, Swift S, Craig JP. Safety and
efficacy of UV application for superficial infections in
humans: a systematic review and meta-analysis. Ocul Surf.
2021;21:331-44.

Matsumoto K, Shams NBK, Hanninen LA, Kenyon KR.
Cleavage and activation of corneal matrix metalloproteases
by pseudomonas aeruginosa proteases. Investig Ophthalmol
Vis Sci. 1993;34(6):1945-53.

McClellan SA, Huang X, Barrett RP, et al. Matrix
metalloproteinase-9 amplifies the immune response to
pseudomonas aeruginosa corneal infection. Investig
Ophthalmol Vis Sci. 2006;47(1):256-64.

McElvanney AM. Doxycycline in the management of
pseudomonas corneal melting: Two case reports and a
review of the literature. Eye Contact Lens. 2003;29(4):258-61.
Mishima H, Okamoto J, Nakamura M, Wada Y, Otori T.
Collagenolytic activity of keratocytes cultured in a collagen
matrix. Jpn ] Ophthalmol. 1998;42(2):79-84.

Mitchell BM, Wu TG, Chong EM, Pate JC, Wilhelmus KR.
Expression of matrix metalloproteinases 2 and 9 in
experimental corneal injury and fungal keratitis. Cornea.
2007;26(5):589-93.

Mitra MLM, Alizadeh H, Gerard RD, Niederkorn JY.
Characterization of a plasminogen activator produced by
acanthamoeba castellanii. Mol Biochem Parasitol.
1995,73(1-2):157-64.

Mittal B, Mishra A, Srivastava A, Kumar S, Garg N. Matrix
metalloproteinases in coronary artery disease. Adv Clin
Chem. 2014;64:1-72.

Miyagawa T, Chen ZY, Chang CY, et al. Topical application of
hyaluronic acid-RGD peptide-coated gelatin/
epigallocatechin-3 gallate (EGCG) nanoparticles inhibits

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

corneal neovascularization via inhibition of VEGF
production. Pharmaceutics. 2020;12(5):3077.
Mohamed-Ahmed AHA, Lockwood A, Li H, et al. An
ilomastat-CD eye drop formulation to treat ocular scarring.
Investig Ophthalmol Vis Sci. 2017;58(9):3425-31.

Mohan R, Sivak ], Ashton P, et al. Curcuminoids inhibit the
angiogenic response stimulated by fibroblast growth factor-2,
including expression of matrix metalloproteinase gelatinase
B. ] Biol Chem. 2000;275(14):10405-12.

Neidhart B, Kowalska M, Valentin JDP, et al. Tissue inhibitor
of metalloproteinase (TIMP) peptidomimetic as an
adjunctive therapy for infectious keratitis.
Biomacromolecules. 2021;22(2):629-39.

Ni N, Srinivasan M, McLeod SD, et al. Use of adjunctive
topical corticosteroids in bacterial keratitis. Curr Opin
Ophthalmol. 2016;27(4):353-7.

Nishida T, Sugioka K, Fukuda K, Murakami J. Pivotal role of
corneal fibroblasts in progression to corneal ulcer in bacterial
keratitis. Int ] Mol Sci. 2021;22(16):404.

Nissinen L, Kahdri VM. Matrix metalloproteinases in
inflammation. Biochim Biophys Acta - Gen Subj.
2014;1840(8):2571-80.

De Paiva CS, Corrales RM, Villarreal AL, et al. Corticosteroid
and doxycycline suppress MMP-9 and inflammatory cytokine
expression, MAPK activation in the corneal epithelium in
experimental dry eye. Exp Eye Res. 2006;83(3):526-35.

Parks WC. Matrix metalloproteinases in repair. Wound
Repair Regen. 1999;7(6):423-32.

Perry HD, Golub LM. Systemic tetracyclines in the treatment
of noninfected corneal ulcers: a case report and proposed
new mechanism of action. Ann Ophthalmol.
1985;17(12):742-4.

Pfister RR, Haddox JL, Lank KM. Citrate or ascorbate/citrate
treatment of established corneal ulcers in the alkali-injured
rabbit eye. Investig Ophthalmol Vis Sci. 1988;29(7):1110-5.
Pouw AE, Greiner MA, Coussa RG, et al. Cell-matrix
interactions in the eye: from cornea to choroid. Cells.
2021;10(3):1-28.

Purssell A, Lau R, Boggild AK. Azithromycin and doxycycline
attenuation of acanthamoeba virulence in a human corneal
tissue model. J Infect Dis. 2017;215(8):1303-11.
Radhakrishnan N, Prajna VN, Prajna LS, et al. Double-
masked, sham and placebo-controlled trial of corneal cross-
linking and topical difluprednate in the treatment of
bacterial keratitis: Steroids and Cross-linking for Ulcer
Treatment Trial (SCUT II) study protocol. BMJ Open
Ophthalmol. 2021;6(1):8977.

Ralph RA. Tetracyclines and the treatment of corneal stromal
ulceration: a review. Cornea. 2000;19(3):274-7.

Reviglio VE, Hakim MA, Song JK, O’'Brien TP. Effect of topical
fluoroquinolones on the expression of matrix
metalloproteinases in the cornea. BMC Ophthalmol.
2003;3:1-8.

Rudner XL, Kernacki KA, Barrett RP, Hazlett LD. Prolonged
elevation of IL-1 in pseudomonas aeruginosa ocular infection
regulates macrophage-inflammatory protein-2 Production,
polymorphonuclear neutrophil persistence, and corneal
perforation. ] Immunol. 2000;164(12):6576-82.

Rusu A, Buta EL. The development of third-generation
tetracycline antibiotics and new perspectives.
Pharmaceutics. 2021;13(12).

Sharma C, Velpandian T, Baskar Singh S, et al. Effect of
fluoroquinolones on the expression of matrix
metalloproteinase in debrided cornea of rats. Toxicol Mech
Methods. 2011;21(1):6-12.

Smith VA, Cook SD. Doxycycline - a role in ocular surface
repair. Br ] Ophthalmol. 2004;88(5):619-25.


https://doi.org/10.1016/j.survophthal.2023.06.007

SURVEY OF OPHTHALMOLOGY 68 (2023) 929-939

939

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Sobrin L, Liu Z, Monroy DC, et al. Regulation of MMP-9
activity in human tear fluid and corneal epithelial culture
supernatant. Investig Ophthalmol Vis Sci. 2000;41(7):1703-9.
Sounni NE, Paye A, Host L, Noél A. MT-MMPS as regulators of
vessel stability associated with angiogenesis. Front
Pharmacol. 2011;2:111.

Srinivasan M, Mascarenhas ], Rajaraman R, et al. The steroids
for corneal ulcers trial (SCUT): secondary 12-month clinical
outcomes of a randomized controlled trial. Am J Ophthalmol.
2014;157(2):327-333.e3.

Sugioka K, Mishima H, Kodama A, et al. Regulatory
mechanism of collagen degradation by keratocytes and
corneal inflammation: the role of urokinase-type
plasminogen activator. Cornea. 2016;35(11):S59-64.

Ting DSJ, Henein C, Said DG, Dua HS. Amniotic membrane
transplantation for infectious keratitis: a systematic review
and meta-analysis. Sci Rep. 2021;11(1):13007.

Ting DSJ, Ho CS, Deshmukh R, Said DG, Dua HS. Infectious
keratitis: an update on epidemiology, causative
microorganisms, risk factors, and antimicrobial resistance.
Eye. 2021;35(4):1084-101.

Trichet E, Cohen-Bacrie S, Conrath J, Drancourt M, Hoffart L.
Nocardia transvalensis keratitis: an emerging pathology
among travelers returning from Asia. BMC Infect Dis.
2011;11:296.

Ung L, Chodosh J. Foundational concepts in the biology of
bacterial keratitis. Exp Eye Res. 2021;209:2085.

Utine CA, Birlik M, Ozizmirliler D, et al. TNF-« inhibitors for
the management of intractable corneal melt: report of three
cases and review of the literature. Eye Contact Lens.
2021;47(6):372-7.

Wang LM, Yang H, Yan H]J, et al. Thymol protects against
aspergillus fumigatus keratitis by inhibiting the LOX-1/IL-18
signaling pathway. Curr Med Sci. 2022;42(3):620-8.

Wang X, Khalil RA. Matrix metalloproteinases, vascular
remodeling, and vascular disease. Adv Pharmacol.
2018;81:241-330.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Wilhelmus KR, Gee L, Hauck WW, et al. Herpetic eye disease
study: a controlled trial of topical corticosteroids for herpes
simplex stromal keratitis. Ophthalmology. 2020;127(4):S5-18.
Xue ML, Wakefield D, Willcox MDP, et al. Regulation of MMPs
and TIMPs by Il-18 during corneal ulceration and infection.
Investig Ophthalmol Vis Sci. 2003;44(5):2020-5.

Yamamoto K, Kumagai N, Fukuda K, Fujitsu Y, Nishida T.
Activation of corneal fibroblast-derived matrix
metalloproteinase-2 by tryptase. Curr Eye Res.
2006;31(4):313-7.

Yang H, Wang Q, Han L, et al. Nerolidol inhibits the LOX-1/
IL-1p signaling to protect against the aspergillus fumigatus
keratitis inflammation damage to the cornea. Int
Immunopharmacol. 2020;80:106118.

Yang YN, Bauer D, Wasmuth S, Steuhl KP, Heiligenhaus A.
Matrix metalloproteinases (MMP-2 and 9) and tissue
inhibitors of matrix metalloproteinases (TIMP-1 and 2)
during the course of experimental necrotizing herpetic
keratitis. Exp Eye Res. 2003;77(2):227-37.

Yang YN, Wang F, Zhou W, Wu ZQ, Xing YQ. TNF-a
stimulates MMP-2 and MMP-9 activities in human corneal
epithelial cells via the activation of FAK/ERK signaling.
Ophthalmic Res. 2012;48(4):165-70.

Yi Q, Zou WJ. The wound healing effect of doxycycline after
corneal alkali burn in rats. ] Ophthalmol. 2019;2019:5168652.
Yuan X, Mitchell BM, Wilhelmus KR. Expression of matrix
metalloproteinases during experimental Candida albicans
keratitis. Investig Ophthalmol Vis Sci. 2009;50(2):737-42.
Yue B. Biology of the extracellular matrix: an overview. J
Glaucoma. 2014;23(8):520-3.

Zhou H, Kimura K, Orita T, Nishida T, Sonoda KH. Inhibition
by female sex hormones of collagen degradation by corneal
fibroblasts. Mol Vis. 2011;17:3415-22.

Zhou H, Kimura K, Orita T, Nishida T, Sonoda KH. Inhibition
by medroxyprogesterone acetate of interleukin-1g-induced
collagen degradation by corneal fibroblasts. Investig
Ophthalmol Vis Sci. 2012;53(7):4213-9.


https://doi.org/10.1016/j.survophthal.2023.06.007

	The role of matrix metalloproteinases in infectious corneal ulcers
	1. Introduction
	2. Metalloproteinases and the ocular surface
	3. Metalloproteinases and microbial keratitis
	3.1. Metalloproteinases and bacterial keratitis
	3.2. Metalloproteinases and virus
	3.3. Metalloproteinases and fungi
	3.4. Metalloproteinases and acanthamoeba

	4. The role of metalloproteinases in microbial keratitis treatment
	5. Conclusion
	6. Method of literature search
	7. Key references
	Disclosure




