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PURPOSE. Climatic droplet keratopathy (CDK) is a degenerative
disease of the cornea with possible involvement from matrix
metalloproteinases (MMPs). Therefore, the authors investigat-
ed histologic distribution, levels, and molecular forms of MMP-
2 and MMP-9, as well as tear fluid levels of MMPs and cytokines
in CDK patients. They additionally examined UV-B–irradiation
effect on production of gelatinases and cytokines by human
corneal epithelial (HCE) cell culture model.

METHODS. Tears were collected from 20 unrelated individuals
(10 with CDK and 10 controls). CDK affected corneas were
haematoxylin-eosin stained and the presence and distribution
of MMP-2 and MMP-9 was examined using immunohistochem-
istry. Gelatinases and cytokine secretion was measured in tears
and supernatants from UV-B–exposed HCEs by immunoblot-
ting, gelatin zymography, and protein array, respectively.

RESULTS. MMP-2 and MMP-9 values were significantly higher in
tears collected from CDK patients than healthy controls and
were accompanied by pro-inflammatory cytokine secretion.
Immunohistochemistry showed that MMP-2 was expressed at
the basement membrane zone in both control and affected
corneas, but also marked the edges of the granular CDK
deposits; MMP-9 expression was restrained to basal layers of
the epithelium and was markedly induced in CDK corneas. In

HCE cells, UV-B increased gelatinase secretion, with a striking
effect on MMP-9, and was preceded by pro-inflammatory
cytokine release.

CONCLUSIONS. The authors demonstrate that the corneal
epithelium could participate in CDK development as a source
of cytokines and gelatinases. Additionally, in HCE cells, UV-B–
modulated cytokine and subsequent MMP secretion. Local
inhibition of cytokine secretion and gelatinases may prevent
CDK progression. (Invest Ophthalmol Vis Sci. 2012;53:3527–
3535) DOI:10.1167/iovs.12-9441

Climatic droplet keratopathy (CDK) is a degenerative
corneal disease related to advanced age and multiple

environmental factors such as corneal microtraumas, low
humidity, and lack of adequate protection for exposure to UV
light. CDK most commonly affects males over 40 years old, in
the form of progressive opacities of the anterior layers of the
cornea in both eyes. CDK is rare in temperate latitudes, but it is
commonly linked to overexposure to UV irradiation and is
endemic in some areas, with a high proportion of the
population over 40 years old being affected.1

Histopathologically globular deposits of different sizes are
observed by light microscopy, under the corneal epithelium,
within the Bowman’s layer and the anterior stroma. Commonly,
signs of disruption of the Bowman’s membrane and scarring, as
well as epithelial thinning and elevation, are seen in advanced
stages of the disease. The origin and the exact nature of the
globular droplets remain unknown; however, the authors’
recent proteome analysis suggested that they were composed
of fibril/aggregation forming proteins.2 Yet, the authors were
not able to provide a pathogenic model for CDK, nor were they
able to identify those proteins that were responsible for the
breakdown of the highly organized corneal structure.

Early findings showed the disruption of Bowman’s mem-
brane, prompting the authors to study the role of matrix
metalloproteinases (MMPs) in CDK. Under normal conditions,
MMPs are expressed at relatively low levels and their tight
regulation gives way to upregulation only when degradation is
required.3 The authors recently reported that in human reflex
tears collected from CDK patients, the levels of gelatinases
were increased, while their tissue inhibitors (TIMPs) were
decreased.4 These findings suggested a role for MMPs in the
disruption of the corneal architecture resulting in loss of
corneal transparency. The authors now further explored the
role of gelatinases (MMP-2 and MMP-9) and cytokines in the
development of CDK by analyzing the tissue distribution of
gelatinases in human corneas and also human nonreflex tears.
In addition, they performed in vitro experiments with UV-B
irradiation of cultured human corneal epithelial (HCE) cells to
establish if UV radiation could be the underlying factor for the
increased proteolysis and inflammation. The results suggest
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that in CDK the corneal epithelium may have a crucial
responsibility as UV stress elicits increased expression of
inflammatory cytokines and proteolytic enzymes.

MATERIALS AND METHODS

Individuals

Ten patients (nine males and one female; age 67.4 6 10.2; range 58–76

years) and 10 controls (nine males and one female; age 63.6 6 10.7;

range 57–71 years) living in an area of the northwest Patagonia region

in Argentina were enrolled into this study. CDK patients and controls

had a complete eye examination as described previously.5 Altogether

15 to 20 lL of tear fluid from both eyes was collected with minimal

conjunctival irritation, without any chemical or physical stimulation,

using disposable microcapillaries and rapidly frozen at �808C until

analysis.4 Informed consent was obtained from all participants, and the

study was approved by the institutional review board of the Cĺınica

Universitaria Reina Fabiola. The study was conducted in accordance

with the tenets of the Declaration of Helsinki.

Assessment of Gelatinases (MMP-2 and MMP-9) in
Human Tear Samples

The volumes of tear samples were adjusted to obtain an equal amount of

protein for zymographic analysis as described previously.4 To measure

the activity of gelatinases from human tear samples, 30 lg of tear

proteins were electrophoresed in nonreducing conditions through 7.5%

polyacrylamide gels copolymerized with 1.5% gelatin as the substrate

(gelatin SDS-PAGE).4,6 The presence of proteinases in gels was quantified

using image analysis software (Gel-Pro Analyzer 3.1; Media Cybernetics,

Inc., Silver Spring, MD). Whole blood gelatinases were used as positive

controls and MMP-2 and MMP-9 were identified by molecular size using

molecular mass standards (Bio-Rad, Hercules, CA). For cell supernatants,

zymographies were performed using 14 lL/sample electrophoresed on

10% SDS-PAGE containing 1 mg/mL gelatin labeled with 2-methoxy-2,4-

dephenyl-3(2H) furanone.7 Next, gels were washed in 2.5% Triton X-

100, 0.02 NaN3, and then incubated in the activation solution (50 mM

Tris, 5 mM CaCl2, 1 lM ZnCl2, 0.02 NaN3, pH 7.5) at 378C for 1 to 5 days.

The degradation of gelatin was followed and photographed using a long-

wave UV light (UVIDOC BTS-20.M; Uvitec Ltd., Cambridge, UK).

Haematoxylin and Eosin (H-E) Staining of Corneal
Samples

Corneal tissue from four CDK patients and three healthy subjects were

fixed in 10% buffered formaldehyde (pH 6.8) and embedded in

paraffin. All corneal tissue was sectioned to 5 lm sections perpendic-

ular to the epithelial surface. Some were stained in haematoxylin (for 3

minutes, differentiated with three dips in 0.5% hydrochloric acid in

70% ethanol, and blued with 2% NaHCO3 for 1 minute) and

counterstained with 1% aqueous eosin (BDH Chemical Ltd., Poole,

UK). Sections were examined and photographed with a microscope

(Nikon Eclipse TE2000-E; Nikon Corp., Tokyo, Japan) equipped with a

camera (Nikon Digital Sight DS-5MC; Nikon Corp.).

Immunohistochemical Staining of MMP-2 and
MMP-9 in Normal and CDK Corneas

Formalin-fixed, paraffin-embedded 5-lm-thick corneal sections from

four patients with CDK and three controls were used for immunohis-

tochemical localization of MMP-2 and MMP-9. Avidin-biotin peroxidase

complex staining (VectaStain, Burlingame, CA), together with the

affinity purified goat anti-human MMP-2 IgG (R&D Systems, Minneap-

olis, MN) or polyclonal affinity purified goat anti-human MMP-9 IgG

(R&D Systems), was used according to manufacturer’s instructions.8

Normal goat, rabbit, or mouse IgG with an irrelevant specificity, but of

the same subclass and concentration as the primary antibody or

omission of the primary antibody, were used as staining controls.

Counterstaining with haematoxylin was followed by mounting in

Mountex medium (Histolab Products, Gothenburg, Sweden).

Cytokine/Chemokine Beadarray

Five microliters of human tear fluid was used for cytokine/chemokine

analysis using the human cytokine/chemokine Multiplex assay kit (Bio-

Rad Laboratories, Richmond, CA). This ELISA and flow cytometry–

based technique detects IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-

12, IL-13, IL-17, G-CSF, GM-CSF, IFN-c, monocyte chemotactic protein 1

(MCP-1), macrophage inflammatory protein-1b (MIP-1b), and TNF-a,

and was used according to the manufacturer’s instructions.

In Vitro Experiments

Simian Virus 40 (SV 40)-immortalized HCE cells were cultured in

Dulbecco’s modified Eagle’s medium: Nutrient Mixture F-12 (DMEM/

F12), supplemented with 15% fetal bovine serum, 5 lg/mL insulin, 10

ng/mL human EGF, 1 lg/mL glutamine, 40 lg/mL gentamycin (all from

Invitrogen Corp., Carlsbad, CA), and 0.1 lg/mL cholera toxin (Sigma, St.

Louis, MO). The cells were subcultured twice a week. Confluent

corneal epithelial cells were washed once with warm PBS. The PBS-

covered monolayer was exposed to UV-B radiation in open culture

vessels with energy from 0 to 10 mJ/cm2 in a microprocessor controlled

UV crosslinker (Spectroline XL-1500; Spectronics Co., Westbury, NY).

After the UV-B stimulation the cells were incubated for 16, 24, or 48

hours. Conditioned medium was collected and centrifuged for 10

minutes at 400g to eliminate floating cells and debris. Actin

immunoblotting was performed to ensure that the media had no

cellular contamination. The cellular monolayer was washed with cold

PBS and lysed on ice for total protein concentration measurement. All

data were normalized to cell lysate protein concentration.

Western Blotting

Cell supernatant samples (200 lL filtrated dry and redissolved in

Laemmli buffer) and molecular weight standards were run on a 4% to

12% Bis-Tris NuPAGE gel (Invitrogen Corp.) for 2 hours at 140 V.

Secreted proteins were then electrically transferred to a nitrocellulose

membrane (400 mA for 45 minutes). MMPs and TIMP-1 were detected

separately using specific antibodies4,6 and an electrochemilumines-

cence detection kit (GE Healthcare, Amersham, UK). Secondary goat

anti-rabbit antibody conjugated with horseradish peroxidase was from

DAKO Immunoglobulins (Dako, Glostrup, Denmark).

MMP-2 and MMP-9 ELISA

To measure MMP-2 and MMP-9 levels in the HCE-conditioned medium,

two commercially available ELISA kits were used following the

instructions provided by the manufacturers. MMP-2 ELISA (Biotrak

ELISA system; GE Healthcare) was designed to specifically recognize

MMP-2 as pro-enzymes and enzyme in complexes with TIMPs, but not

active forms; while the MMP-9 ELISA (Quantikine ELISA, Human MMP-9

Immunoassay; R&D Systems Europe, Ltd., Abingdon, UK) measures the

92-kDa pro- and 82-kDa active forms, but not the 65-kDa form. The

reactions were carried out in 96-well plates and analyzed at 450 nm.

Cell-free supernatant was used at a one-to-one dilution in assay buffer.

Calculated values were normalized to protein concentration from

cellular lysate and reported as nanogram per milligram of protein.

Assessment of Secreted Cytokines from HCE Cell
Culture

For parallel determination of relative levels of secreted chemokines and

cytokines, the authors used a Proteome Profiler Array – Human

Cytokine Array Panel A (R&D Systems Inc., Minneapolis, MN). The
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array measures levels of 36 different chemokines and cytokines

(spotted in duplicates on a nitrocellulose paper) in the same sample.

Samples were prepared following the manufacturer’s instructions.

Briefly, conditioned media from confluent cells was cleared from

floating cells and debris, and an aliquot of 700 lL was mixed with the

kit reagents and assayed immediately.

Analysis

The zymography and the Western blot data were evaluated by

densitometry analysis using the ImageJ software (National Institutes

of Health [NIH] free software v1.42q software; National Institutes of

Health, Bethesda, MD) on nonaltered TIFF images of the gels. Data were

presented as mean values from three independent experiments 6 SD,

unless otherwise specified. The results were evaluated by the Mann-

Whitney U test. A P value less than 0.05 was considered significant.

RESULTS

Light Microscopy of Corneas Affected by CDK

The superficial corneal epithelium evaluated by H-E staining
was normal or nearly normal in early stages of CDK (Fig.

TABLE Multiplex ELISA of Cytokines and Chemokines in Human Tear
Fluid from CDK Patients and Healthy Controls

Cytokine and Chemokine Proteins

CDK Controls P

IL-1b 88.4 6 64.4 14.3 6 5.8 0.0027

IL-8 4427.0 6 1574.0 1882.0 6 1283.0 0.0007

IL-5 15.0 6 5.7 9.9 6 11.0 0.2417

IL-6 363.3 6 301.7 126.0 6 109.5 0.159

IL-7 1901.0 6 1024.0 985.0 6 71.0 0.1064

TNF-a 46.3 6 61.2 156.0 NA

MCP-1 2354 6 1378 1164 6 306 0.1205

MIP-1b 1270 6 664 804 6 207 0.2046

G-CSF 217 6 197 192 6 169 0.8133

IL-13 12.7 6 8.3 9.4 6 8.3 0.6847

IL-2 0 0 NA

IL-17 0 0 NA

IL-12 9.3 6 3.7 0 NA

GM-CSF 68.8 6 148.6 0 NA

IL-4 0 5.9 6 3.8 NA

IL-10 2.9 9.8 6 13.6 NA

INF-c 622.1 6 149.9 232.7 NA

FIGURE 1. Histology, MMP-2 and MMP-9 in unaffected and CDK corneas. (A) Early stage CDK cornea shows a thinned corneal epithelium, intact
Bowman’s layer, and regularly organized corneal stroma, but multiple droplets in the anterior stroma. (B) Later stage CDK cornea shows multiple
droplets of varying shape and size in the anterior stroma, epithelium is damaged, and the Bowman’s layer is dissolved. MMP-2 expression is observed
in the basement membrane area in both control (C) and CDK (D) corneas. MMP-2 also accumulates around the corneal deposits (arrows) in corneas
from CDK patients. In healthy corneas (E), weak MMP-9 staining is observed in the basal cells and the basement membrane area, whereas in CDK
corneas (F) strong MMP-9 staining is seen in the basal corneal epithelial cells (arrows). Scale bar in images represents 50 lm.
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1A), whereas it was thinned, elevated, and disturbed in later
stages of CDK (Fig. 1B). Bowman’s layer was clearly
damaged in some samples. In all cases, the superficial
corneal stroma contained granules of variable size and shape
(Figs. 1A, 1B), and the number of these granules correlated
positively with the stage of the disease. The posterior
stroma, as well as the endothelium, appeared unremarkable
(not shown).

Immunohistochemical Detection of MMP-2 and
MMP-9 in Human Corneas Affected by CDK

MMP-2 was expressed mostly at the basement membrane
zone of the corneal epithelium in both control and CDK
specimens (Figs. 1C, 1D). In most CDK corneas, the edges of
the granular deposits were strongly positively stained for
MMP-2 (Fig. 1D), but the core of the granules did not stain for

MMP-2. Normal corneas showed only weak MMP-9 staining
(Fig. 1E). However, in CDK specimens corneal epithelial basal
cells were strongly positive for MMP-9 (Fig. 1F). The granules,
or the edges of the granules, did not show MMP-9
immunoreactivity.

Detection and Characterization of Gelatinases
(MMP-2 and MMP-9) in Tear Fluid of CDK Patients
and Healthy Subjects

Figure 2A shows a representative zymogram, in which
gelatinolytic bands of 72 (pro–MMP-2) and 92 kDa (pro–
MMP-9) were detected in CDK patients and controls. The
active forms of MMP-2 or MMP-9 were not observed in either
group. The mean MMP-2 activity was 3-fold higher in patients
relative to controls (95.3 6 10.5 vs. 31.0 6 4.5 arbitrary units
[AU]; P < 0.001), whereas the activity of latent–MMP-9 was

FIGURE 2. Tear fluid gelatinases from CDK patients and controls. (A) Representative zymography of the tear samples. Lane 1 corresponds to
capillary whole blood gelatinases (CWB) used as a positive control. Gelatinolytic bands of 92 and 72 kDa corresponding to pro–MMP-9 and pro–
MMP-2, respectively, as well as active MMP-9 and MMP-2 are marked on the left margin. Lanes 2 to 3 control tears and lanes 4 to 5 CDK tears. (B)
The levels of pro–MMP-2 and pro–MMP-9 from healthy controls (white bars) was set to 1 and then the relative difference was calculated by dividing
the levels of pro–MMP-2 and pro–MMP-9 from CDK patients (black bars) by the levels of healthy controls.

FIGURE 3. Gelatin zymography of UV-exposed HCE conditioned media. (A) Representative zymography result at 24 hours poststimulation; (B)
densitometry analysis. Equal amounts of media were loaded on the gelatin SDS-PAGE. Densitometry units were normalized to protein concentration
from cell lysates. *P < 0.05 compared to control; **P < 0.01 compared to control.
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nearly 4-fold higher in patients compared to the controls (1882
6 214 vs. 519.3 6 91.5 AU; P < 0.001) (Fig. 2B).

Multiplex Protein Array Analysis of Normal and

CDK Tears

Multiplex ELISA with a panel of 17 cytokine and chemokine
proteins was used to analyze the tear fluid obtained from
healthy controls and CDK patients. IL-1b, IL-5, IL-6, IL-7, IL-8,
MCP-1, and MIP-1b were detected in all CDK tear samples,
whereas in controls, IL-1b and IL-8 were the only cytokines
found in all samples analyzed. As shown in the Table, pro-
inflammatory IL-1b and IL-8 levels were significantly higher in
CDK patients than in the control subjects. It is worth noting
that TNF-a was detected at measurable levels in 6 of 10 CDK
patients and in only 1 of 10 control subjects. IL-2 and IL-17
were not detected in any sample; IL-12 and GM-CSF were not
detected in any control tear sample. IL-4, IL-10, and IL-13, as
well as IFN-c, were detected in low quantities or in just a few
samples.

In Vitro Exposure of HCE Cells to UV-B and MMPs/

TIMPs Expression

Animal models of CDK are lacking; therefore, in order to gain
mechanistic insight in the development of CDK, the authors
used a cell culture model of HCE cells. Gelatin zymographic of
HCE conditioned media showed measurable gelatin lysis only
after 24 hours from the UV-B injury, hence the data presented
here were obtained at 24 and 48 hours poststimulation (Fig.
3B). Gelatin SDS-PAGE analysis in samples incubated for 24
hours suggested several MMP candidates (MMP-2, MMP-9, and
complex form of the gelatinases with TIMPs) that were,
thereafter, individually evaluated using ELISA or Western blot
analysis (Fig. 3A).

FIGURE 4. ELISA measurement of MMP-2 levels in media from UV
stimulated cells at 24 and 48 hours after irradiation. Data were
normalized to protein concentration from total cell lysates.

FIGURE 5. MMP-9 in HCE media following UV-B irradiation. (A)
Representative Western blot image; (B) densitometry analysis. Equal
amounts of media were loaded on a 4% to 12% Bis-Tris NuPAGE gel.
Data is presented as relative densitometry units normalized to protein
concentration. Low molecular weight ladder (LMW); control (ctr);
saliva sample as positive control (Sal); human corneal epithelial cells
lysate; (C) ELISA measurement of MMP-9 in HCE media (the
immunologic assay measures pro–MMP-9 as well as active MMP-9). *P
< 0.05 compared to control; **P < 0.01 compared to control.

FIGURE 6. UV-induced secretion of MMP-8 isoforms. Only data from 48
hours after UV stimulation are shown. Bands in the molecular weight
range of 75 to 80 kDa represent the inactive form of the PMN type of
MMP-8, while bands in the 40 to 55 kDa are fibroblast-type MMP-8
enzyme forms. A saliva sample (Sal) was used as positive control.
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ELISA assay for pro–MMP-2 and MMP-2 in complexes
showed that untreated HCE cells secreted approximately 4
ng/mg of protein MMP-2 at 24 hours, and the secretion
increased 2.5 times after 48 hours. In the UV-B–exposed
samples, MMP-2 media levels increased with the higher UV-B
energy levels, and the increase reached significant values after
48 hours (Fig. 4).

MMP-9 proved to be the main gelatinase in the HCE media.
Active and pro-forms of the protein were detected using Western
blotting in media conditioned by nontreated and UV-B–treated
cells at 24 hours, and the levels increased with the increase in the
UV-B energy. At 48 hours, MMP-9 was easily detectable only in
the 5 and 10 mJ/cm2 UV-B–exposed samples in both active and
complex form (Figs. 5A, 5B). Strong immunoreactivity at low
molecular weights was seen, suggesting that some of the MMP-9
had been degraded. These results were confirmed by the ELISA
measurement of pro–MMP-9 (Fig. 5C).

Polymorphonuclear neutrophil-type (PMN) pro–MMP-8
(75–80-kDa molecular form) was barely detectable at 48 hours,
and only in media from 5 and 10 mJ/cm2 treated HCE cells.
Interestingly, the same HCE media samples also expressed
mesenchymal type of pro and active forms of MMP-8. Relatively
strong immunoreactivity was seen in MMP-8 complex forms
(Fig. 6).

The high increase in MMP-9 secretion made information on
TIMPs imperative; hence, immunodetection at 24 hours
poststimulation showed an increase of both free and complex
forms of TIMP-1 in the high-energy exposed samples.
Intriguingly, at 48 hours TIMP-1 free form levels were uniform
in all samples and the complex form was concurrently
increasing (Figs. 7A, 7B).

Cytokine Analysis after UV-B Irradiation of HCE
Cells

Since patient tear samples showed significant increase in some
secreted cytokines and chemokines, the authors also assessed
the contribution of the corneal epithelium to this pro-
inflammatory response. HCE cells exposed to UV-B (10 mJ/
cm2) were compared to nonstimulated cells, in regard to the
production of cytokines. From the panel of 36, the authors
could detect relative levels of 10 different cytokines or their
modulators (Fig. 8). IL-6, IL-8, IL-16, and macrophage migration
inhibition factor were positively modulated by UV-B stress,
while plasminogen activator inhibitor 1 (PAI-1) secretion (Serpin
E1) from stimulated cells decreased more than 2-fold. IL-1b was
not detected in unexposed or UV-B–exposed HCE cells.

DISCUSSION

Advancing age, exposure to environmental UV radiation, and
repetitive corneal microtraumas are believed to play significant
roles in the pathology of CDK.9–11 So far, no mechanistic link
between UV exposure and CDK has been established. Here,
the authors have addressed this question by analyzing corneal
specimens obtained from CDK affected eyes. They collected
tear samples from CDK patients and unaffected individuals
from the Patagonia region and measured MMP-2 and MMP-9 as
well as cytokine levels. Finally, based on these findings, they
hypothesized that these proteins are produced by the corneal
epithelium, and showed that UV-B induces a pro-inflammatory
response in these cells with concomitant increase in MMP-2
and MMP-9 levels. This is then likely to increase the apoptotic/

FIGURE 7. Free and complex form of TIMP-1 in HCE media. (A) Representative Western blot image; (B) densitometry analysis. Equal amounts of
media were loaded on the 4% to 12% Bis-Tris NuPAGE gel. Data are presented as relative densitometry units normalized to cell lysate protein
concentration. *P < 0.05 compared to control; **P < 0.01 compared to control.
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necrotic response of the corneal epithelial cells, harm the
integrity of the basement membrane, and, eventually, lead to
visible changes in the corneal architecture.

The integrity of the corneal epithelium depends largely on
the underlying basement membrane, which is predominantly
composed of type-4 collagen and laminin,12,13 sensitive to
protease activity. MMPs have been implicated in the patho-
genesis of several ocular surfaces and tear film disorders, but
also maintain and repair corneal architecture. MMP-2 and MMP-
9 readily digest gelatins and denatured collagens, and
participate in corneal wound healing, and in the pathogenesis
of inflammatory diseases of the cornea.14–18 This study shows
that corneas from CDK patients have significant induction of
MMP-9 expression, in keeping with the hypothesis that these
enzymes play a role in the course of CDK by jeopardizing the
integrity of the corneal basement membrane. MMP-2 highlight-
ed the edges of the CDK deposits, even though the staining
was detected in both healthy and affected corneas. Using an
animal corneal injury model, Fini and coworkers19 showed that
MMP-9 participated in the degradation of the basement
membrane, whereas MMP-2 was involved in the remodeling
of the ECM and basement membrane.14,19 Accordingly, in
diseases where the health of the cornea is jeopardized, it
would be expected that MMP-9 secretion would be increased.
This increase may either be a balanced response to injury, or an
unbalanced response leading to tissue destruction as seems to
be the case in CDK.

Previous reports show that diseases, in which the integrity
of the corneal epithelium is compromised, were associated
with high levels of MMP-9 and MMP-2 in tear fluid.17,20–25 Here,
it was found that CDK patients have significantly increased
concentrations of tear fluid MMP-2 and MMP-9, although active
enzyme species were not found. Considering the presence of
these enzymes, in particular in the basal cells and in the
basement membrane area, it is possible that the high avidity of
these MMPs has led to tight binding to their tissue substrates,
which is supported by the immunohistochemical staining and
the damage in this area. This, together with the tear fluid TIMP,
could explain the lack of active MMP-2 and MMP-9 species in
zymographies. Additionally, increased levels of gelatinases were
seen as well in UV-B–stimulated HCE cell culture supernatants,
pointing out that the likely source for these enzymes in tear
fluid is the corneal epithelium. Thus, this self-perpetuating
system will eventually harm the epithelium and the subepithe-
lial tissues if the enzyme activity cannot be regulated. As the
authors’ earlier studies show, in CDK, the tight regulation of
the MMP/TIMP ratio seems to be lost.4

Another finding worth noting was the net inflammatory
profile of the CDK ocular surface, suggesting that the
epithelium may elicit and maintain a pro-inflammatory cascade
making the cornea prone for the development of corneal
diseases. The initiating stimulus could be UV radiation, as
cornea absorbs all UV-C and most of the UV-B wavelengths in
order to protect the structures inside the eye from radiation-
induced damage.26 Still, corneal epithelial cells are sensitive to

FIGURE 8. Inflammatory profile of UV-stressed HCE cells. (A) Cytokine array of supernatants from cells exposed to 10 mJ/cm2 UV-B compared to
nonstressed cells (control). 700 lL of cell conditioned media was prepared as described in the material and methods section and incubated
overnight with the antibody spotted nitrocellulose arrays. (B) Mean pixel density measurements for detected cytokines.
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low wavelength UV, and this stress eventually leads to cell
death by necrosis or apoptosis. Renewal of the corneal
epithelium is a continuous process that is vital for both the
barrier and visual function of the cornea. A plausible
hypothesis would be that an overstressed epithelium is
promoting the renewal process, rather than protecting the
affected cells from death. UV-challenged cells cope with the
induced stress using the MMPs in a controlled manner, where
overproduction of the enzymes tends to be balanced by the
production of TIMPs. However, prolonged stress disrupts this
balance with a damaging increase in MMP-9 secretion,
unmatched by TIMP-1 production.

In vitro studies demonstrated that UV radiation activates
stress signaling pathways leading to increased cytokine
production in the ocular surface cells, as well as increased
cytokine release into tears.27–29 These inflammatory mediators
partake in the recruitment of immune cells at the eye surface,
and in the subsequent damage caused by the inflammatory
reaction.30,31 Since CDK patients also presented significantly
increased production of cytokines IL-1b and IL-8, it is possible
that these contributed to the secretion of MMP-9 and MMP-8,
respectively. The cellular model confirmed the corneal
epithelium as a significant source of IL-8 and a potential source
of IL-6. The cytokine response became significant as early as 4
hours after injury, while gelatinases could be measured in the
supernatant only after 24 hours. Moreover, UV-B down-
regulated PAI-1 can contribute to the increased urokinase-
plasmin activation of MMPs.32 Additional support to the
cytokines-MMPs interrelation is brought by the IL-8 regulation
of MMP-9 secretion from neutrophils,33 while, in turn, MMP-9
can sustain the inflammatory condition by cleaving the
secreted IL-8 to form a more aggressive chemokine.34

Therefore, these data suggest that the CDK pathology is
underlined by a significant inflammatory response, and that
corneal epithelial cells, as the first line of defense, play
important roles in this process. The sustained inflammatory
condition in turn favors the MMPs-TIMPs dysregulation and its
degradative consequences.
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