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Prospective, Multicenter, Clinical Evaluation of
Point-of-Care Matrix Metalloproteinase-9 Test for
Confirming Dry Eye Disease
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Purpose: The aim of this study was to determine the negative and
positive agreement of a point-of-care matrix metalloproteinase-9 test
in confirming the diagnosis of dry eye and to evaluate the ease of use
by untrained ophthalmic technicians.

Methods: The study was a prospective, sequential, masked, clinical
trial with 4 clinical trial sites. The InflammaDry test was compared
with the clinical assessment of tear break-up time, Schirmer tear
testing, and corneal staining for the confirmation of dry eye, both
with and without the inclusion of the Ocular Surface Disease Index
(OSDI), as a confirmatory test.

Results: The study enrolled 237 patients. If the OSDI is included
in the definition for mild dry eye, the InflammaDry test was
shown to have a total positive agreement of 81% (127/157) and
a negative agreement of 98% (78/80). The removal of the OSDI
shifted the categorization of 11 patients previously considered
positive for dry eye to become categorized as negative for dry
eye. If the OSDI is excluded from the definition of dry eye, the
InflammaDry test demonstrates a positive agreement of 86%
(126/146) and a negative agreement of 97% (88/91) against the
clinical assessment.

Conclusions: The InflammaDry test demonstrates a high positive
and negative agreement for confirming suspected dry eye disease.
In addition, the test was safely and effectively performed by
untrained operators. These findings support the intended use of the
InflammaDry test as an aid in the diagnosis of dry eye.
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According to the Dry Eye Workshop (DEWS) report, dry eye
is a multifactorial disease of tears and the ocular surface that
results in symptoms of discomfort, visual disturbance, and tear
film instability with potential damage to the ocular surface.' It is
also accompanied by increased osmolarity of the tear film and
inflammation of the ocular surface.! Dry eye is affected by the
relationship between the amount of tears produced, rate of tear
evaporation, and the presence or absence of inflammation.

Symptoms alone are inadequate for the diagnosis of dry
eye, because the same symptoms can be experienced with
a range of ocular surface conditions and tear film disorders.
Additionally, both symptoms and signs can vary greatly
depending on the environmental conditions to which patients
are exposed in their daily lives. Only 57% of symptomatic
patients have been shown to have objective signs of dry eye.”®
This finding has been attributed to the symptoms preceding the
signs, or the differing etiology and pathophysiology of dry eye.’

The most common objective diagnostic test for dry eye,
the Schirmer tear test, has been in use for >100 years.® The
Schirmer tear test lacks standardization’ and is inaccurate and
unrepeatable because of the reflex secretion produced by its
irritating nature.'® This test is limited to the measurement of
tear production,'' while overlooking the evaporative aspects
of dry eye.” The discomfort, time inefficiency, and lack of
sensitivity associated with Schirmer tear testing further limit
its use. However, the low cost of strips and ease of application
has led the Schirmer tear test to become the most common
clinical test for lacrimal secretary function in dry eye.

Tear break-up time (TBUT) measurement with fluores-
cein is another widely used technique for the clinical diagnosis
of dry eye. TBUT is considered to be more reliable than the
Schirmer test, because it is repeatable and minimally invasive;
however, the instillation of a topical anesthetic can destabilize
the tear film and lead to an artificially accelerated TBUT.'*"
Further, all forms of tear break-up measurement fail to give
direct information on tear production.” Because support staff
assess most patients before the clinician’s evaluation, the abil-
ity to accurately perform TBUT or corneal staining before the
application of a topical anesthetic is limited by patient flow.
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Ocular surface staining with vital dyes such as Rose
Bengal, lissamine green, and fluorescein has also been used to
diagnose dry eye disease.'>™"” The disadvantage of staining is
that dry eye cannot be clinically differentiated from other
conditions that lead to ocular surface staining such as medi-
cation toxicity (including topical anesthetic), poor lid apposi-
tion, underlying infection, or trauma.'® Additionally, these
staining techniques are not likely to be used in early dry
eye or mild dry eye.'®

Outside the research setting, the majority of dry eye—
affected patients encounter an ophthalmic technician as part
of the initial patient work-up. Typically, patients report on
the presence of symptoms. The Ocular Surface Disease Index
(OSD]) is a questionnaire that was developed to identify and
quantify the common symptoms associated with dry eye as
a means to measure the therapeutic effect of a dry eye medi-
cation.'” The OSDI consists of 12 questions, each scored by the
patient. This assessment has been found to be subjective, to
lack specificity, and to be prone to operator-dependent analyt-
ical errors, preventing it from routine clinical use.'**2?

Increased osmolarity has been described in patients
having dry eye,” because reduced tear secretion and/or
increased evaporation results in the loss of fluid that isotonic
tears cannot overcome.** Elevated tear osmolarity is consid-
ered an important indicator of dry eye. Specifically, normal
tear osmolarity is understood to be reflected by tears in the
range of 275 to 307 mOsm/L, whereas hyperosmolarity is
indicated by a tear fluid osmolarity =308 mOsm/L in 1 or
both eyes, or a >8 mOsm/L difference in tear osmolarity
between the eyes.*’

Versura et al*® measured tear osmolarity in 25 normal
subjects and in 105 dry eye—affected patients and found that the
normal values were 296.5 * 9.8 mOsm/L. Values were shown
to increase as dry eye severity increases (mild to moderate to
severe dry eye, respectively: 298.1 % 10.6 vs. 306.7 = 9.5 vs.
3144 £ 10.1, P < 0.05).*° In a study performed by Lemp
et al,>> osmolarity was determined to be more sensitive than
other clinical signs. In this study, the most sensitive threshold
between normal and mild or moderate subjects was found to be
308 mOsms/L, whereas the most specific threshold was found
to be at 315 mOsms/L.2° At a cutoff of 312 mOsms/L, tear
hyperosmolarity exhibited 73% sensitivity and 92% specific-
ity.?* In another study performed by Tomlinson et al*’, a cutoff
value of >316 mOsnv/L, derived from the distribution of
osmolarity values, was used to diagnose dry eye disease with
an effectiveness of 73% sensitivity, 90% specificity, and 85%
positive predictive value. Osmolarity measurements have been
shown to vary between sample measurements, and reflect the
inherent tear film instability of dry eye disease.?®*’

Matrix metalloproteinases are proteolytic enzymes that
are produced by stressed epithelial cells on the ocular surface.
Specifically, matrix metalloproteinase-9 (MMP-9) is an
inflammatory marker that has consistently been shown to be
elevated in the tears of patients with dry eyes. Elevated
MMP-9 levels in patients with moderate to severe dry eye
disease correlate with clinical examination findings.*° Altered
corneal epithelial barrier function is the cause for ocular irri-
tation and visual morbidity in dry eye disease. MMP-9 seems
to play a physiological role in corneal epithelial desquama-
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tion. Although MMP-9 does not provide information about
tear production, increased MMP-9 activity in dry eye may
contribute to deranged corneal epithelial barrier function,
increased corneal epithelial desquamation, and corneal sur-
face irregularity.*®

MMP-9 activity is also elevated in ocular surface
conditions such as blepharitis and Sjégren syndrome; however,
these underlying conditions lead to the development of inflam-
matory dry eye disease that would be accurately detected using
the InflammaDry test.>' Other conditions such as infection,*?
allergy,* pterygium,** and conjunctivalchalasis,®® have been
associated with an elevated level of MMP-9, but are readily
clinically differentiated from dry eye disease. According to an
analysis performed by Sambursky and O’Brien,** normal lev-
els of MMP-9 (nanograms per milliliter) in human tears range
from 3 to 40 ng/mL.

The aforementioned characteristics and limitations of
dry eye diagnostic tools suggest that diagnosis of this
multifactorial disease may be improved upon with a protocol
inclusive of multiple diagnostic tools (Fig. 1). A new single
use, noninvasive, inexpensive, disposable test that can accu-
rately aid in the confirmation of the diagnosis of dry eye, such
as InflammaDry, provides valuable information without
imposing infrastructure challenges. InflammaDry will cost
less than the test’s anticipated reimbursement. Using direct
sampling microfiltration technology, the InflammaDry immu-
noassay detects elevated levels of MMP-9 (=40 ng/mL) in
tears to confirm the diagnosis of dry eye disease.

The InflammaDry test was evaluated in a prospective,
multicenter, masked clinical trial to determine the negative
and positive agreement of the test in confirming the diagnosis
of dry eye disease. The term positive agreement is used in lieu
of sensitivity when reporting the performance data of
a diagnostic test against which there in no single diagnostic
gold standard to compare. Similarly, the term negative
agreement is used in lieu of specificity when reporting the
performance data of a diagnostic test against which there in
no single diagnostic gold standard to compare. The clinical
trial took place over a 7-month period and used untrained
ophthalmic technicians (operators) at 4 clinical sites repre-
senting a combination of academic and private practices.

MATERIALS AND METHODS
Study Design

The study design was a prospective, sequential,
masked, clinical trial. Those patients who were clinically
determined by an ophthalmic clinician to meet enrollment
criteria were included in the study (see Table, Supplemental
Digital Content 1, http:/links.lww.com/ICO/A230).

Institutional review board approval was first obtained.
A subject’s participation was limited to a 1-time event that
occurred at the time of specimen collection. There were no
follow-up visits necessary for this study. The subjects did not
incur any costs associated with the study procedures. Before
starting the clinical trial, each site conducted positive and
negative external controls on the InflammaDry test to confirm
the functionality of the test reagents.
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DRY EYE DIAGNOSTIC PROTOCOL

Initial Visit

NOTE: The InflammaDry test may be performed independent of other testing. If TearLab osmolarity
testing is performed, it must be performed before InflammaDry or any other testing. TearLab test results
may be negatively impacted by reflex tearing. Reflex tearing does not affect InflammabDry test results.
However, InflammaDry must be performed before the installation of any drops.

symptom questionnaire completed by patient
and confirmed by qualified eye care technician
[ burning — stinging — foreign body sensation A
fluctuating vision — tearing — tired eyes — irritation

TearLab Osmolarity OU
Detection of hyperosmolarity
(no testing or drops before osmolarity testing)

N\

Osmolarity < 308 mOsm/L
and variability between
eyes of < 8 mOsm/L

o

InflammaDry OU
Detection of MMP-9
(no drops before MMP-9 testing)

/N

InflammabDry
negative
MMP-9 < 40 ng/ml

v l v

Eyelid and ocular surface examination and
confirmation of need for dry eye testing that was performed
Consider TBUT, meibomian gland expression, fluorescein corneal

staining, lissamine green conjunctival staining, Schirmer testing

History and evaluation
M Dry eye disease confirmation, etiology determinant

I Consider alternative diagnosis: partially-treated dry eye disease,
allergic eye disease, exposure, or consider alternative etiology

FIGURE 1. Dry eye diagnostic protocol, initial visit.
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At the office visit, before any study-related procedures,
the subjects were screened through a standard of care history
and a slit-lamp examination. After determining that the
patient qualified for enrollment into the study, an investigator
or delegated study personnel obtained an informed consent.
Upon obtaining the subject’s consent, study personnel inter-
viewed the subject and documented data, including the
subject’s age, gender, race, and patient history, on a spon-
sor-provided Case Report Form.

Study Visit Testing
Study testing was done on the subject’s more symptom-
atic eye. If no difference existed, the right eye was tested.

InflammabDry

The ophthalmic technician (operator) performing the
InflammaDry test was limited to the manufacturer’s instruc-
tions for use as their only resource. In addition, the untrained
operator was unaware of the patient’s clinical history and did
not perform or learn of any subsequent test results including
the OSDI survey, TBUT, corneal fluorescein staining, or the
Schirmer tear test.

First, to perform the InflammaDry test, the untrained
operator collected a tear sample from the patient’s palpebral
conjunctiva. The operator then gently dabbed the provided sam-
ple collector in multiple locations along the palpebral conjunc-
tiva; they released the lid after every 2 to 3 dabs to allow the
patient to blink. This was repeated 6 to 8 times, and then the
sampling fleece was allowed to rest against the conjunctiva for
at least 5 seconds or until the sampling fleece was saturated with
tears (5—-10 pL). Adequate saturation of the sampling fleece was
indicated by a pink color or glistening appearance. Next, the test
was assembled by snapping the sample collector onto the pro-
vided test cassette. The assembled test was then dipped into the
provided test buffer solution for 20 seconds for activation. Last,
after 10 minutes had elapsed, the test values were read. The
presence of 1 blue line and 1 red line in the test result window
indicate a positive test result (MMP-9 = 40 ng/mL). The inten-
sity of the red line is directly related to the amount of MMP-9
present; thus, mild dry eye is associated with fainter lines than
more severe dry eye is. The presence of a red line of any
intensity confirms the presence of elevated MMP-9. One blue
line indicates a negative test result (MMP-9 < 40 ng/mL). All
InflammaDiry tests were analyzed within 24 hours of activation.

Per the trial protocol, invalid test results were to be
documented and reported to show usability, but these results
were not to be included in any positive or negative agreement
calculations. There were no invalid test results in this study.
The InflammaDry test has built-in procedural controls,
including a blue control line. In the unlikely event that the
test is not run properly or the reagents do not work, the blue
control line will not appear, indicating an invalid test result.

Ocular Surface Disease Index
To evaluate patient-reported symptoms associated with
dry eyes, the OSDI survey was completed. OSDI scores range
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from 0 to 100, where 0 indicates no disability and 100
indicates complete disability.

Fluorescein Tear Break-up Time

The TBUT was evaluated 2 minutes after the infer-
otemporal bulbar conjunctiva was touched with a 1-mg
sodium fluorescein strip (wet with preservative-free saline).
Subjects were instructed to blink, and the precorneal tear film
was examined under blue-light illumination with a biomicro-
scope and 10x objective. The interval between the blink and
the appearance of the first dark spot or discontinuity in the
precorneal fluorescein-stained tear layer was then recorded.
Three separate readings were taken for each eye, and the
results were averaged.

Corneal Fluorescein Staining

The ocular surface was also examined 2 minutes after
fluorescein instillation into the tear film as described above.
The Oxford grading scheme was used to grade the intensity of
corneal fluorescein staining in 5 different zones of the
conjunctiva and cornea (central, superior, temporal, inferior,
and nasal). The result was based on the number of dots on
a 5-point scale: no dot=0; 1 to 5 dots=1; 6 to 15 dots =2; 16
to 30 dots = 3; and >30 dots = 4. Additionally, if there was 1
area of confluence, 1 point was added. Two points were
added if there were =2 areas of confluence or if filamentary
keratitis was present.

Schirmer Tear Test

Topical anesthetic was then introduced into the inferior
fornix. The Schirmer tear test was performed by placing
Schirmer test strips (Tear Flo, Alta Loma, CA) over the lower
lid margin, at the junction of the lateral and middle thirds, for
5 minutes. The strip wetting was measured and recorded in
millimeters. If complete wetting of the strips occurred before
5 minutes, and if the person administering the Schirmer tear
test felt that an initial response occurred because of reflex
tearing, then it was documented and the test was repeated after
measures had been taken to prevent reflex tearing (ie,
reanesthetizing the eye, removing any potential irritants, and
waiting a few minutes). If, after every effort to prevent reflex
tearing, a similar complete wetting of the strips occurred before
5 minutes, then the result was documented and accepted.

Clinical Assessment and Dry Eye
Disease Severity

The InflammaDry test was compared with the clinical
assessment as specified in Table 1. Derived from the DEWS
criteria, the clinical assessment was developed to represent
a combination of symptoms and signs. The clinical trial used
the same metrics for TBUT, Schirmer tear testing, and corneal
staining as described in the DEWS criteria. However, con-
junctival injection, conjunctival staining, and the presence of
meibomian disease were not tested or used to characterize the
severity of dry eye disease. In general, the worst severity for
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TABLE 1. Dry Eye Disease Severity Grading

Clinical Testing Negative Control Mild Grade 1

Moderate Grade 2

Moderately Severe Grade 3 Severe Grade 4

OSDI score* <13 =13
TBUT, s >10 =10
Staining (0-5) 0 (None) 0 (None)
Schirmer, mm/5 min >10 =10

=13 =13 =13
=10 =5 0 (Immediate)
1-2 3 =4
=10 =5 =2

*Study data were analyzed with and without the inclusion of the OSDI as a confirmatory test for dry eye.

any sign tested determined the overall severity. Patients were
categorized to the highest severity level at which all required
criteria were satisfied. Patients who did not meet all the
required clinical criteria for a given severity grade were con-
sidered to be at the next lower grade.

Sample Size Justification and
Statistical Significance

The study concluded with a total of 237 patients, 146 in
the dry eye group and 91 in the control group. Using
a binomial 1-sided test against 75% that was significant at
the 0.05 alpha level, the sample size of 146 patients provided
>90% power to test against a null hypothesis of 75% positive
agreement. In the control group, the sample size of 91 patients
provides 83% power to detect a negative agreement of at least
75%. The InflammaDry test demonstrated a positive agree-
ment of 86% (126/146) with a P value of <0.0001 and 95%
confidence interval of 0.80 to 0.91 and a negative agreement
of 97% (88/91) with a P value of <0.0001 and 95% confi-
dence intervals of 0.91 to 0.99.

RESULTS

The study enrolled 237 patients consisting of 164 women
and 73 men between the ages of 18 and 94 years with a mean
age of 53 years. The categorization of dry eye severity was
analyzed with and without the inclusion of the OSDI as
a confirmatory criterion for the presence of dry eye disease.
Eleven patients were found to have an elevated OSDI without
any objective confirmatory testing as shown in Table 2.

Table 3 demonstrates the categorization of dry eye—
affected patients enrolled based on the signs they had presented,
with and without the inclusion of the OSDI as a confirmatory
criterion for the presence of dry eye. The removal of the
OSDI shifted the categorization of 11 patients previously con-
sidered positive for dry eye to become categorized as negative
for dry eye.

Table 4 demonstrates the performance of the Inflamma-
Dry test against the clinical assessment that both includes and
excludes the OSDI as a confirmatory test for the presence of

TABLE 2. OSDI Discordance from Dry Eye Confirmatory
Testing

No. Subjects OSDI TBUT
11 =13 >10 >10 0

Schirmer Tear Test Staining
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dry eye. If the OSDI is included in the definition for mild dry
eye, the InflammaDry test was shown to have a total positive
agreement of 81% (127/157) and a negative agreement of
98% (78/80). If the OSDI is excluded from the definition of
dry eye, the InflammaDry test demonstrates an 86% (126/
146) positive agreement and a 97% (88/91) negative agree-
ment against clinical assessment as an objective confirmatory
criterion for the presence of dry eye.

DISCUSSION

According to the American Academy of Ophthalmol-
ogy’s Preferred Practice Pattern for dry eye disease, many
ocular surface diseases produce symptoms that are similar
to those associated with dry eye. Although it is useful to
identify characteristics of the symptom causative factors, such
as adverse environments, prolonged visual efforts, or amelio-
rating circumstances, tests are required to confirm the diag-
nosis of dry eye disease. The 2 major factors that contribute to
dry eye independently, deficient aqueous tear production and
increased evaporative loss, may also be present together.'

The preferred practice pattern states that no single test is
adequate for establishing the diagnosis of dry eye and
recommends a combination of TBUT, Schirmer tear testing,
and staining as the current gold standard. For mild disease,
a rapid TBUT may indicate an unstable tear film, whereas
aqueous tear deficiency may be diagnosed with the Schirmer
tear test. Minimal or no dye staining of the ocular surface may
exist with mild dry eye disease.

The InflammaDry test was compared with clinical
assessment, defined as the presence of subjective symptoms
of suspected dry eye accompanied by at least one of the
following objective confirmatory clinical signs: reduced
Schirmer tear test, reduced TBUT, or the presence of corneal
staining. Each of these objective measurements provides
distinct information about the condition of the ocular surface.
The trial was performed at 4 clinical sites. Similar to the data
by Chotikavanich et al,** MMP-9 was found to be elevated
over the entire range of dry eye severity (Table 3). Moreover,
MMP-9 was consistently elevated in patients with mild dry
eye despite the lack of corneal staining in study participants
with mild dry eye (Table 1).

Three out of the 4 clinical sites had 4 different untrained
ophthalmic technicians perform the testing, whereas 1 site
used only 1 untrained ophthalmic technician to enroll all their
patients. Two clinical sites, using a total of 8 different
untrained technicians, enrolled >74% of the patients. These
sites demonstrated the best performance despite having the
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TABLE 3. Patient Dry Eye Severity Grading With and Without OSDI

Confirmatory Testing With and

Without OSDI Inclusion* No Dry Eye Grade 0

Mild Grade 1

Moderate Grade 2 Moderately Severe Grade 3 Severe Grade 4

Without OSDI 91 49
InflammaDry positive 3 47
With OSDI 80 60
InflammaDry positive 2 48

76 20 1
60 18 1
76 20 1
60 18 1

*Study data were analyzed with and without the inclusion of the OSDI as a confirmatory test for dry eye.

greatest number of untrained technicians participating. Of the
2 remaining sites, only 1 site enrolled a significant number of
patients (21%), but this clinical site used only a single
untrained technician to perform all the testing, and this site
accounted for the majority of the reported false negatives
observed in the study. The remaining clinical site enrolled
<5% (12 patients). Taken together, the analysis showed that
nearly 90% of the untrained technicians were effective at
running and interpreting the test, whereas 1 operator ac-
counted for most of the false negative results.

There is a general trend for patients to report more
severe dry eye symptoms relative to the clinical signs
observed by their clinician.>® Symptoms have been shown
to be insufficient for the diagnosis and management of dry
eye; thus, a consensus of clinical signs is recommended for
the diagnosis of dry eye.? A study conducted by Amparo
et al*’ showed no correlation between changes in patient-
reported symptoms using OSDI and changes in tear osmolar-
ity or corneal fluorescein staining. A comparable study
conducted by Caffery et al*® showed no significant correlation
between tear osmolarity and the self-assessment of dry eye in
a nonclinical population of 249 convention attendees.

Similarly, if the OSDI is included as a confirmatory
test, the positive and negative percent agreements of the
InflammaDry test changes. In this trial, inclusion of the OSDI
results lead to 11 patients being potentially falsely character-
ized as having dry eye disease despite the lack of any
demonstrable objective signs. These results suggest that the
OSDI may be a good screening tool for identifying patients
with symptoms consistent with dry eye but is not suitable as
a confirmatory diagnostic test.

The InflammaDry clinical trial was designed as an all
comers trial where all patients enrolled reported at least 1
symptom consistent with dry eye over the preceding month.

Only approximately two-thirds of patients with symptoms
consistent with dry eye disease tested positive with any
objective confirmatory test, including TBUT, Schirmer tear
testing, or corneal staining. Of those who tested positive with
any objective confirmatory test, approximately 85% tested
positive with InflammaDry. These results suggest that 50% of
all symptomatic patients and nearly all of those confirmed as
dry eye have significant ongoing inflammation. Similarly,
a study reported by McDonald shows that less than half of all
symptomatic subjects (42.8%), symptomatic cataract-affected
patients (48.9%), and symptomatic laser-assisted in situ
keratomileusis—operated subjects (42.7%) had actual dry eye
disease as tested by tear osmolarity (unpublished data sub-
mitted for presentation at the American Society of Cataract
and Refractive Surgeons 2014 Symposium).

Dry eye is a multifactorial, chronic disease and inflam-
mation occurs in most, but not in all, patients with dry eye.
Another possible explanation for the discordance between dry
eye symptoms and both hyperosmolarity and elevated MMP-9
may be the intermittent nature of mild dry eye disease, which
leads to symptoms only at the time of an environmental stress.
These patients would most likely demonstrate a higher rate of
signs if tested at that time. Thus, mild dry eye could be thought
of as intermittent moderate disease, differentiated primarily by
the temporal frequency of symptoms.

Because inflammation is found throughout the lacrimal
unit, MMP-9 levels are unlikely to be affected by reflex
tearing.>’ A study on relative humidity by Tes6n et al** demon-
strated that MMP-9 levels increase in the presence of low rela-
tive humidity. However, additional studies are needed to assess
the variability of MMP-9 levels in dry eye—affected patients.

The reported clinical study supports the use of MMP-9
as a marker for dry eye and the InflammaDry test as a clinical
aid in the diagnosis of dry eye disease. Additionally, the

TABLE 4. Performance Results of MMP-9 Test Compared with Confirmatory Testing

Clinical Assessment + OSDI +

Positive % Agreement Negative % Agreement

N =237 TBUT + Schirmer + Staining 95% CI 95% CI
InflammaDry Positive 127 2 81% (127/157) (74%, 87%) 98% (78/80) (91%, 100%)
Negative 30 78
Clinical Assessment + TBUT +
Schirmer + Staining
InflammaDry Positive 126 86% (126/146) (80%, 91%) 97% (88/91) (91%, 99%)
Negative 20 88
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clinical performance demonstrated by untrained ophthalmic
technicians in this trial correlates with that reported in
a previous prospective clinical trial by Sambursky et al*°
in which investigators at 7 clinical sites determined an
InflammaDry test sensitivity of 85% (121/143) and speci-
ficity of 94% (59/63).

Because InflammaDry is a qualitative test, it is not
designed or intended to monitor the disease state after the
initiation of treatment. However, several investigators have
suggested that a combination of clinical variables, including
the measurement of surface epitheliopathy/staining, along with
various biomarkers such as MMP-9, may be the most reliable
prognosticator for response to therapy.®” Therefore, identifying
symptomatic dry eye—affected patients with underlying inflam-
mation may guide patient management and therapeutic recom-
mendations, including artificial tear replacement, punctal
occlusion, or antiinflammatory therapeutics such as a short
course of corticosteroids, oral doxycycline, or long-term main-
tenance treatment with cyclosporine.
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Objectives: To determine the clinical sensitivity, speci-
ficity, negative predictive value, and positive predictive value
of a rapid point-of-care diagnostic test to detect elevated
matrix metalloproteinase 9 levels (InflammaDry).

Methods: In a prospective, sequential, masked, multi-
center clinical trial, InflammaDry was performed on 206
patients: 143 patients with clinical signs and symptoms of
dysfunctional tear syndrome (dry eyes) and 63 healthy in-
dividuals serving as controls. Participants were assessed as
healthy controls or for a clinical diagnosis of dry eye using
the Ocular Surface Disease Index, Schirmer tear test, tear
breakup time, and keratoconjunctival staining.

Main Outcome Measures: The sensitivity and speci-
ficity of InflammaDry were compared with clinical assessment.

Resuvlts: InflammaDry showed sensitivity of 85% (in 121
of 143 patients), specificity of 94% (59 of 63), negative pre-
dictive value of 73% (59 of 81), and positive predictive value
of 97% (121 of 125).

Conclusion: Compared with clinical assessment, In-
flammaDry is sensitive and specific in diagnosing dry eye.

Application to Clinical Practice: Dry eye is often un-
derdiagnosed resulting from poor communication be-
tween the clinical assessment of dry eye severity between
clinicians and patients. This often leads to a lack of effec-
tive treatment. Matrix metalloproteinase 9 is an inflamma-
tory biomarker that has been shown to be elevated in the
tears of patients with dry eyes. The ability to accurately de-
tect elevated matrix metalloproteinase 9 levels may lead to
earlier diagnosis, more appropriate treatment, and better
management of ocular surface disease. Preoperative and
perioperative management of inflammation related to dry
eyes may reduce dry eyes that develop after laser in situ
keratomileusis, improve wound healing, and reduce flap
complications. Recognition of inflammation may allow for
targeted perioperative therapeutic management of care for
patients who undergo cataract and refractive surgery and
improve outcomes.
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YSFUNCTIONAL TEAR SYN-
drome, more commonly
referred to as dry eyes, is a
common condition that is
often underdiagnosed. Dry
eyes range in severity from asymptomatic
or episodic symptoms of ocular discom-
fort to a chronic condition requiring thera-
peutic intervention. Inflammatory mecha-
nisms have been shown to be an integral
underlying cause of chronic dry eye.!

— Journal Club slides available
at www.archophthalmol.com

Dry eyes result from the complex inter-
relationship between the amount of tears pro-
duced and rate of tear evaporation thatleads
to hyperosmolarity and ocular surface inflam-
mation.' Tear hyperosmolarity is one com-

ponent of the inflammatory cascade that re-
sultsin elevated levels of matrix metallopro-
teinase 9 (MMP-9), which is a proteolytic
enzyme thatis produced by stressed epithe-

See also page 17

lial cells and is elevated in patients with dry
eye and ocular surface disease.” Matrix me-
talloproteinase 9 affects the corneal epithe-
lial cells to produce inflammatory cytokines
and other mediators that further augment the
inflammatory cycle. Inflammation may de-
stabilize the tear film and cause ocular sur-
face epithelial disease.’® Increased activity
of MMPs, such as MMP-9, influence wound
healing®!° and contribute to the pathologic
alterations to the ocular surface that lead to
adry eye state.” Ocular irritation and visual
morbidity in dry eye disease result from an
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altered corneal epithelial barrier function. Matrix metallo-
proteinase 9 levels are elevated in the tear fluid of patients
with dry eyes'"'*above the level of expression of MMP-9 in
healthy eyes, which ranges from 3 to 40 ng/mL.>"*"'° Higher
levels of MMP-9 are present in patients with more severe dry
eyes and correlate with clinical examination findings.” Ab-
normally elevated MMP-9 levels (>40 ng/mL) have been
shown? to correspond with moderate to severe dry eye dis-
ease, as defined by dysfunctional tear syndrome severity lev-
els of 2 to 4 identified in the Dry Eye Workshop report.!

Currently, the diagnosis of dry eye is based on a clinical
examination, which is occasionally accompanied by ancil-
lary testing. Symptoms of dry eyes as described by patients
include burning, dryness, foreign-body sensation, ocular pain,
blurred vision, photophobia, and visual fatigue. Clinical signs
of dry eye include positive vital staining of the ocular sur-
face, decreased tear breakup time (TBUT), reduced corneal
sensitivity, and decreased functional visual acuity."”

The inconsistency and lack of correlation between clini-
cal symptoms and signs of dry eyes and diagnostic test re-
sults make the diagnosis and treatment of this condition
challenging.'® In addition to being uncomfortable for the
patient, Schirmer tear testing produces inconsistent re-
sults. Theoretically, hyperosmolarity testing may be an op-
tion for identifying patients with dry eye, but current tech-
niques lack reproducibility and are more expensive than
other methods of testing. Most important, neither TBUT
nor Schirmer tear testing provides direct evidence of ocu-
lar surface inflammation or detects elevated levels of MMP-9.

InflammaDry (Rapid Pathogen Screening, Inc) is a 10-
minute in-office immunoassay designed to detect abnor-
mally elevated MMP-9 levels (>40 ng/mL). Any posi-
tive test result suggests ocular surface disease consistent
with moderate to severe dry eye. The presence of el-
evated levels of MMP-9 may identify patients who oth-
erwise would not receive the diagnosis clinically. This
information may help lead to successful therapy for these
patients to relieve symptoms and optimize the ocular sur-
face. The purpose of this clinical trial was to determine
the sensitivity and specificity of InflammaDry com-
pared with the clinical assessment of dry eyes.

B METHODS B

A prospective, sequential, masked multicenter clinical trial was
performed to evaluate InflammabDry at 7 clinical trial sites from
December 1, 2010, through March 14, 2011. The sites con-
sisted of academic and private ophthalmology practices in vari-
ous regions across the United States. The test was successfully
performed on 206 patients: 143 patients with clinical signs and
symptoms of dry eyes and 63 healthy individuals serving as con-
trols. Institutional review board approval was received and in-
formed consent was obtained by an investigator at each site.
The sample size calculation was based on enrolling a mini-
mum of 160 participants to test the hypothesis that there was no
significant difference in the percentage of patients detected to have
MMP-9 levels greater than 40 ng/mL between InflammaDry and
the clinical assessment. The method is based on testing a hypoth-
esis that the sensitivity and specificity of InflammaDry is at least
85%. Rejection of the null hypothesis signals that the sensitivity
and specificity of InflammaDry in detecting clinically dry eyes is
at least 85%. This hypothesis was used twice, first for sensitivity
and second for specificity. A sample of at least 100 case patients

for the sensitivity hypothesis provides more than 90% power to
detect a sensitivity of at least 85%, using a 1-sided exact bino-
mial test with a=.05 and an effect size of 10%. A sample of at
least 60 controls for the specificity hypothesis provides 86% power
to detect a specificity of at least 85%, using a 1-sided exact bino-
mial test with a=.05 and an effect size of 10%. Power and sample
size calculations were performed using commercial software
(nQuery Advisor, version 6.1; Statistical Solutions).

At the office visit, patients were screened using clinical his-
tory and signs. First, a clinical history was performed using the
Ocular Surface Disease Index (OSDI)." Patients were then as-
sessed for clinical signs. Each patient had fluorescein dye in-
troduced into the inferior cul-de-sac and was tested for TBUT.
Additionally, any corneal staining was noted. After the ocular
surface was analyzed for TBUT and staining, anesthetic was in-
serted and a 5-minute Schirmer test was performed. Last, an
independent health care professional masked to the clinical
evaluation was asked to analyze each InflammaDry test result,
independently confirming each result.

OCULAR SURFACE DISEASE INDEX

To evaluate the symptoms associated with dry eyes, the OSDI sur-
vey was first completed. The OSDI is a global assessment mea-
sure consisting of 12 questions, each scored by the patient. It has
been used to evaluate the severity of symptoms and response to
previous treatment in patients with dry eye. The OSDI scores range
from 0 (no disability) to 100 (complete disability)."

FLUORESCEIN TEAR BREAK-UP TIME

The TBUT was evaluated 2 minutes after the inferotemporal
bulbar conjunctiva was touched with a sodium fluorescein strip
(wet with preservative-free saline). Participants were in-
structed to blink, and the precorneal tear film was examined
under blue-light illumination with a biomicroscope and
10X magnification. The interval between the blink and the ap-
pearance of the first dark spot or discontinuity in the precor-
neal fluorescein-stained tear layer was then recorded.

CORNEAL FLUORESCEIN STAINING

The ocular surface was examined 2 minutes after fluorescein
instillation into the tear film. The Oxford grading scheme was
used to grade the intensity of corneal fluorescein staining in 5
zones of the conjunctiva and cornea (central, superior, tem-
poral, inferior, and nasal) based on the number of dots on a
5-point scale (no dot, 0; 1-5 dots, 1; 6-15 dots, 2; 16-30 dots, 3;
and >30 dots, 4; if there was 1 area of confluence, 1 point was
added; 2 or more areas of confluence, 2 points were added; and
if there was filamentary keratitis, 2 points were added).

SCHIRMER TEAR TEST

Topical anesthetic was introduced into the inferior fornix. A
Schirmer test was performed by placing Schirmer test strips (Al-
con Laboratories) over the lower eyelid margin, at the junc-
tion of the lateral and middle thirds, for 5 minutes. The strip
wetting was measured and recorded in millimeters. If com-
plete wetting of the strips occurred before 5 minutes, the
Schirmer score was extrapolated linearly to the 5-minute end
point and considered a response to reflex tearing.

Patients were required to be aged 18 years or older for enroll-
ment. The clinical diagnosis of dry eyes consisted of meeting all
the following criteria: an OSDI increased to 13 or more, Schirmer
test results of less than 10 mm in 5 minutes, a reduced TBUT in
less than 10 seconds, and the presence of keratoconjunctival stain-
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Figure. InflammaDry 4-step procedure. A, Sample collector dabs the palpebral conjunctiva. B, Sample collector is assembled to the test cassette. C, Assembled
test is dipped into a buffer solution for 20 seconds. D, At 10 minutes, 1 blue line is negative. E, At 10 minutes, 2 lines (1 blue and 1 red) are positive.

ing. Healthy controls required an OSDI score of 7 or less, Schirmer
test results of 10 mm or more in 5 minutes, TBUT of 10 seconds
or more, and no keratoconjunctival staining.

Patients with allergies or a recent history of ocular injury,
trauma, contact lens use, surgery, or pregnancy and those with
chronic inflammatory or infectious processes were excluded.
In addition, patients using topical or systemic medications
known to suppress MMP-9 were excluded.

After a minimum of 30 minutes following the conclusion
of the Schirmer test and the introduction of any topical medi-
cations, patients who met the inclusion criteria were enrolled.
The eye with the greatest corneal staining or, if the eyes had
the same amount of staining, the lowest Schirmer test value,
had 10 pL of tears collected and analyzed with the Inflam-
maDry test. If the patients were tested on a subsequent office
visit, they returned within 72 hours of the initial screening to
have the InflammaDry test performed. During any interim pe-
riod between the initial screening and collecting the Inflam-
maDry sample at a follow-up visit, patients were instructed to
not initiate any oral or topical medications (including nutri-
tional supplements that were not being used before the initial
screening), to not have any new punctal occlusion, and to not
change their artificial tear use or frequency of use.

InflammaDry

Before the clinical trial, each study site conducted a positive
and negative external control on InflammaDry to ensure that
the test reagents were working properly. InflammaDry was used
according to the manufacturer’s instructions.?

InflammaDry is a patented and proprietary modification of
a traditional lateral flow device and uses direct sampling mi-
crofiltration technology. Two antigen-specific antibodies cap-
ture MMP-9 antigens in the sample, and this complex is cap-
tured in a proprietary mode at the test result line, giving rise
to a visually observable signal. The intensity of the visual test
result line correlates with the amount of MMP-9 in the sample.

The test is rapid, requiring only 10 minutes for a result. In-
flammaDry consists of 2 parts: a sterile sample collector and an
immunoassay test strip in a plastic test cassette housing. After the

sample collector is used to collect the tear fluid, it is assembled
to the test cassette. Sample transfer to the test strip happens au-
tomatically without any pretreatment or dilution of the sample.

The test is initiated when the absorbent pad of the test strip
is dipped into a buffer solution. After 10 minutes, the result is
visible in a readout window. The presence of 1 blue line (con-
trol line) indicates a negative (MMP-9, <40 ng/mL) result,
whereas 2 lines (blue control line and red test line) indicate a
positive (MMP-9,=40 ng/mL) result (Figure).

0 a0

The study enrolled 206 patients: 143 patients with dry eyes
confirmed by clinical examination and 63 healthy controls.
Only patients found to meet the inclusion criteria partici-
pated in thisinvestigational device testing. Participants ranged
in age from 18 to 88 years; 152 (73.8%) were women and
54 (26.2%) were men; 136 (66.0%) were white, 11 (5.3%)
were black, 49 (23.8%) were Hispanic, 9 (4.4%) were Asian,
and 1 (0.5%) was of other ethnicity.

InflammaDry results were compared with clinical as-
sessment using detailed criteria discussed in the “Meth-
ods” section. If the clinical examination criteria were posi-
tive, the patient was deemed to have dry eyes. If the clinical
examination criteria were negative, the patient was
deemed not to have dry eyes. The percentage of sensi-
tivity of the InflammaDry test was calculated by com-
paring the InflammaDry positive results with all clini-
cally defined true-positives. To determine specificity, all
negative InflammaDry samples were compared with
samples deemed to be clinically defined true-negatives.

When compared with the clinical assessment, Inflam-
maDry showed a sensitivity of 85% (in 121 of 143 pa-
tients) and specificity of 94% (59 of 63) (Table). Both find-
ings were statistically significantly higher than 70% using
abinomial 1-sided test against 70% (P <.001 for both com-
parisons). Additionally, InflammaDry demonstrated a nega-
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tive predictive value of 73% (in 59 of 81 patients) and a
positive predictive value of 97% (121 of 125) (Table).

DR COMMENT

Dry eye is a condition that is often chronic and prevalent,
affecting 5% to 30% of the population aged 50 years or
older.! Classically, dry eyes referred to tear volume defi-
ciency, typically associated with Sjogren syndrome?'?*;
however, most patients with dry eye do not have associ-
ated systemic conditions and many do not have low aque-
ous tear production.’ Quality of life can be affected by dry
eye symptoms.** As with other chronic conditions, the psy-
chological impact is significant and, through utility as-
sessments, patients have reported willingness to trade years
at the end of life for an opportunity to be free of dry eye,
which found that the utility of moderate dry eye was simi-
lar to that of moderate angina.”

Astudy by Chalmers etal?® indicated alow level of agree-
ment between the assessment of the severity of dry eye dis-
ease between clinicians and patients, confirming the widely
suspected underdiagnosis of dry eye in the clinical setting,
particularly in female and elderly populations. Similar to
how the treatment of headache is correlated with the pa-
tients’ assessment of severity, clinicians’ underestimation
of the severity of dry eye among the elderly may leave hun-
dreds of thousands of patients, especially women, without
proper treatment of this chronic symptomatic condition.””*
The discrepancy between the assessment of dry eye sever-
ity by clinicians and patients often results in patients receiv-
ing treatment of artificial tears without consideration of the
cause of the symptoms or the potential effectiveness of other
treatments.” Confirmation of the presence of dry eye will
drive the initiation of appropriate therapy. Although arti-
ficial tears have been reported” to improve symptoms of
irritation and decrease ocular surface dye staining in dry
eye, their use has not been found to improve conjunctival
squamous metaplasia. Anti-inflammatory therapy, however,
has been reported to improve signs and symptoms of ocu-
lar surface disease and therefore is a more targeted and ef-
fective therapeutic option.*

Chronic dry eye syndrome was characterized in the 2007
Report of the Dry Eye Workshop into levels of severity based
on the presence or absence of a combination of symptoms
and signs.! Chotikavanich et al* showed that MMP-9 ac-
tivity increases proportionally along with increasing se-
verity of dry eye syndrome, elevated levels of MMP-9 cor-
relate with clinical examination findings, and MMP-9 may
be a more sensitive marker than clinical signs. Patients with-
out dry eye syndrome showed average MMP-9 levels of 8
ng/mL, whereas those with dry eye syndrome showed the
following progressive increase in the detectable levels of
MMP-9 in tears: level 1, 36 ng/mL; level 2, 66 ng/mL; level
3,101 ng/mL; and level 4, 381 ng/mL.> The progressive in-
crease of MMP-9 in tears as dry eye syndrome severity in-
creases further supports the positive result shown by the
InflammaDry test when levels of MMP-9 in tears are above
40 ng/mL. The InflammaDry limit of detection was con-
firmed by serial dilutions of native MMP-9 protein. The pu-
rity of the native MMP-9 protein was first established using
gel electrophoresis and the concentration confirmed by an
MMP-9 enzyme-linked immunosorbent assay kit (Micro

Table. Sensitivity, Specificity, and Positive and Negative
Predictive Values

Results, % (No./No.)
Characteristic (N = 206)
InflammaDry test result, positive/negative, No.

Dry eye 121/22
Control 4/59
Sensitivity? 85 (121/143)

95% Cl 78.7-90.5
Specificity? 94 (59/63)

95% Cl 7.6-99.7
Positive predictive value 97 (121/125)

95% Cl 93.7-99.9
Negative predictive value 73 (59/81)

95% Cl 63.2-82.5
ap<.001.

Bicinchoninic Acid Protein Assay; Pierce Protein Re-
search [a division of Thermo Fisher Scientific, Inc]). In-
flammaDry false-negatives occurred uniformly across all
levels of dry eye severity, which suggests that these false-
negatives may have been the result of inadequate collec-
tion and transfer of tear samples.

InflammaDry is designed to detect abnormally el-
evated MMP-9 present in the late phase of the inflamma-
tion cycle and therefore may be more clinically relevant than
causal mechanisms or acute symptoms. Although MMP-9
activity is elevated in symptomatic dry eyes as well as in
other clinically easily identifiable ocular surface condi-
tions, InflammaDry also reveals asymptomatic ocular sur-
face disease and the hidden inflammation of dry eyes. One
limitation of the present study is that participants with
recent surgery, trauma, or other inflammatory conditions
that may lead to elevated MMP-9 levels were excluded to
prevent false-positive results. Patients taking anti-
inflammatory medications that may decrease MMP-9 lev-
els and lead to false-negative results were also excluded.

Tear MMP-9 activity shows a strong correlation with
the results of routine dry eye diagnostic tests?; however,
currently, there is a lack of consensus on the diagnostic
standards for dry eye disease. The reported sensitivity and
specificity of routine dry eye diagnostic methods, such
as the Schirmer test, TBUT, corneal staining, and OSDI,
show a variable sensitivity, ranging from 42% to 90%, and
specificity, ranging from 17% to 89%,>' compared with
InflammaDry’s sensitivity of 85% and specificity of 94%.

Tear osmolarity has been shown to be a useful dry eye
diagnostic method, but currently available tear osmolarity
testresults have been variable®? and show a sensitivity range
of 64% to 73% and a specificity range of 71% to 92%.%>>*
Although tear osmolarity helps to confirm the presence or
absence of dry eye, it provides limited information to guide
therapeutic management. Identifying elevated levels of
MMP-9 to confirm the presence of inflammation related to
dry eye disease may lead to more targeted therapeutic in-
terventions and management of the condition.

Reducing ocular inflammation is the target for many
dry eye therapeutics. Topical cyclosporine treatment in-
hibits T-lymphocyte proliferation®=° and decreases the
levels of MMP-9 expression in the conjunctival epithe-
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lial cells.*” Corticosteroids inhibit inflammation and de-
crease the production of inflammatory cytokines and
MMP-9 by the corneal epithelium.***® Doxycycline pre-
serves the tight junction network, increases corneal smooth-
ness, preserves corneal barrier function, and leads to a re-
duction in the production and activity of MMP-9,123039:40
In animal models, topical azithromycin reduces MMP-9 on
the ocular surface, especially in inflammatory conditions
such as rosacea.*! It is postulated that patients with posi-
tive test results with InflammaDry may benefit from ini-
tial intervention with anti-inflammatory therapy. Use of topi-
cal medications with anti-inflammatory properties, such as
cyclosporine, corticosteroids, doxycycline, and azithro-
mycin, may suppress MMP-9 levels in the tears, thus lead-
ing to a false-negative InflammaDry test result.

Furthermore, patients who test negative with Inflam-
maDry and positive with a clinical examination may have
dry eye without significant accompanying inflamma-
tion and may benefit from artificial tear replacement or
punctal occlusion. If artificial tears have been ineffec-
tive in relieving these patients’ symptoms, a therapeutic
trial of anti-inflammatory therapy to target subclinical in-
flammation may be necessary. Thus, evaluating levels of
MMP-9 may be clinically helpful for diagnosing, classi-
tying, and monitoring inflammatory dry eyes.
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Purpose of review

Hyperosmolarity is a central mechanism causing ocular surface inflammation and eye
irritation in typical patients suffering from tear dysfunction. Tear composition in dry eyes,
or dysfunctional tear syndrome, may destabilize the tear film and cause ocular surface
epithelial disease. Increased activity of matrix metalloproteinases (MMPs), especially
MMP-9, plays a critical role in wound healing and inflammation and is primarily
responsible for the pathologic alterations to the ocular surface that leads to a
dysfunctional tear state.

Recent findings

Altered corneal epithelial barrier function is the cause for ocular irritation and visual
morbidity in dry eye disease. The increased MMP-9 activity in dry eyes may contribute to
deranged corneal epithelial barrier function, increased corneal epithelial desquamation,
and corneal surface irregularity.

Summary

Dry eye is one of the most common complications of photorefractive keratectomy and
laser in-situ keratomileusis (LASIK). LASIK has both a neurotrophic effect on the cornea
and leads to a physical change in corneal shape that results in a change in tear
dynamics, leading to ocular surface desiccation. The reduction in tear function after
LASIK may induce an increase in osmolarity and consequently raise the concentration of
proinflammatory cytokines and MMP-9 in the tear film, which results in dry eyes and

insufficient attachment between the corneal flap and the corneal bed. Appropriate
diagnosis and management of dysfunctional tear syndrome may lead to less
postoperative LASIK complications.

Keywords

dry eyes, dysfunctional tear syndrome, keratoconjunctivitis, laser in-situ keratomileusis,
metalloproteinase 9, MMP-9
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Introduction

Tear composition in dry eyes, or dysfunctional tear
syndrome, may destabilize the tear film and cause ocular
surface epithelial disease [1-6]. Increased activity of
matrix metalloproteinases (MMPs), especially MMP-9,
plays a critical role in wound healing and inflammation
[7,8] and is primarily responsible for the pathologic
alterations to the ocular surface that leads to a dysfunc-
tional tear state [5,7].

MMPs are a family of 23 zinc and calcium ion—dependent
proteolytic enzymes produced by stressed ocular surface
and glandular epithelial cells, as well as by the immune
cells that infiltrate these tissues. The MMPs are inte-
grally involved in angiogenesis, inflammation, wound
repair, and tissue remodeling through their ability to
degrade extracellular matrix components [9-11]. These
enzymes are subclassified according to their substrates:
the collagenases (MMP-1, MMP-8, and MMP-13)
degrade fibrillar collagen types I, II, and III; the gelati-

1040-8738 © 2011 Wolters Kluwer Health | Lippincott Williams & Wilkins

nases (MMP-2 and MMP-9) degrade types IV and VII
collagen that are found in basement membranes; the
stromelysins (MMP-3 and MMP-10) and the matrilysins
(MMP-7 and MMP-26) degrade proteoglycans, laminin,
and glycoproteins; and the membrane-type (M TMMP-1,
MTMMP-2, and M TMMP-3), which are bound to epi-
thelial cell membranes, can activate other MMPs [12].

MMP-9, or gelatinase b, plays a vital role in several
physiological and pathological processes, and pathologi-
cally can disrupt or disintegrate extracellular matrices
[13—15]. Secreted from cells as a 92-kDa proenzyme
[10], MMP-9 is the primary matrix-degrading enzyme
produced by the corneal epithelium [16] and is instru-
mental in the pathogenesis of sterile corneal ulceration
[5] and dry eye [17], as levels of MMP-9 increase as tear
clearance decreases. Preformed MMP-9 may also be
released from the secretory granules of neutrophils
recruited by any associated inflammation [18] and sub-
epithelial expression of MMP-9 parallels basement mem-
brane degradation from human neutrophils [19,20].

DOI:10.1097/ICU.0b013e32834787bb
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MMP-9 tissue inhibitors of metalloproteinases (TIMPs)
bind and inactivate the proenzyme [10].

After injury, and in response to the release of cytokines,
several MMPs in the cornea are upregulated by transcrip-
tion or activation [21]. MMP-9 has been found to be of
central importance in catalyzing the cleavage of epithelial
basement membrane components [19,22]. Additionally,
hyperosmolarity stimulates the production of inflamma-
tory factors such as interleukin (IL)-1B, tumor necrosis
factor (TNF)-a, and MMP-9 and activates the mitogen-
activated protein kinase (MAPK) signaling pathways in
the ocular surface epithelial cells [23]. The activation of
MAPK signaling pathways is known to stimulate the
expression of MMP-9, and the production of inflamma-
tory cytokines, actuation of matrix degrading enzymes,
and recruitment of T' lymphocytes [24], which leads to
further ocular surface instability, damage, and dry eye.

Pathophysiology

The proinflammatory cytokine IL-1 is an important
mediator of inflammation and immunity and is impli-
cated in corneal and ocular surface diseases rosacea,
bullous keratopathy, keratoconus, and sterile corneal
ulceration [5,25,26]. The precursor and the mature 17-
kDa forms of IL.-1a are both biologically active, whereas
the precursor form of IL-13 possesses minimal biological
activity and requires cleavage to the 17-kDa mature form
to become active [27]. MMP-9 protein and mRNA was
shown to upregulate synergistically in rabbit and human
dermal fibroblasts when exposed to a combination of
growth factors, IL.-1, and TNF-a [28]. MMP-9 is induced
by IL-1 in human corneal stromal cells [29]. Tear fluid
growth factor and cytokines are secreted by the lacrimal
glands and are produced by the epithelial and inflamma-
tory cells that reside on the ocular surface. As tear
clearance decreases in dry eye conditions, the concen-
tration of pro-inflammatory cytokines, such as IL-1
increases [5,30].

Solomon e al. [4] demonstrated that dry eye disease is
accompanied by an increase in the proinflammatory forms
of IL-1 (IL-1 a and mature IL-1 ). IL-1 is a potent
inducer of other inflammatory cytokines such as I[L.-6, IL.-
8, and TNF-a and can stimulate the production of MMP-
9 by epithelial and inflammatory cells [4,10,31,32].
Previous studies have demonstrated that IL.-6 can also
induce the expression of MMPs [33,34]. IL-1 B is acti-
vated in the extracellular environment by a number of
proteases, including leukocyte elastase, granzyme A,
MMP-2, and MMP-9 [27,35,36]. Further, MMP-9 was
found to be the most efficient activator of precursor IL.-1
B [36]. The stable concentrations of IL.-1 o and precursor
IL-1 B in tear fluid after induction of reflex tearing
suggests that the lacrimal glands secrete these cytokines

e Metalloproteinase 9 (MMP-9) is an inflammatory
marker that has consistently been shown to be
elevated in the tears of patients with dry eyes.

o MMP-9 activity may be a more sensitive diagnostic
marker for dry eyes than clinical signs.

e Preoperative dry eye condition is a major risk factor
for more severe dry eye after surgery and should be
identified prior to surgery.

e Preoperative and perioperative management of
inflammation related to dry eyes may reduce dry
eyes after laser in-situ keratomileusis, improve
wound healing, and reduce flap complications.

[4]. Hyperosmolar stress and the elevated inflammatory
cytokines present in dry eye such as IL-1, TNF-a, and
TGF-B increase expression of MMP-9 by the corneal
epithelium.

Dry eyes: definition and quality of life
Historically, the term dry eye implied tear volume
deficiency, mainly associated with Sjogren’s syndrome
[37-39], but it is now widely appreciated that
the majority of dry eye patients do not have associated
systemic conditions and many do not have low aqueous
tear production [1]. According to the Dry Eye Work Shop
(DEWS) definition, dry eyes is a multifactorial disease of
the tears and ocular surface that results in symptoms of
discomfort, visual disturbance, and tear film instability,
with potential damage to the ocular surface. It is accom-
panied by increased osmolarity of the tear film and
inflammation of the ocular surface.

Risk factors for dry eyes include patients taking other
medications (e.g., antihypertensives, antidepressants,
or hormone replacement therapies) [40], patients with
autoimmune inflammatory diseases [41], contact lens
wearers [42], laser in-situ keratomileusis (LASIK) and
refractive surgery patients [43], and postmenopausal
women [44].

Symptoms of dry eyes as described by patients include
burning, dryness, foreign-body sensation, ocular pain,
blurred vision, photophobia, and visual fatigue. Clinical
signs of dry eye include positive vital staining of ocular
surface, decreased tear film breakup time and Schirmer’s
tests, reduced corneal sensitivity, and decreased func-
tional visual acuity [45]. The discordance between symp-
toms, clinical signs, and diagnostic test results are incon-
sistent, making the diagnosis and treatment of this
condition challenging [46].

Quality of life can be significantly affected by dry eye
symptoms, as documented by several validated survey
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instruments [47]. The psychological impact of this
chronic condition is suggested by a utility assessment
of patients’ willingness to trade years at the end of life for
an opportunity to be free of dry eye [48].

Mechanism of action

Hyperosmolarity is a central mechanism causing ocular
surface inflammation and eye irritation in typical patients
suffering from tear dysfunction [49°°]. Dry eye induces
inflammation on the ocular surface, evidenced by elev-
ated levels of the inflammatory cytokines, chemokines,
adhesion molecules, and MMPs in the tear film and on
the ocular surface [3,6,23,50—52]. A significant increase in
the concentration and activity of MMP-9 has been
reported in the tear fluid of human dry eye patients
[4,5,53] as well as in the corneal epithelium and tear
fluid of mice with experimental dry eye [54]. MMP-9, in
particular, is a nonspecific inflammatory marker that has
consistently been shown to be elevated in the tears of
patients with dry eyes.

Decreased tear production and tear clearance lead to
chronic inflammation of the ocular surface. This inflam-
matory response consists of cellular infiltration of the
ocular surface by activated T lymphocytes, with
increased expression of adhesion molecules and inflam-
matory cytokines, increased concentrations of inflamma-
tory cytokines in the tear fluid, and increased activity of
MMP-9 in the tear fluid. Increased MMP-9 expression
and activity of MMP-9 causes aggravation of symptoms
because they cleave epithelial basement membrane com-
ponents and tight junction proteins that maintain corneal
epithelial barrier function [55-57]. Epithelial damage,
along with the progressive lymphocytic infiltration and
the released cytokines, induces inflammation and apop-
tosis. Expression of the proapoptotic markers by the
conjunctival epithelium has been found to be high in
dry eye [58]. Significant positive correlation has been
observed between the levels of inflammatory cytokines in
the conjunctival epithelium and the severity of symptoms
of ocular irritation, including corneal fluorescein staining,
and the severity of conjunctival squamous metaplasia in

patients with Sjégren’s syndrome keratoconjunctivitis
[59].

Desiccating stress had no effect on levels of TIMP
transcripts in the corneal epithelium, suggesting that
MMPs are more inducible by dry eye stress than are
TIMPs [12]. There are three levels of MMP regulation:
transcriptional control, activation of the secreted pro-
enzyme, and inhibition of the enzyme by the TIMPs
[60,61]. Each MMP is inhibited by at least one of four
recognized TIMPs. It has been proposed that MMP
activity is related to the ratio of the concentration of
an MMP to its TIMP. An altered balance of MMPs and
TIMPs has been implicated in the pathogenesis of cor-
neal ulceration and wound healing [62,63]. Although both
latent-MMP-9 and TIMP-1 concentrations were elev-
ated in tear fluid obtained from patients with rosacea
compared with normal controls, no significant difference
in the TIMP-1-to-pro-MMP-9 ratio between the two
groups was seen [53].

Experimentally induced dry eye is associated with acutely
increased markers of ocular surface inflammation and with
epithelial cell apoptosis [51]. MMP-9 produced by the
corneal epithelium has been found to impede re-epithe-
lialization of the cornea after experimental thermal injury
in animal models [20], and increased MMP-9 activity
disrupts corneal epithelial barrier function, produces cor-
neal surface irregularity in an experimental murine model
of dry eye [54], and increases production of inflammatory
mediators on the ocular surface that is similar to human dry
eyes [23,64]. MMP-9 contributed significantly to the
altered corneal epithelial permeability in dry eyes, because
corneal epithelial barrier function was preserved in exper-
imental dry eye MMP-9 knockout mice [54].

Several human studies demonstrate elevated MMP-9
levels in the tear fluid of patients with dry eyes
[53,65]. Expression of MMP-9 by the ocular surface
epithelia in normal healthy eyes is low [66]. The normal
levels of MMP-9 (ng/ml) in human tears range from 3 to
41 ng/ml (see Table 1). [4,52,67-69,70°]. Increased pro-
duction of MMP-9 by the corneal epithelium has been

Table 1 Levels of matrix metalloproteinase 9 in healthy normal controls

Normal Average MMP-9 Standard deviation Upper range
Study controls levels (ng/ml) (ng/ml) (ng/ml)
Acera et al. [52] 18 23.61 17.4 41
Chotikavanich et al. [67] 16 8.39 4.70 13
Solomon et al. [4] 17 7.2 2.1 9
Leonardi et al. [68] 10 10.5 0.2 11
Lema et al. [69] 20 6.9 1.4 8
Honda et al. [70°] 28 22.7 14 37
Total/average/range 109 13.2 3.9-41

MMP, matrix metalloproteinase.
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found in the eyes of human patients suffering from sterile
corneal ulceration [71].

In addition, MMP-9 activity was found to be greater in
the tear fluid of patients with ocular rosacea than in
normal controls [5]. Ocular rosacea and other dry eye
conditions are associated with an increased incidence of
recurrent corneal epithelial erosion (RCEE) and sterile
corneal stromal ulceration. RCEE has been reported to
occur in up to 12% of patients with ocular rosacea [72,73].
Solomon e¢7 a/. [4] found increased activity of MMP-9 in
the tear fluid of patients with meibomian gland disease
and Sjogren’s syndrome. MMP-9 concentration and
activity is significantly higher in the tear fluid of patients
with delayed tear clearance, especially in patients with
recurrent corneal epithelial erosion [5].

Chotikavanich ez a/. [67] showed that levels of MMP-9 in
patients with dysfunctional tear syndrome (DTS) were
not significantly different between male and female
participants and there was no significant difference in
the tear MMP-9 activity between cach decade of age
between 20 and 80 years in both normal controls and dry
eye patients. Each D'T'S group had significantly higher
mean levels of tear MMP-9 activity than the normal
individuals, and the most severe DTS group (DTS4)
was found to have the highest mean MMP-9 activities
that were significantly higher than the other D'T'S groups.
These findings indicate that tear MMP-9 activity is
significantly elevated, even in mild DTS, and that this
may be a more sensitive diagnostic marker than clinical
signs. Also, MMP-9 activities strongly correlate with
clinical parameters [67]. Additionally, using gelatin
zymography of tear fluid samples, Solomon ¢z a/. [4]
demonstrated minimal or no 92-kDa pro-MMP-9 was
observed in normal controls; however, greater levels of
pro-MMP-9 were found in tear fluid samples taken from
patients with dry eye who had meibomian gland dysfunc-
tion (MGD), patients with non-Sjogren’s aqueous tear
deficiency, and those with Sjogren’s disease. Further, a
quantitative  MMP activity assay showed a 66-fold
increase in patients with MGD and a 90-fold increase
in patients with Sjégren’s disease compared with
normal individuals.

Diagnosis

It also is widely appreciated that there is little correlation
between the symptoms of patients and the clinical test
results in dry eye patients [24,38,74].

T'ear stability can be evaluated with noninvasive diag-
nostic technologies [noninvasive tear breakup time
(TBUT)] or with application of fluorescein to the tear
film to measure tear film breakup time. Schirmer’s tests
are used to gauge the volume of tears. There are other

methods for analyzing tear interference images [75,76],
and technologies such as corneal topography have been
used to provide noninvasive tear stability information
[77-79]. Even the technique for performing TBUT
measurements with fluorescein varies significantly
among clinicians depending on whether dye-impreg-
nated strips or commercially available drops are used
to perform the test.

A relatively new diagnostic device from Tearl.ab (Ocu-
Sense, Inc., San Diego, California, USA) allows for the
quantitative measurement of tear osmolarity. Studies of
dry eye patients provide well validated cutoff values of
316 mOsm/1 [80] or 317 mOsm/I [81] for dry eye disease.
"T'ear osmolarity correlates with increasing severity of dry
eye. Also a high correlation is found between tear hyper-
osmolarity and clinical score.

A rapid, 10-min point-of-care immunoassay that utilizes
direct sampling microfiltration technology and detects
the presence of elevated MMP-9 in 10 wl of tears, called
the RPS InflammaDry Detector (Rapid Pathogen
Screening Inc., Sarasota, Florida, USA), is also available.
Two antigen-specific antibodies capture MMP-9 anti-
gens in the sample and this complex is trapped at the
test line giving rise to a visually observable signal. The
intensity of the visual test line correlates with the amount
of MMP-9 present in the sample. Since the detection
limit of this qualitative test is set at 40 ng/ml, any positive
test is indicative of an abnormal level of MMP-9 [82].
Elevated MMP-9 levels in patients with moderate to
severe dry eye correlate with clinical examination find-
ings and have even been shown to be a more sensitive
diagnostic marker than clinical signs [67].

Management

Treatment of tear dysfunction and lid margin disease
may return the ocular surface to health. Artificial tears,
especially preservative-free formulations, are useful.
Punctal occlusion and nutritional supplements contain-
ing omega-3 fatty acids may be appropriate. Some suggest
the use of short courses of topical steroids or cyclosporine
0.05% drops to optimize the ocular surface, as it has been
found to increase goblet cell density [83] and to accel-
erate the return of corneal sensitivity postoperatively

[84].

Laser in-situ keratomileusis: laser in-situ
keratomileusis-associated dry eyes

Dry eye is one of the most common complications of
photorefractive keratectomy (PRK) and LASIK [85,86].
LASIK surgery is the most commonly performed vision
correction surgery in the United States [87]. Signs and
symptoms of tear dysfunction occur early in the
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postoperative period and resolve in nearly all patients
by 6-9 months. In a recent review article, Toda [88]
reported that signs or symptoms of dry eye after LASIK
were found in 50% of patients at 1 week postoperatively,
40% at 1 month, and 20-40% at 6 months.

LASIK-associated dry eye is a major cause of patient
dissatisfaction [43,89,90]. Although post-LLASIK dry eye
is usually short-lived, some patients complain of severe
symptoms [1,91]. Other complications, such as fluctuat-
ing vision, decreased best spectacle corrected visual
acuity, and severe discomfort occurs in approximately
10% of patients [92].

Clinical signs of post-LASIK dry eye include positive
vital staining of the ocular surface, decreased TBUT,
reduced corneal sensitivity, and the presence of a
reduced Schirmer’s tear test score [93-95]. The post-
LASIK decrease in TBUT, basal tear secretion, and
Schirmer’s scores may persist for months [96,97]. Thus,
LASIK has both a neurotrophic effect on the cornea and
leads to a physical change in corneal shape that results in
a change in tear dynamics, leading to ocular surface
desiccation [92].

Preoperative risk factors

Although most patients have reduced basal tear pro-
duction in the first few months following LLASIK, only
about half of patients are symptomatic [77,78,93,95—-102].
The impact of using traditional methods of dry eye
evaluation in the preoperative management of LASIK
is variable. Studies have shown that preoperative Schir-
mer’s scores below 10 mm are associated with postopera-
tive tear dysfunction [95] and Ambrosio [92] showed that
preoperative dry eye condition is a major risk factor for
more severe dry eye after surgery and should be ident-
ified prior to surgery.

Among patients seeking refractive surgery, Toda ez al.
[103] found that more than 75% of patients interested in
refractive surgery had preoperative symptoms or signs of
dry eye. Despite having preexisting mild-to-moderate
dry eye, a patient can have LASIK performed safely if
care is taken to optimize the ocular surface prior to
LASIK, and in some cases, if care of the ocular surface
is continued after surgery [103-105]. Patients with pre-
existing tear dysfunction have poorer postoperative ocu-
lar surface health and more severe symptoms of tear
dysfunction after LASIK and their corneal sensitivities
take longer to recover compared to patients without dry
eye [95,101,103].

Long-term contact lens wear may also predispose
patients to tear film instability before and after surgery
[97,101]. Long-term contact lens wearers demonstrate

significantly reduced tear secretion and corneal sensi-
tivity before and after LASIK [96,97,106].

Gender has not been shown to be a risk factor for post-
LASIK tear dysfunction. Two retrospective studies
found significant associations between female gender
and chronic post-LASIK tear dysfunction [99,107], yet
a prospective study found no association [85]. Age also
has not been shown to be an important risk factor for post-
LASIK tear dysfunction [85,107].

Although objective clinical signs of tear insufficiency
were not demonstrable, patients undergoing LASIK
for high myopia reported ongoing dry eye symptoms
2-5 years after surgery [108]. In addition, Asian patients
show a higher prevalence of chronic post-LASIK tear
dysfunction [109].

Surgical considerations

LASIK-associated dry eye is one of the most frequent
LASIK complications, which is believed to be attribu-
table to the transection of large numbers of the afferent
sensory nerve fibers in the cornea during the lamellar cut.
"This disturbs the lacrimal gland-ocular surface functional
unit and promotes the development of LASIK-associated
dry eye [77,93,95-101,110]. Corneal sensitivity decreases
after LASIK because of surgical amputation and laser
ablation of the nerve fibers innervating the central cornea
[93,96-98,110-115].

Ablation depth and higher myopic refractive corrections
also positively correlate with decreased corneal sensi-
tivity [116,117]. Studies have reported conflicting results
regarding the effects of hinge location on development of
post-LASIK  corneal hypoesthesia and dry eye,
suggesting that further research is needed to determine
the role hinge location plays in post-LLASIK tear dysfunc-
tion [85,112,118—-120].

Suction related to microkeratome use in LASIK leads to
altered central corneal shape [121] and loss of goblet cells
[99,122], the density of which has been found to decrease
immediately postoperatively. Loss of goblet cells results
in a subsequent reduction in goblet cell mucin, a stabiliz-
ing molecule in the tear film, which, if reduced, may lead
to tear film instability [122]. These changes are present in
all post-LASIK dry eye patients but are more significant
in patients with chronic dry eye symptoms [99]. Goblet
cell density may take 6 months to return to baseline
values after LASIK [122].

In addition, tear fluorescein clearance time is increased
post-LLASIK, which may be due to less frequent blinking
[96]. Toda ez a/. [93] found that the blink rate of LASIK
patients was decreased by up to 40%, and the difference
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in mean blink rate before and after LASIK remained
statistically significant at postoperative months 3, 6,
and 12.

The possible mechanisms for post-LLASIK dry eye may
be related to a neurotrophic effect, damage of goblet
cells, and altered corneal shape [89]. Previous studies
suggest that intraoperative risk factors for developing
post-LLASIK dry eye include higher refractive correction
[116], deeper ablation depth [117], thicker flap [123],
superior flap hinge [118], and narrow flap hinge [124].

Laser in-situ keratomileusis flap-related
complications

LASIK flap analysis indicates that corneal wound healing
does not terminate at 3 months after LASIK, and that
corneal wound healing likely lasts for a long period
following LLASIK. This implies that insufficient attach-
ment between the corneal flap and the corneal bed lasts
for a prolonged period [125°]. Patients have been ident-
ified in whom the dislocation of corneal flaps [126°,127] or
ectasia consisted of a progressive deformation and thin-
ning of the cornea [128] after LASIK, and this appears to
be related to corneal wound healing.

In a rabbit model, MMP-2 and MMP-9 were predomi-
nantly localized behind the leading edge of migrating
epithelium, which may indicate a role for these enzymes
in stromal remodeling or early basement membrane
assembly [129]. Azar er a/. [130] used zymography to
compare MMP expression after PRK or LASIK in the
rabbit cornea and found that stromal levels of MMP-2 and
MMP-9 increased after both procedures, with high
MMP-9 expression also localized in the epithelium
during re-epithelialization.

Significant expression of MMP-9 is observed in the
peripheral LASIK wound margin scar in all eyes ana-
lyzed. The presence of MMP-9 may represent a marker
of ectasia after LASIK and can lead to ongoing basement
membrane remodeling with consequences in the stroma
such as prolonged keratocyte apoptosis, which results in
decreased synthesis of extracellular components, corneal
thinning, and ectasia.

Post-LLASIK epithelial ingrowth is associated with elev-
ated MMP-9 [131°°]. The incidence of epithelial
ingrowth is about 1% after LASIK [132] and develops
in the interface through one of two known mechanisms
for epithelial ingrowth: epithelial invasion and epithelial
implantation. Lower endothelial counts, thinner flap
thickness, and enhancement are risk factors for the
development of epithelial ingrowth [89] through delayed
sealing of the flap edge and/or poor adhesion of the flap
interface. Epithelial cells under the flap gradually lose

their viability over time and finally undergo apoptosis
with or without fibrosis. If the sealing of the flap edge is
not tight or adhesion of interface is not firm, epithelial
cells may survive and proliferate [89].

Epithelial ingrowth develops slowly in the beginning
from week 1 to several weeks after LASIK and appears
as variously shaped areas of transparent sheets with milky
or whitish islands [132]. Although most cases heal spon-
taneously, some require surgical removal. Epithelial inva-
sion grows in two distinct ways: outside invasion and flap
epithelial invasion. The latter type is often seen after
enhancement and may be resistant to treatment. Patients
with compromised attachment of corneal epithelium
before LASIK may develop recurrent corneal erosion,
which sometimes requires phototherapeutic keratectomy
[89].

Perioperative ocular surface management
The reduction in tear function after LASIK may induce
an increase in osmolarity and consequently raise the
concentration of proinflammatory cytokines and MMP-
9 in the tear film [133]. In a dry eye characterized by a
reduced tear production and a decreased tear clearance,
pro-MMP-9 enzyme is accumulated and activated sub-
sequently in the tears [92]. The importance of inflam-
mation in the pathogenesis of dry eye is underscored by
reports that the signs and symptoms of dry eye markedly
improve with anti-inflammatory therapies such as gluco-
corticosteroids and cyclosporine [134,135]. Smith ez al.
observed a correlation between tear MMP-9 levels and
clinical evidence of disease progression [66]. Addition-
ally, cyclosporine was found to significantly decrease the
number of meibomian gland inclusions in patients with
MGD [136], leading to further tear stabilization.

Many patients who develop LLASIK-associated dry eye
without prior symptoms or signs of dry eye have a marked
response to topical cyclosporine treatment, which treats
the underlying inflammation and may benefit nerve
regeneration [92]. Cyclosporine inhibits T-lymphocyte
proliferation on the ocular surface cells [137,138].
Further, topical cyclosporine treatment significantly
decreases the levels of apoptosis and MMP-9 expression
in the conjunctival epithelial cells of thyroid patients with
dry eye [139°°]. Patients should be routinely re-examined
4-6 weeks after beginning treatment with cyclosporine.
After initiating cyclosporine, symptoms and signs of dry
eye will improve in 50-60% of patients within 1 month;
however, a significant proportion of patients with chronic
dry eye take several months to respond to topical cyclos-
porine [7,140].

Treatment with anti-inflammatory medications such as
topical corticosteroids [141] and topical cyclosporine
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[142] also has been shown to increase goblet cell density
in tear dysfunction associated with non-Sjégren’s and
Sjogren’s diseases. Furthermore, ocular surface inflam-
mation has been shown to correlate strongly with signs
and symptoms of tear dysfunction in patients with
Sjogren’s disease [59].

Therapy of dry eye, with methylprednisolone and dox-
ycycline was shown to preserve the tight junction net-
work, increase corneal smoothness, preserve corneal bar-
rier function, and lead to a reduction in the production
and activity of MMP-9 [143]. Corticosteroids are global
inhibitors of inflammation and have been reported to
decrease the production of a number of inflammatory
cytokines (IL-1, IL-6, IL-8, TNF-o, GMCSF) and
MMP-9 by the corneal epithelium [144].

Doxycycline is well known for its therapeutic efficacy in
treating MMP-mediated ocular surface diseases, such as
rosacea, recurrent epithelial erosion, and sterile corneal
ulceration [73,145]. Doxycycline has been found to inhi-
bit MMP-9 activity in human corneal epithelial cells [65].
Additionally, topical azithromycin was recently shown to
reduce MMP-9 levels.

Management of the ocular surface during LLASIK, as well
as long-term management of the tear film and ocular
surface, can minimize ocular surface damage and the risk
of adverse outcomes, leading to a reduction in the sever-
ity and duration of dry eye symptoms and signs [101].
Optimization of the preoperative ocular surface with
artificial tears, nutrition supplementation, punctal occlu-
sion, and topical cyclosporine in patients with symptoms
or signs of dry eye prior to LASIK decreases the incidence
of postoperative symptoms [92]. Konomi e a/. [107]
suggest that topical anti-inflammatory therapeutics could
normalize the ocular surface and improve the quality of
the tear film after LASIK. Although topical steroids may
have the most potent and rapid anti-inflammatory action,
long-term treatment is not advisable because of the side-
effects of corticosteroids, especially cataract formation
and glaucoma [146]. Cyclosporine, however, has minimal
side-effects compared with steroids and may be used for
long periods without deleterious effects in the eye
[135,146,147].

For patients who develop persistent neurotrophic kerato-
pathy after LASIK, traditional treatment modalities
should be implemented including preservative-free arti-
ficial tears, punctal occlusion, cyclosporine and azithro-
mycin therapy, bandage contact lenses, autologous
serum, and tarsorrhaphy. Autologous serum drops can
dramatically increase corneal sensitivity to near normal
levels and improve clinical parameters of ocular surface
health [49°°].

Conclusion

Preoperative dry eye or tear film instability is a major risk
factor for increased dry eye and should be identified prior
to LASIK surgery [92]. MMP-9 is an inflammatory mar-
ker that has consistently been shown to be elevated in the
tears of patients with dry eyes and may be a more
sensitive diagnostic marker than clinical signs [67]. Peri-
operative management of inflammation related to dry
eyes may reduce post-LASIK dry eyes, improve wound
healing, and reduce flap complications [92].

Acknowledgement

Financial Disclosure: Robert Sambursky, MD is the Chief Medical
Officer and an equity shareholder of Rapid Pathogen Screening, Inc.
(RPS).

References and recommended reading

Papers of particular interest, published within the annual period of review, have
been highlighted as:

e  of special interest

ee Of outstanding interest

Additional references related to this topic can also be found in the Current
World Literature section in this issue (p. 308).

1 Behrens A, Doyle JJ, Stern L, et al. Dysfunctional tear syndrome: a Delphi
approach to treatment recommendations. Cornea 2006; 25:900-907.

2 McCollum C, Foulks G, Bodner B, et al. Rapid assay of lactoferrin in
keratoconjunctivitis sicca. Cornea 1994; 13:505-508.

3 Pflugfelder SC, Jones D, Ji Z, et al. Altered cytokine balance in the tear fluid
and conjunctiva of patients with Sjogren’s syndrome keratoconjunctivitis
sicca. Curr Eye Res 1999; 19:201-211.

4 Solomon A, Dursun D, Liu Z, et al. Pro- and anti-inflammatory forms of
interleukin-1 in the tear fluid and conjunctiva of patients with dry-eye disease.
Invest Ophthalmol Vis Sci 2001; 42:2283-2292.

5  Afonso A, Sobrin L, Monroy DC, et al. Tear fluid gelatinase B activity
correlates with IL-1a concentration and fluorescein tear clearance. Invest
Ophthalmol Vis Sci 1999; 40:2506—-2512.

6 Brignole F, Pisella PJ, Goldschild M, et al. Flow cytometric analysis of
inflammatory markers in conjunctival epithelial cells of patients with dry eyes.
Invest Ophthalmol Vis Sci 2000; 41:1356-1363.

7  Pflugfelder SC. Antiinflammatory therapy for dry eye. Am J Ophthalmol 2004,
137:337-342.

8 Ollivier F, Gilger B, Barrie K, et al. Proteinases of the cornea and preocular
tear film. Vet Ophthalmol 2007; 10:199-206.

9  Sakamoto S, Sakamoto M. Degradative processes of connective tissue
proteins with special emphasis on collagenolysis and bone reabsorption.
Mol Aspects Med 1988; 10:301-428.

10 Woessner JF. Metalloproteinase and their inhibitors in connective tissue
remodeling. FASEB J 1991; 5:2145-2154.

11 Matrisian LM. Metalloproteinases and their inhibitors in matrix remodeling.
Trends Genet 1990; 6:121-125.

12 Corrales RM, Stern ME, De Paiva CS, et al. Desiccating stress stimulates
expression of matrix metalloproteinases by the corneal epithelium. Invest
Ophthalmol Vis Sci 2006; 47:3293-3302.

13 Matrisian LM, Bowden GT, Krieg P, et al. The mRNA coding for the secreted
transin is expressed more abundantly in malignant than in benign tumors.
Proc Natl Acad Sci U S A 1986; 83:9413-9417.

14 Dean DD, Martel-Pelletier J, Pelletier JL, et al. Evidence for metalloproteinase
inhibitor imbalance in human osteoarthritic cartilage. J Clin Invest 1989;
84:678-685.

15 Liotta LA, Steeg PS, Stetler-Stevenson WG. Cancer metastasis and angiogen-
esis: an imbalance of positive and negative regulation. Cell 1991; 64:327-336.
16 Fini ME, Girard MT. Expression of collagenolytic/gelatinolytic metalloprotei-
nases by normal cornea. Invest Ophthalmol Vis Sci 1990; 31:1779-1788.
17 LiDQ, Shang TY, Kim H, et al. Regulated expression of collagenases MMP-1,

-8, and -13 and stromelysins MMP-3, -10, and -11 by human corneal
epithelial cells. Invest Ophthalmol Vis Sci 2003; 44:2928-2935.



18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Management of laser in-situ keratomileusis Sambursky and O'Brien 301

Kjeldsen L, Sengelov H, Lollike K, et al. Isolation and characterization of
gelatinase granules. Blood 1994; 83:1640-1649.

Matsubara M, Zieske JD, Fini ME. Mechanism of basement membrane
dissolution preceding corneal ulceration. Invest Ophthalmol Vis Sci 1991;
32:3221-3237.

Fini ME, Parks WC, Rinehart WB, et al. Role of matrix metalloproteinases in
failure to re-epithelialize after corneal injury. Am J Pathol 1996; 149:1287—
1301.

Ottino P, Taheri F, Bazen HE. Platelet-activating factor induces the gene
expression of TIMP-1, -2, and PAI-1: imbalance between the gene expression
of MMP-9 andmTIMP-1 and -2. Exp Eye Res 2002; 74:393-402.

Fukuda K, Fujitsu Y, Kumagai N, et al. Inhibition of matrix metalloproteinase-3
in human conjunctival fibroblasts by interleukin-4 or interleukin-13. Invest
Ophthalmol Vis Sci 2006; 47:2857-2864.

Luo L, Li DQ, Doshi A, et al. Experimental dry eye stimulates production of
inflammatory cytokines and MMP-9 and activates MAPK signaling pathways
on the ocular surface. Invest Ophthalmol Vis Sci 2004; 45:4293-4301.

Pflugfelder SC, de Paiva CS, Tong L, et al. Stress-activated protein kinases
signaling pathways in dry eye and ocular surface disease. Ocul Surf 2005;
3:5154-8157.

Rosenbaum JT, Plank ST, Huang XN, et al. Detection of mRNA for the
cytokines, interleukin-1a and interleukin-8, in corneas from patients with
pseudophakic bullous keratopathy. Invest Ophthalmol Vis Sci 1995;
36:2151-2155.

Fabre EJ, Bureau J, Pouliquen Y, et al. Binding sites for human interleukin 1a,
gamma interferon and tumor necrosis factor on cultured fibroblasts of normal
corneas and keratoconus. Curr Eye Res 1991; 10:585-592.

Dinarello CA. Biologic basis for interleukin-1 in disease. Blood 1996;
15:2095-2147.

Bond M, Fabunmi RP, Baker AH, et al. Synergistic upregulation of metallo-
proteinase-9 by growth factors and inflammatory cytokines: an absolute
requirement for transcription factor NF-kappa B. FEBS Lett 1998;
435:29-34.

Girard MT, Matsubara M, Fini ME. Transforming growth factor-beta and
interleukin-1 modulate metalloproteinase expression by corneal stromal cells.
Invest Ophthalmol Vis Sci 1991; 32:2441-2454.

Barton K, Monroy DC, Nava A, et al. Inflammatory cytokines in the tears of
patients with ocular rosacea. Ophthalmology 1997; 104:1868-1874.

Matsumoto K, lkema K, Tanihara H. Role of cytokines in pseudomonal
keratitis. Cornea 2005; 24:43-49.

Cayphas S, Van Damme J, Vink A, et al. Identification of an interleukin HPI-like
plasmacytoma growth factor produced by L cells in response to viral
infection. J Immunol 1987; 139:2965-2969.

Girolomo ND, Kumar RK, Coroneo MT, et al. UVB-mediated induction of
interleukin-6 and -8 in pterygia and cultured human pterygium epithelial cells.
Invest Ophthalmol Vis Sci 2002; 43:3430-3437.

Ray A, Tatter SB, Santhanam DC, et al. Regulation of expression of inter-
leukin-6: molecular and clinic studies. Ann N 'Y Acad Sci 1989; 557:353—
362.

Black RA, Kronheim SR, Sleath PR. Activation of interleukin-1b by a co-
induced protease. FEBS Lett 1989; 247:386-390.

Schonbeck V, Mach F, Libby P. Generation of biologically active IL-1b by
matrix metalloproteinase a novel caspase-1 independent pathway of IL-1b
processing. J Immunol 1998; 161:3340-3346.

Lemp MA. Report of the National Eye Institute/Industry Workshop on Clinical
Trials in Dry Eyes. CLAO J 1995; 21:221-232.

Dogru M, Stern ME, Smith JA, et al. Changing trends in the definition and
diagnosis of dry eyes. Am J Ophthalmol 2005; 140:507-508.

Brewitt H, Sistani F. Dry eye disease: the scale of the problem. Surv
Ophthalmol 2001; 45:5S199-S5202.

Schaumberg DA, Buring JE, Sullivan DA, et al. Hormone replacement therapy
and dry eye syndrome. JAMA 2001; 286:2114-2119.

Albietz JM. Dry eye: an update on clinical diagnosis, management and
promising new treatments. Clin Exp Optom 2001; 84:4-18.

Albietz JM. Conjunctival histological findings of dry eye and nondry eye
contact lens wearing subjects. CLAO J 2001; 27:35-40.

Hovanesian JA, Shah SS, Maloney RK. Symptoms of dry eye and recurrent
erosion syndrome after refractive surgery. J Cataract Refract Surg 2001;
27:577-584.

Altintas O, Caglar Y, Yuksel N, et al. The effects of menopause and hormone
replacement therapy on quality and quantity of tear, intraocular pressure and
ocular blood flow. Ophthalmologica 2004; 218:120-129.

45
46

47

48

a9

Toda I. LASIK and dry eye. Compr Ophthalmol Update 2007; 8:79-85.

Wilson SE, Stulting RD. Agreement of physician treatment practices with the
International Task Force guidelines for diagnosis and treatment of dry eye
disease. Cornea 2007; 26:284—289.

Vitale S, Goodman LA, Reed GF, et al. Comparison of the NEI-VFQ and
OSDI questionnaires in patients with Sjégren’s syndrome-related dry eye.
Health Qual Life Outcomes 2004; 2:44.

Schiffman RM, Walt JG, Jacobsen F, et al. Utility assessment among patients
with dry eye disease. Ophthalmology 2003; 110:1412-1419.

Nettune GR, Pflugfelder SC. Post-LASIK tear dysfunction and dysesthesia.
Ocul Surf 2010; 8:135-145.

This article provides a detailed review of post-LASIK tear dysfunction.

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

Massingale ML, Li X, Vallabhajosyula M, et al. Analysis of inflammatory
cytokines in the tears of dry eye patients. Cornea 2009; 28:1023-1027.

Yeh S, Song XJ, Farley W, et al. Apoptosis of ocular surface cells in
experimentally induced dry eye. Invest Ophthalmol Vis Sci 2003;
44:124-129.

Acera A, Rocha G, Vecino E, et al. Inflammatory markers in the tears of
patients with ocular surface disease. Ophthalmic Res 2008; 40:315-321.

Sobrin L, Liu Z, Monroy DC, et al. Regulation of MMP-9 activity in human tear
fluid and corneal epithelial culture supernatant. Invest Ophthalmol Vis Sci
2000; 41:1703-1709.

Pflugfelder SC, Farley W, Luo L, et al. Matrix metalloproteinase-9 knockout
confers resistance to corneal epithelial barrier disruption in experimental dry
eye. Am J Pathol 2005; 166:61-71.

Asahi M, Wang X, Mori T, et al. Effects of matrix metalloproteinase-9 gene
knock-out on the proteolysis of blood-brain barrier and white matter compo-
nents after cerebral ischemia. J Neurosci 2001; 21:7724-7732.

Sternlicht M, Werb Z. How matrix metalloproteinases regulate cell behavior.
Ann Rev Cell Dev Biol 2001; 17:463-516.

Behzadian M, Wang X, Ghaly J, et al. TGF-beta increases retinal endothelial
cell permeability by increasing MMP-9: possible role of glial cells in en-
dothelial barrier function. Invest Ophthalmol Vis Sci 2001; 42:853-859.

Brignole F, De Saint-Jean M, Goldschild M, et al. Expression of Fas—Fas
ligand antigens and apoptotic marker APO 2.7 by the human conjunctival
epithelium: positive correlation with class Il HLA-DR expression in inflam-
matory ocular surface disorders. Exp Eye Res 1998; 67:687-697.

Solomon R, Donnenfeld ED, Perry HD. The effects of LASIK on the ocular
surface. Ocul Surf 2004; 2:34-44.

Bode W, Fernandez-Catalan C, Tschesche H, et al. Structural properties of
matrix metalloproteinases. Cell Mol Life Sci 1999; 55:639-652.

Vincenti MP. The matrix metalloproteinase (MMP) and tissue inhibitor of
metalloproteinase (TIMP) genes: transcriptional and posttranscriptional reg-
ulation, signal transduction and cell-type specific expression. Methods Mol
Biol 2001; 151:121-148.

Ye HQ, Maeda M, Yu FS, et al. Differential expression of MT1-MMP (MMP-
14) and collagenase Il (MMP- 13) genes in normal and wounded rat corneas.
Invest Ophthalmol Vis Sci 2000; 41:2894 -2899.

Ye HQ, Azar DT. Expression of gelatinases A and B, and TIMPs 1 and 2
during corneal wound healing. Invest Ophthalmol Vis Sci 1998; 39:913-
921.

Luo L, Li DQ, Corrales RM, et al. Hyperosmolar saline is a proinflammatory
stress on the mouse ocular surface. Eye Contact Lens 2005; 31:186-193.

Li DQ, Chen Z, Song XJ, et al. Stimulation of matrix metalloproteinases by
hyperosmolarity via a JNK pathway in human corneal epithelial cells. Invest
Ophthalmol Vis Sci 2004; 45:4302-4311.

Smith VA, Rishmawi H, Hussein H, et al. Tear film MMP accumulation and
corneal disease. Br J Ophthalmol 2001; 85:147-153.

Chotikavanich S, de Paiva CS, Li de Q, et al. Production and activity of matrix
metalloproteinase-9 on the ocular surface increase in dysfunctional tear
syndrome. Invest Ophthalmol Vis Sci 2009; 50:3203-3209.

Leonardi A, Brun P, Abatangelo G, et al. Tear levels and activity of matrix
metalloproteinase MMP-1 and MMP-9 in vernal keratoconjunctivitis. Invest
Ophthalmol Vis Sci 2003; 44:3052-3058.

Lema |, Sobrino T, Duran JA, et al. Subclinical keratoconus and inflammatory
molecules from tears. Br J Ophthalmol 2009; 93:820-824.

Honda N, Miyai T, Nejima R, et al. Effect of latanoprost on the expression of
matrix metalloproteinases and tissue inhibitor of metalloproteinase 1 on the
ocular surface. Arch Ophthalmol 2010; 128:466-471.

This article demonstrates the effects of medication on metalloproteinase.

7

Fini M, Cook J, Mohan R. Proteolytic mechanisms in corneal ulceration and
repair. Arch Dermatol Res 1998; 290:512-S23.



302

72

73

74
75

76

77

78

79

80

81

82
83

84

85

86

87

88

89

20

91

92

93

94

95

96

97

98

99

100

Special commentary

Jenkins MS, Brown SI, Lempert SL, et al. Ocular rosacea. Am J Ophthalmol
1979; 88:618-622.

Akpek EK, Merchard A, Pinar V, et al. Ocular rosacea: patient characteristics
and follow-up. Ophthalmology 1997; 104:1863-1867.

Bron AJ. Diagnosis of dry eye. Surv Ophthalmol 2001; 45:5221-S226.

Goto E, Tseng SC. Differentiation of lipid tear deficiency dry eye by kinetic
analysis of tear interference images. Arch Ophthalmol 2003; 121:173-180.

Goto E, Dogru M, Kojima T, et al. Computer-synthesis of an interference color
chart of human tear lipid layer, by a colorimetric approach. Invest Ophthalmol
Vis Sci 2003; 44:4693-4697.

Wilson SE. Laser in situ keratomileusis-induced (presumed) neurotrophic
epitheliopathy. Ophthalmology 2001; 108:1082-1087.

Goto T, Zheng X, Okamoto S, et al. Tear film stability analysis system:
introducing a new application for videokeratography. Cornea 2004;
23:565-S70.

Montes-Mico R, Alio JL, Charman WN. Dynamic changes in the tear film in dry
eyes. Invest Ophthalmol Vis Sci 2005; 46:1615-1619.

Tomlinson A, Khanal S, Ramaesh K, et al. Tear film osmolarity: determination
of a referent for dry eye diagnosis. Invest Ophthalmol Vis Sci 20086;
47:4309-4315.

Khanal S, Tomlinson A, McFadyen A, et al. Dry eye diagnosis. Invest
Ophthalmol Vis Sci 2008; 49:1407-1414.

RPS InflammaDry Detector Package Insert. Spec 375 Rev 0. 2010.

Kunert KS, Tisdale AS, Gipson IK. Goblet cell numbers and epithelial
proliferation in the conjunctiva of patients with dry eye syndrome treated
with cyclosporine. Arch Ophthalmol 2002; 120:330-337.

Peyman GA, Sanders DR, Batlle JF, et al. Cyclosporine 0.05% ophthalmic
preparation to aid recovery from loss of corneal sensitivity after LASIK.
J Refract Surg 2008; 24:337-343.

De Paiva CS, Chen Z, Koch DD, et al. The incidence and risk factors for
developing dry eye after myopic LASIK. Am J Ophthalmol 2006; 141:438—
445,

Shoja MR, Besharati MR. Dry eye after LASIK for myopia: incidence and risk
factors. Eur J Ophthalmol 2007; 17:1-6.

Duffey RJ, Leaming D. US trends in refractive surgery: 2004 ISRS/AAO
survey. J Refract Surg 2005; 21:742-748.

Toda I. LASIK and the ocular surface. Cornea 2008; 27 (Suppl1):S70-
S76.

Bailey MD, Mitchell GL, Dhaliwal DK, et al. Reasons patients recommend
laser in situ keratomileusis. J Cataract Refract Surg 2004; 30:1861-1866.

Jabbur NS, Sakatani K, O'Brien TP. Survey of complications and recom-
mendations for management in dissatisfied patients seeking a consultation
after refractive surgery. J Cataract Refract Surg 2004; 30:1867-1874.

Berry S, Mangione CM, Lindblad AS, et al. Development of the national eye
institute refractive error correction quality of life questionnaire: focus groups.
Ophthalmology 2003; 110:2285-2291.

Ambrosio R. LASIK-associated Dry Eye and Neurotrophic Epitheliopathy:
Pathophysiology and Strategies for Prevention and Treatment. J Refract Surg
2008; 24:396-407.

Toda |, Asano-Kato N, Komai-Hori Y, et al. Dry eye after laser in situ
keratomileusis. Am J Ophthalmol 2001; 132:1-7.

Lee JB, Ryu CH, Kim J, et al. Comparison of tear secretion and tear film
instability after photorefractive keratectomy and laser in situ keratomileusis.
J Cataract Refract Surg 2000; 26:1326-1331.

YuEY, Leung A, Rao S, Lam DS. Effects of laser in situ keratomileusis on tear
stability. Ophthalmology 2000; 107:2131-2135.

Battat L, Macri A, Dursun D, et al. Effects of laser in situ keratomileusis on tear
production, clearance, and the ocular surface. Ophthalmology 2001;
108:1230-1235.

Benitez-del-Castillo JM, del Rio T, Iradier T, et al. Decrease in tear secretion
and corneal sensitivity after laser in situ keratomileusis. Cornea 2001;
20:30-32.

Patel S, Perez-Santonja JJ, Alio JL, et al. Corneal sensitivity and some
properties of the tear film after laser in situ keratomileusis. J Refract Surg
2001; 17:17-24.

Albietz JM, Lenton LM, McLennan SG. Effect of laser in situ keratomileusis for
hyperopia on tear film and ocular surface. J Refract Surg 2002; 18:113—
123.

Albietz JM, Lenton LM. Management of the ocular surface and tear film
before, during, and after laser in situ keratomileusis. J Refract Surg 2004;
20:62-71.

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

Albietz JM, Lenton LM, McLennan SG. Chronic dry eye and regression after
laser in situ keratomileusis for myopia. J Cataract Refract Surg 2004;
30:675-684.

Ozdamar A, Aras C, Karakas N, et al. Changes in tear flow and tear film
stability after photorefractive keratectomy. Cornea 1999; 18:437-439.

Toda |, Asano-Kato N, Hori-Komai Y, et al. Laser-assisted in situ keratomi-
leusis for patients with dry eye. Arch Ophthalmol 2002; 120:1024—-
1028.

Alio JL, Artola A, Belda JI, et al. LASIK in patients with rheumatic diseases: a
pilot study. Ophthalmology 2005; 112:1948-1954.

Toda |, Asano-Kato N, Hori-Komai Y, et al. Ocular surface treatment before
laser in situ keratomileusis in patients with severe dry eye. J Refract Surg
2004; 20:270-275.

Patel SV, McLaren JW, Hodge DO, Bourne WM. Confocal microscopy in
vivo in corneas of long-term contact lens wearers. Invest Ophthalmol Vis Sci
2002; 43:995-1003.

Konomi K, Chen LL, Tarko RS, et al. Preoperative characteristics and a
potential mechanism of chronic dry eye after LASIK. Invest Ophthalmol Vis
Sci 2008; 49:168-174.

Tuisku IS, Lindbohm N, Wilson SE, et al. Dry eye and corneal sensitivity after
high myopic LASIK. J Refract Surg 2007; 23:338-342.

Albietz JM, Lenton LM, McLennan SG. Dry eye after LASIK: comparison of
outcomes for Asian and Caucasian eyes. Clin Exp Optom 2005; 88:89-96.

Wilson SE, Ambrosio R. Laser in situ keratomileusis-induced neurotrophic
epitheliopathy. Am J Ophthalmol 2001; 132:405-406.

Linna TU, Vesaluoma MH, Perez-Santonja JJ, et al. Effect of myopic LASIK on
corneal sensitivity and morphology of subbasal nerves. Invest Ophthalmol Vis
Sci 2000; 41:393-397.

Vroman DT, Sandoval HP, Fernandez de Castro LE, et al. Effect of hinge
location on corneal sensation and dry eye after laser in situ keratomileusis for
myopia. J Cataract Refract Surg 2005; 31:1881-1887.

Michaeli A, Slomovic AR, Sakhichand K, et al. Effect of laser in situ
keratomileusis on tear secretion and corneal sensitivity. J Refract Surg
2004; 20:379-383.

Savini G, Barboni P, Zanini M, et al. Ocular surface changes in laser in situ
keratomileusis-induced neurotrophic epitheliopathy. J Refract Surg 2004;
20:803-809.

Perez-Santonja JJ, Sakla HF, Cardona C, et al. Corneal sensitivity after
photorefractive keratectomy and laser in situ keratomileusis for low myopia.
Am J Ophthalmol 1999; 127:497-504.

Nassaralla BA, McLeod SD, Nasaralla JJ Jr. Effect of myopic LASIK on human
corneal sensitivity. Ophthalmology 2003; 110:497-502.

Kim WS, Kim JS. Changes in corneal sensitivity following laser in situ
keratomileusis. J Cataract Refract Surg 1999; 25:368-373.

Donnenfeld ED, Solomon K, Perry HD, et al. The effect of hinge position on
corneal sensation and dry eye after LASIK. Ophthalmology 2003;
110:1023-1029.

Mian SI, Shtein RM, Nelson A, et al. Effect of hinge position on corneal
sensation and dry eye after laser in situ keratomileusis using a femtosecond
laser. J Cataract Refract Surg 2007; 33:1190-1194.

Kumano Y, Matsui H, Zushi |, et al. Recovery of corneal sensation after
myopic correction by laser in situ keratomileusis with a nasal or superior
hinge. J Cataract Refract Surg 2003; 29:757-761.

Shin SY, Lee YJ. Conjunctival changes induced by LASIK suction ring in a
rabbit model. Ophthalmic Res 2006; 38:343-349.

Rodriguez-Prats JL, Hamdi IM, Rodriguez AE, et al. Effect of suction ring
application during LASIK on goblet cell density. J Refract Surg 2007;
23:559-562.

Barequet IS, Hirsh A, Levinger S. Effect of thin femtosecond LASIK flaps on
corneal sensitivity and tear function. J Refr Surg 2008; 24:897-902.

Donnenfeld ED, Ehrenhaus M, Solomon R, et al. Effect of hinge width on
corneal sensation and dry eye after laser in situ keratomileusis. J Cataract
Refract Surg 2004; 30:790-797.

Mutoh T, Nishio M, Matsumoto Y, et al. Correlation between the matrix
metalloproteinase-9 activity and chondroitin sulfate concentrations in tear
fluid after laser in situ keratomileusis. Clin Ophthalmol 2010; 4:823-828.

This article correlates MMP-9 response post-LASIK.

126

Nowroozzadeh MH. Early flap dislocation with perioperative brimonidine use
in laser in situ keratomileusis. J Cataract Refract Surg 2010; 36:368.

This article reviews problems associated with LASIK flap healing.

127

Oh-i K, Mori H, Kubo M, et al. LASIK flap dislocation by blunt trauma seven
weeks after surgery. J Refract Surg 2005; 21:93-94.



128

129

130

131

Management of laser in-situ keratomileusis Sambursky and O'Brien 303

Esquenazi S, Esquenazi l, Grunstein L, et al. Inmunohistological evaluation of
the healing response at the flap interface in patients with LASIK ectasia
requiring penetrating keratoplasty. J Refract Surg 2009; 25:739-746.

Mullholland B. Matrix metalloproteinase distribution during early corneal
wound healing. Eye 2005; 19:584-588.

Azar DT, Pluznik D, Jain S, et al. Gelatinase B and A expression after laser in
situ keratomileusis and photorefractive keratectomy. Arch Ophthalmol 1998;
116:1206-1208.

Fournié PR, Gordon GM, Dawson DG, et al. Correlation between epithelial
ingrowth and basement membrane remodeling in human corneas after
laser-assisted in situ keratomileusis. Arch Ophthalmol 2010; 128:426—
436.

This article demonstrates elevated MMP-9 isolated to LASIK flap.

132

133

134

135

136

137

Schallhorn SC, Amesbury EC, Tanzer DJ. Avoidance, recognition, and
management of LASIK complications. Am J Ophthalmol 2006; 141:733—
739.

Li DQ, Luo L, Chen Z, et al. INK and ERK MAP kinases mediate induction of
IL-1beta, TNF-alpha and IL-8 following hyperosmolar stress in human limbal
epithelial cells. Exp Eye Res 2006; 82:588-596.

Marsh P, Pflugfelder SC. Topical nonpreserved methylprednisolone therapy
for keratoconjunctivitis sicca in Sjogren’s syndrome. Ophthalmology 1999;
106:811-816.

Sall K, Stevenson OD, Mundorf TK, et al. CSA phase 3 study group: two
multicenter, randomized studies of the efficacy and safety of cyclosporin
ophthalmic emulsion in moderate to severe dry eye disease. Ophthalmology
2000; 107:631-639.

Perry HD, Doshi-Carnevale S, Donnenfeld ED, et al. Efficacy of commercially
available topical cyclosporine A 0.05% in the treatment of meibomian gland
dysfunction. Cornea 2006; 25:171-175.

Pflugfelder SC. Anti-inflammatory therapy of dry eye. Ocul Surf 2003; 1:31—
36.

138

139

Foulks GN. Topical cyclosporine for treatment of ocular surface disease. Int
Ophthalmol Clin 2006; 46:105-122.

Girdal G, Genc |, Sarac O, et al. Topical cyclosporine in thyroid orbitopathy-
related dry eye: clinical findings, conjunctival epithelial apoptosis, and MMP-
9 expression. Curr Eye Res 2010; 35:771-777.

This is the first article to demonstrate that cyclosporine directly reduces MMP-9
levels.

140

141

142

143

144

145

146
147

Stevenson D, Tauber J, Reis BL. Efficacy and safety of cyclosporine an
ophthalmic emulsion in the treatment of moderate-to-severe dry eye disease:
a dose-ranging, randomized trial. The Cyclosporin A Phase 2 Study Group.
Ophthalmology 2000; 107:967-974.

Avunduk AM, Avunduk MC, Varnell ED, et al. The comparison of efficacies of
topical corticosteroids and nonsteroidal anti-inflammatory drops on dry eye
patients: a clinical and immunocytochemical study. Am J Ophthalmol 2003;
136:593-602.

Pflugfelder SC, de Paiva CS, Villareal AL, et al. Effects of sequential
artificial tear and cyclosporine emulsion therapy on conjunctival goblet cell
density and transforming growth factor-beta2 production. Cornea 2008;
27:64-69.

De Paiva CS, Corrales RM, Villarreal AL, et al. Anti-inflammatory therapy
preserves corneal barrier function in experimental murine dry eye. Invest
Ophthalmol Vis Sci 2005; 46:E-Abstract 2423.

Djalilian AR, Nagineni CN, Mahesh SP, et al. Inhibition of inflammatory
cytokine production in human corneal cells by dexamethasone, but not
cyclosporin. Cornea 2006; 25:709-714.

Seedor JA, Perry HD, McNamara TF, et al. Systemic tetracycline treatment
of alkali-induced corneal ulceration in rabbits. Arch Ophthalmol 1987;
105:268-271.

Stern ME, Pflugfelder SC. Inflammation in dry eye. Ocul Surf 2004; 2:124-130.

Perry HD, Donnenfeld ED. Topical 0.05% cyclosporine in the treatment of dry
eye. Expert Opin Pharmacother 2004; 5:2099-2107.



TECHNIQUES

The Practical Detection of MMP-9 Diagnoses Ocular
Surface Disease and May Help Prevent Its Complications

Herbert E. Kaufman, MD

Purpose: To evaluate the importance and practicality of testing for
matrix metalloproteinase 9 (MMP-9) in dry eye and ocular surface
disease. This enzyme, which can cause tissue damage, seems also to
be the most reliable diagnostic indicator of ocular surface disease.

Methods: Enzyme-linked immunosorbent assay, polymerase chain
reaction, diffusion, and InflammaDry, a new rapid immunoassay by
RPS (Rapid Pathogen Screening Inc).

Results: MMP-9 measurement is sensitive and accurate for
diagnosing dry eye and ocular surface disease and compares favorably
in both sensitivity and specificity against the existing methods of dry
eye diagnosis. Abnormal elevations of MMP-9 may predict post-laser
in situ keratomileusis complications and refractive complications such
as epithelial ingrowth and comeal ulceration. The presence of elevated
MMP-9 on the ocular surface will identify those patients who should
receive antiinflammatory therapy, such as cyclosporine, and may
predict those patients who will respond to this therapy.

Conclusions: A rapid in-office test that is sensitive for identifying
inflammatory dry eye and ocular surface disease may facilitate better
preoperative management of the ocular surface. Optimization of the
ocular surface perioperatively would be expected to reduce compli-
cations from laser in situ keratomileusis and other surgeries that often
make the underlying disease worse. This test may also indicate the
need for antiinflammatory therapies, such as cyclosporine or steroids,
and also may predict those patients who are more likely to respond.

Key Words: matrix metalloproteinases, keratitis sicca, ocular
surgery, inflammation, nano-detection, LASIK

(Cornea 2013;32:211-216)

n 1969, Dohlman and his co-workers identified metallopro-

teinases as substances produced in ocular surface diseases that
were important contributors to corneal ulceration, destruction,
and perforation.' Although there are more than a dozen matrix
metalloproteinases (MMPs) that can dissolve collagen and other
tissues (Table 1), this review is primarily concerned with MMP-
9 (also called gelatinase-B). Although numerous important
articles have documented the role of these metalloproteinases
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in ocular surface disease, both as a marker of the disease and
as an agent of their pathology, they are being reviewed now
because, for the first time, a new in-office immunoassay for the
detection of MMP-9 is available. This can be of great value for
both the detection of ocular surface disease and the prevention
of complications after laser in situ keratomileusis (LASIK) and
other ophthalmic surgeries.*

KERATITIS SICCA

Keratitis sicca is a complex disease with various com-
ponents of aqueous deficiency from the lacrimal and accessory
lacrimal glands, meibomian gland deficiency, and abnormal
lipids stimulating evaporation and inflammation of the eyelids.
It is usually referred to as dysfunctional tear syndrome (DTS),
dry eye, and keratitis sicca. It occurs, in part, as a function of
aging and atrophy of the accessory and lacrimal glands; as
Sjogren syndrome, an immunomodulated disease; as a function
of other autoimmune diseases (virtually all autoimmune
diseases, such as lupus, graft-versus-host disease, rheumatoid
arthritis, Stevens—Johnson syndrome, toxic epidermal necroly-
sis, and other skin diseases are associated with keratitis sicca);
and can be exacerbated by a variety of common drugs, such as
antihistamines, antihypertensives, and antidepressants. In its
severe form, DTS can lead not only to disruptions of vision
and corneal ulceration but also to corneal perforation and blind-
ness. For clinicians, two potentially separate aspects of ocular
surface disease are of primary concern, first, making the diag-
nosis of ocular surface disease,” and second, determining the
optimal therapy and monitoring its efficacy.® In ocular surface
disease associated with inflammation, where the degree of
inflammation may be demonstrated by elevated tear levels of
MMP-9, clinicians can better predict those patients who will
respond to antiinflammatory therapy such as cyclosporine.’

The precise diagnosis of dry eyes has been clinically
problematic. The Schirmer tear test, although extremely use-
ful, sometimes correlates poorly with the patient’s symptoms
and the other clinical appearances of dry eyes. Tear break-up
time, similarly, is useful, but often correlates poorly with the
clinically observable phenomena and patient signs and symp-
toms.®'! It is thought that hyperosmolarity may be the gold
standard for the diagnosis of dry eyes, but current test results
have been variable'? and show sensitivity and specificity that
range from 64% and 71%,"® respectively, to 73% and 92%.'*
Moreover, tests are expensive and it has been difficult to
collect tears without some stimulation. As we consider this
as clinicians and consider the possibility of different thera-
pies, it is possible that hyperosmolarity may be less important
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TABLE 1. Classification of MMPs, Their Inhibitors, and Potential Inducers of Transcription

Potential
Membrane- Inducers of
Collagenases Gelatinases Stromelysins type MMPs Matrilysin Enamelysin Metalloelastase Others Inhibitors  Transcription

MMP-1 MMP-2 MMP-3 MMP-14 MMP-7 MMP-20 MMP-12 MMP-19 TIMP-1 BSG
MMP-8 MMP-9 MMP-10 MMP-15 MMP-26 MMP-21 TIMP-2 TCF-20
MMP-13 MMP-11 MMP-16 MMP-23A TIMP-3 TNF

MMP-17 MMP-23B TIMP-4

MMP-24 MMP-27

MMP-25 MMP-28

BSG, basigin; TCF, transcription factor; TIMP, tissue inhibitors of matrix metalloproteinases; TNF, tumor necrosis factor.

than the presence or absence of ocular inflammation in the
causation of signs and symptoms. Chotikavanich et al'
showed that the MMP-9 level correlates with symptom sever-
ity scores in dry eye patients as well as with their decreased
low-contrast visual acuity and tear break-up time. In fact,
elevated levels of MMP-9 may be a more sensitive diagnostic
marker than clinical signs.'®

Early studies of MMP-9 involved relatively complex
assays using the dissolution of gelatin or radiolabeled gelatin
by the MMP.'® These and similar assays, which will be dis-
cussed later, were complex and suitable only for laboratory
investigation as opposed to routine clinical diagnosis. Despite
this, much very important work was done. For example, tears
and saliva were initially tested in patients with Sjogren syn-
drome.'” In 1998, Konttinen et al'® showed that a collagenase
is present in the saliva of Sjogren patients and raised the
question whether this gelatinase activity, which can degrade
basement membrane collagens, was present and changed in
the saliva of Sjogren patients. Subsequently, it was shown
that when the tears and saliva of patients with Sjogren disease
were compared with those of healthy controls, MMP-9 (as
well as some other active MMPs and inflammatory inhibitors)
was significantly elevated.'” It was suggested that this
gelatinase enzyme could not only be an accurate marker for
the disease but a factor in producing the inflammatory disease
itself."” 2! More recently, the presence of MMP-9 in patients
with pure Keratitis sicca,'>** or DTS was studied by Pflug-
felder and his colleagues. They found that in patients with
DTS, the MMP-9 activity in unstimulated tear fluid was much
higher than that in healthy controls and that the MRNA tran-
scripts for MMP-9 were higher.

Nichols et al® showed that “although patient-reported
symptoms are moderately repeatable from visit to visit, many
of the procedures clinically used to diagnose and monitor dry
eye syndromes are largely unrepeatable.” The clinical study
by Chotikavanich et al'> working with Pflugfelder concludes,
“MMP-9 appears to be a potentially useful biomarker for diag-
nosing, classifying, and monitoring dysfunctional tear syn-
drome” (Fig. 1).22

The Pflugfelder group has done considerable laboratory
work with mice using an evaporation-induced Kkeratitis
sicca.”®2* They found that this desiccating stress stimulates
the production of MMP by the corneal epithelium.?>-*

Corrales et al*® working with Pflugfelder, showed that
desiccating stress stimulates the expression of MMPs by the
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corneal epithelium in mice and that in a strain-dependent fash-
ion, MMPs cause the disruption of the corneal barrier, thus
increasing permeability (staining) and corneal irregularity.

CORNEAL ULCERATION AND MMP-9

In experimental dry eyes, the production of MMP-9 is
involved in the disruption of the corneal epithelial barrier
function. In fact, knockout mice without MMP-9 are resistant
to corneal epithelial barrier disruption.”® After the disruption
of the epithelial barrier, Smith et al*’ originally postulated and
Matsubara et al*® later showed that the basement membrane
can be dissolved by MMP-9, facilitating corneal ulceration.
Fini et al*?® showed that the metalloproteinases are produced
by the surrounding corneal epithelium and facilitate corneal
ulceration and disrupt healing.

The mechanisms of MMP-9 production will be dis-
cussed below, but ulceration seems to result from an imbal-
ance between the production of MMP-9 and its ability to
overwhelm naturally secreted tissue inhibitory metalloprotei-
nase proteins. In fact, MMP-9 has been found to be produced
by the conjunctiva at the head of active pterygia and is
thought to be a primarily responsible factor in dissolving the
basement membrane as pterygium advances. It may well be
that the presence or absence of MMP-9 will indicate which
pterygia are active and need to be excised,’®*' but further
study is required for this.
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FIGURE 1. MMP-9 activity in tear samples of normal subjects
(NL), patients with meibomian gland disease (MGD), and
Sjogren syndrome (SS).?? Reprinted with permission from
Association for Research in Vision and Ophthalmology, 2001.
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MMP-9 Diagnoses Ocular Surface Disease

TREATMENT OF DRY EYES AND OTHER OCULAR
SURFACE DISEASE

In the past, effective MMP inhibitors have been
synthesized. One of them, Galardin, was tested clinically. It
was found to delay corneal destruction after pseudomonas
infection. It was then tested on 556 patients with a variety of
corneal ulcers, and it significantly reduced corneal perforations
in clinical trials. It is not totally clear why Galardin was never
approved and commercialized, but at the time it was tested, it
was not feasible to determine those patients who had elevated
metalloproteinase levels and those who did not, nor was it
possible to measure those patients who actually responded to
the treatment in terms of proteinase inhibition. It seems likely
that the results would have been far more dramatic had a
convenient clinical assay been possible for patient selection
and evaluation of therapy because some of the ulcers may have
been chronic and no longer subjected to proteinase activity.

In a rat thermal injury model,>*? it has been shown that
MMP-9 delays corneal epithelial healing and reepithelialization
is impeded by these products of the resident corneal epithelial
cells, which destroy adhesive structures at the basement mem-
brane zone. Failure to reepithelialize was found to correlate
with an increase in the amounts of gelatinolytic MMPs present
in the rat cornea; inhibition of that synthesis correlated with
inhibition of basement membrane dissolution.

PRODUCTION OF MMP-9 AND INFLAMMA-
TORY CYTOKINE EXPRESSION AND INHIBITION

Brignole et al*?> showed that 6 months of treatment with
topical cyclosporine A can reduce inflammatory markers in
patients with keratitis sicca. Turner et al** found a similar reduc-
tion in inflammatory markers after 6 months of treatment of
patients with moderate to severe dry eyes with cyclosporine
ophthalmic emulsion. In culture and in experimental desiccation
keratitis, both cyclosporine’** and corticosteroids® can decrease
the production of inflammatory markers such as MMP-9. Sim-
ilarly, doxycycline, which has been found especially useful in
the treatment of meibomian gland disease,*® also decreases the
production and effect of MMP-9.%” Tt has been postulated that
inflammation activates a mitogen-activated protein kinase, and
this in turn activates the production of the MMP-9. This pathway
seems especially susceptible to doxycycline inhibition.*’

From the point of view of an ophthalmologist, the pres-
ence of elevated levels of MMP-9 indicates an active ocular
surface inflammation as part of dry eye or other ocular surface
disease. Because cyclosporine’** and corticosteroids® have been
shown to decrease production of inflammatory markers such as
MMP-9 in human clinical trials, elevated levels of this marker
seem to be a specific indication of patients who might be par-
ticularly susceptible to antiinflammatory treatment. Similarly, it
seems likely that a decrease in MMP-9 may herald an improve-
ment in the health of the ocular surface and patient symptoms.

MMP-9 IN LASIK AND OTHER
OCULAR SURGERY

In any ocular surgery, the presence of undiagnosed
ocular surface disease can be a hazard. In surgeries such as

© 2012 Lippincott Williams & Wilkins

LASIK or photorefractive keratectomy (PRK), any ocular
surface disease can be made worse by the procedure and
can result in serious complications.*® Because dry eye is
one of the most common complications of LASIK and
PRK,*”*® diagnosis and management of ocular surface dis-
ease before surgery may lead to less postoperative compli-
cations.'® MMP-9 has been implicated in poor epithelial
healing, and epithelial ingrowth after LASIK surgery.*”
Additionally, the reduction in tear function after LASIK
may lead to an increase in the concentration of proinflam-
matory cytokines and MMP-9 in the tear film, which results
in dry eyes and insufficient attachment between the corneal
flap and the corneal bed.'® The failure to detect this inflam-
matory cytokine, which can signal potential complications,
might be considered in the future to be below the standard
of care.

Not only in LASIK surgery but also in cataract patients
and patients undergoing other ocular surgery, corneal ulcer-
ation has been reported in patients who have dry eyes and
ocular surface disease before the surgery. It is likely that
testing for MMP-9 will be the simplest and most reliable way
to rule out ocular surface disease and avoid problems such as
this. In a practical sense, because of the frequency of ocular
surface disease and the unreliability or irreproducibility of
many of the tests used to detect ocular surface disease, the
detection of elevated levels of MMP-9 might be even more
important than the topographical testing for keratoconus and
its forme fruste in terms of the frequency of avoiding serious
complications.

PRK AND PTK

MMPs play an important role in epithelial regeneration
and healing.** Coming from the healing epithelial cells or
leucocytes that infiltrate, MMPs may cleave Bowman layer,
the site of the hemidesmosomes that anchor the epithelial
cells. After epithelial closure, MMPs become undetectable.
They may well play a role in persistent or recurrent epithelial
defects as well as persistent haze, which has been treated with
Bowman membrane transplantation; this might be effective
for recurrent erosions. Clinical studies indicate that inhibition
of MMPs may be as effective as stromal puncture in treating
recurrent erosions and preventing epithelial defects either
alone (eg, with doxycycline or corticosteroids) or in
combination with other therapies.*'™

VERNAL CONJUNCTIVITIS

Just as other ocular surface disease that can damage the
surface and the cornea can produce MMP-9, vernal conjunc-
tivitis has been especially correlated with MMP-9 produc-
tion.***” It has been suggested that eosinophils and mast cells
may be involved in its production, but high levels of MMP-9
have been associated with vernal keratoconjunctivitis. The
corneal damage and the ulceration seen in cases of vernal
conjunctivitis may be because of the secretion of proteinases
and gelatinases, often associated with the eosinophilic basic
protein, and a reduction in these mediators may be an early
indication of an adequate response to therapy.
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OTHER CONDITIONS

Other ocular conditions, once they reach a point of
significant surface inflammation, can also be associated with
MMP-9 production. These include fungal keratitis,*® burns,
very advanced keratoconus with irregular surface,* and
other factors that can seriously damage the surface. In these
cases,”” as in others, MMP-9 is a built-in indicator of sig-
nificant ocular surface disease and also a mediator that can
prolong and be responsible for the pathogenesis of the dis-
ease. Although these types of ocular conditions may be eas-
ily detectable with history or clinical presentation, many
more patients have elevated levels of MMP-9 that may cause
damage to the ocular surface and may not be detectable
without the use of a testing device.

NONOCULAR DISEASE

The measurement of the elevation of MMP-9 has been
found to be important in a variety of nonocular diseases.’'
Just as it may be associated with pterygium and basement
membrane dissolution, it is apparently involved in joint
destruction with rheumatoid arthritis, but more recently, and
importantly, it has been found to be a significant factor pro-
duced by cancers, especially those that are prone to metasta-
size. MMP-9 levels have been found to be elevated in breast
cancer, aggressive prostate cancer, and bladder cancer. It may
play a vital role in cancer metastasis and its measurement may
be an important clinical indicator of this. The idea that a sim-
ple test could be done on urine, or a fingerstick drop of blood,
to gauge the presence and potential metastatic predilection of
a tumor, makes this whole field particularly exciting, espe-
cially because this testing may now be able to be made avail-
able as a simple and practical in-office screening test.

MECHANISMS OF MMP-9 PRODUCTION
AND ACTIVITY

A variety of inflammatory mediators seem to have the
potential of inducing and being correlated with MMP-9 pro-
duction.>?"* Briefly, the MMP-9 seems to be produced in part
through a mitogen-activated protein kinase pathway,’® but
other kinases also seem able to stimulate it. It seems to acti-
vate interleukin 1 and is, in fact, correlated with interleukin 1
production.’®*” MMP-9 is secreted as a zymogen, a proen-
zyme, that is physiologically activated by other proteases.
Active MMP-9 may be bound and inactivated by tissue inhib-
itors of matrix metalloproteinases.'*>*? It is one of a family of
MMPs, but for ophthalmology seems to be the most
important.

PRACTICAL MEASUREMENT OF MMP-9 AND ITS
AFFECT ON TREATMENT DECISIONS

The earliest work with MMP-9 (gelatinase-B) was
done by measuring its ability to dissolve gelatin. This was a
relatively complex test that required hours and was difficult
to quantitate, but it is still used. It has been improved with
a variety of electrophoresis and other techniques (zymog-
raphy). Western blotting techniques have been used to
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InflammaDry Testing Process

FIGURE 2. InflammaDry testing process: 1, collect a tear
sample from the lower conjunctiva; 2, snap the sample into
the test; 3, dip test into buffer to activate; 4, read the results—
2 lines = positive, 1 line = negative.

purify and identify it, as has immunohistochemistry,
enzyme leak immunoassays, and MMP-9 capture activity
measurements.”'**3* InflammaDry, a new, inexpensive, dis-
posable single-use assay that provides a result in 10 minutes
and can easily be done in the office, changes the utility of
MMP-9 from a primarily research phenomenon to one that
can and should be used in regular clinical diagnosis as
a measure of the health of the ocular surface (Fig. 2). This
new assay measures both active and latent MMP-9 (total
MMP-9). No direct comparison has been made between
elevated MMP-9 levels as determined by the new assay
and MMP-9 activity assays that measure enzyme activity.
According to the international InflammaDry package insert,
clinical study data demonstrate high sensitivity and
specificity.®

SUMMARY AND CONCLUSIONS

MMP-9 (gelatinase B) is produced in ocular surface
disease and is important because it is a reliable indicator of
the presence of this disease. In itself, it can cause corneal
ulceration and complications after eye surgery such as
LASIK, which may make ocular surface disease worse.
MMP-9 is elevated in dry eye syndromes and its detection
and measurement are not only a reliable indicator of the
disease but also may be a reliable indicator of those patients
who will respond to antiinflammatory therapy with agents
such as cyclosporine or corticosteroids.

The development of an inexpensive and rapid test that
can be easily done in the office is vital to the diagnosis of
ocular surface disease, and probably the test best correlated
with patient symptoms. In fact, elevated levels of MMP-9
may be a more sensitive diagnostic marker than clinical signs.
This new test is indicated to detect and avoid complications of
ocular surface disease before LASIK and other ocular
surgeries as well as to detect hidden cases of dry eye disease
that may not be easily identified through the clinical exami-
nation, particularly because inflammation is often present
long before clinical signs appear. Additionally, the availabil-
ity of this practical method to detect elevated levels of MMP-
9 may facilitate the targeted therapeutic management of
symptomatic patients.
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Production and Activity of Matrix Metalloproteinase-9
on the Ocular Surface Increase in Dysfunctional

Tear Syndrome

Suksri Chotikavanich,"” Cintia S. de Paiva," De Quan Li," Joseph J. Chen,' Fang Bian,">

William J. Farley," and Stephen C. Pflugfelder'

Purprosk. To evaluate production and activity of metalloprotein-
ase (MMP)-9 on the ocular surface of patients with dysfunc-
tional tear syndrome (DTS) and determine any correlation
between MMP-9 activity and clinical parameters.

MEeTHODS. Forty-six patients with newly diagnosed DTS and 18
control subjects were recruited. Complete ocular surface ex-
aminations were performed. Tear MMP-9 activity was assessed
with an MMP-9 activity assay in 1 pL of unstimulated tear fluid.
Using conjunctival epithelial cells from 19 patients with DTS
and 16 controls, levels of MMP-9 and its regulating cytokine
mRNA transcripts were evaluated by semiquantitative real-time
PCR.

ResuLts. Each of four DTS severity-based groups had signifi-
cantly higher mean MMP-9 activities than did the control
group, which was 8.39 = 4.70 ng/mL. The DTS4 group had the
highest MMP-9 activity (381.24 *= 142.83 ng/mL), for which
the mean was significantly higher than that of other DTS
groups. In addition, patients with DTS had significantly higher
levels of IL-1B, IL-6, TNF-a, and TGF-1 mRNA transcripts in
their conjunctival epithelia than did the control subjects. Tear
MMP-9 activities showed significant correlation with symptom
severity scores, decreased low-contrast visual acuity, fluores-
cein tear break-up time, corneal and conjunctival fluorescein
staining, topographic surface regularity index (SRD), and per-
centage area of abnormal superficial corneal epithelia by con-
focal microscopy.

Concrusions. Tear MMP-9 activity was significantly higher in
patients with DTS. This activity was associated with increased
mRNA expression of MMP-9 and its regulating genes and cor-
related strongly with clinical parameters. MMP-9 appears to be
a potentially useful biomarker for diagnosing, classifying, and
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It has been proposed that inflammatory mechanisms are
involved in the pathophysiology of dysfunctional tear syn-
drome (DTS), the more encompassing term for dry eye disease,
proposed by the Delphi Dry Eye Panel Report in 2006." It is
now recognized that changes in tear composition in DTS may
destabilize the tear film and cause ocular surface epithelial
disease.'*~® Matrix metalloproteinases (MMPs) are proteolytic
enzymes produced by stressed ocular surface and glandular
epithelial cells, as well as by the inflammatory/immune cells
that infiltrate these tissues. Increased activity of MMPs has been
implicated in these pathologic ocular surface changes.>”

MMPs play a vital role in wound healing and inflamma-
tion.®? Increased levels of MMP-3 and -9 have been detected
in the tear fluid of patients with keratoconjunctivitis sicca
(KCS).'*'' Among the MMPs, MMP-9 has been found to be
of central importance in cleaving epithelial basement mem-
brane components and tight junction proteins (such as ZO-1
and occludin) that maintain corneal epithelial barrier func-
tion.'>'* MMP-9 belongs to the gelatinase group of metal-
loproteinases that degrade denatured collagen; native colla-
gens type IV, V, and VII; and elastin. Expression of MMP-9 by
the ocular surface epithelia in normal healthy eyes is low.">
Increased production of MMP-9 by the corneal epithelium
has been found in the eyes of individuals with sterile corneal
ulceration.'® Increased MMP-9 activity has been associated
with disruption of corneal epithelial barrier function and
corneal surface irregularity in an experimental murine
model of dry eye.'” MMP-9 knockout mice showed signifi-
cantly less alteration of epithelial barrier function in re-
sponse to experimental desiccating stress than did wild-type
mice.'” This protective effect was abrogated by topical
application of MMP-9 to the ocular surface."”

Previous human studies have found an increased concen-
tration of pro-MMP-9 measured by enzyme-linked immunosor-
bent assay (ELISA) in tear fluid of patients with ocular rosa-
cea.>'® Solomon et al.* found increased activity of MMP-9 in
the tear fluid of patients with meibomian gland disease and
Sjogren’s syndrome.* Most MMPs are secreted as inactive zy-
mogens (proMMPs) that require extracellular activation before
they are able to cleave extracellular matrix components. This
study was designed to measure the activity of the total active
form of MMP-9 in normal eyes and in those in the various DTS
groups classified by the Delphi panel and the Dry Eye Work-
shop (DEWS). The correlation between tear MMP-9 activity and
clinical parameters of DTS was determined. Finally, mRNA
transcript levels of MMP-9 and its regulating cytokines in the
conjunctival epithelium were measured.
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TasLE 1. DTS Severity-Based Classification
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Symptom Conjunctival Staining Corneal Staining
Group Severity Score TBUT Signs* Signst
Normal =20 >7's 0 0
DTS1 >20 =7s =1 <3 <2
DTS2 >20 =7s =3 <6
DTS3 >20 =7s =3, mild conj. injection 6-11, filamentary Keratitis
DTS4 >20 =7s =3, marked conj. =12, epithelial defect,

injection; scarring

ulceration

* Obtained from the van Bijsterveld grading scheme.*

26

T Obtained from the Baylor grading scheme.

METHODS

The clinical protocol was approved by the Baylor College of Medicine
Institutional Review Board and was in accordance with the tenets of
the Declaration of Helsinki. After providing informed consent, 46
patients with DTS, newly diagnosed by a single investigator (SCP), and
18 asymptomatic control subjects were recruited for measurement of
tear MMP-9 activity. A subset of 19 patients with newly diagnosed DTS
and 16 asymptomatic control subjects were also enrolled for evaluating
gene expression in the conjunctival epithelium. The following ocular
surface and tear examinations were sequentially performed on all study
participants: completion of the Ocular Surface Disease Index (OSDI)
symptom questionnaire,'®'? collection of unstimulated tear samples,
fluorescein tear break-up time (TBUT), corneal and conjunctival fluo-
rescein staining, and Schirmer I test. Finally, impression cytology to
obtain cells for evaluating gene expression was performed.

Criteria for diagnosis of DTS included an OSDI score >2
with one or more of the following signs: TBUT = 7 seconds,
punctate corneal fluorescein staining, or Schirmer I score <10 mm.
Subjects were excluded if they were using any topical medications or
if they had another ocular surface disease.

The patients were classified into four levels of severity according to
reported criteria of the DEWS?? report, as shown in Table 1. Lid margin
disease and tear signs could be present at any severity level. When not
all criteria of a severity group were met, severity grading was based on
the worst parameter. Asymptomatic control subjects were recruited
from employees of Baylor College of Medicine presenting for routine
eye examinations.

Participants completed the OSDI questionnaire containing 12 items
measuring visual function, ocular irritation symptoms, and effects of
stressful environmental conditions.'® The score ranged from 12 (no
symptoms) to a maximum of 64.

1,18-20
0 5
19,21

Measurement of High- and 10% Low-Contrast
Visual Acuity

High (100%)- and low (10%)-contrast best corrected visual acuity was
measured with a standard EDTRS chart mounted on a stand 4 m from
the spectacle plane of the subject. The background luminance of the
chart was set at 85 cd/m?, and ambient luminance was adjusted to 3
cd/m? 2324 The difference between high- and low-contrast acuity was
recorded.

Computerized Videokeratoscopy

Videokeratoscopic examination (TMS-2 Corneal Topography System;
Tomey, Waltham, MA) was performed as previously reported.”® The
SRI was calculated by the instrument’s software and recorded.

Tear Fluid Collection

Tear fluid (0.5 uL) was atraumatically collected with a 0.5-uL glass
capillary tube (Drummond Scientific, Broomall, PA) by capillary action
from the inferior tear meniscus of each eye. Tear samples from both
eyes (1 uL total) were eluted into a sterile tube containing 9 uL of PBS
and 0.1% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO).

The tubes were sealed with a cap containing a rubber O-ring to prevent
evaporation and immediately stored at —80°C until activity assays were
performed.

Fluorescein TBUT

After the inferior tarsal conjunctiva was touched with a sodium fluo-
rescein strip (Fluor-I-Strip; Bausch & Lomb Pharmaceuticals Inc.,
Tampa, FL) wet with preservative-free saline (Unisol; Alcon, Fort
Worth, TX), the precorneal tear film was examined under blue-light
illumination, as previously reported.*”

Conjunctival and Corneal Fluorescein Staining

The ocular surface was examined 2 minutes after fluorescein instilla-
tion into the tear film, as described earlier. The intensity of conjunc-
tival fluorescein staining was recorded with a modified van Bijsterveld
grading scheme on a scale of 0 (none) to 3 (confluent) in the nasal
conjunctiva and temporal conjunctiva.®> The Baylor grading scheme
was used to grade the intensity of corneal fluorescein staining®® in five
different zones of the cornea (central, superior, temporal, inferior, and
nasal) based on the number of dots on a 5-point scale: no dots, 0; 1 to
5 dots, 1; 6 to 15 dots, 2; 16 to 30 dots, 3; >30 dots, 4. If there is one
area of confluence add 1; two or more areas of confluence, add 2;
filamentary keratitis, add 2.

Schirmer I Test

A Schirmer I test was performed by placing Schirmer strips (Alcon)
over the lower lid margin, at the junction of the lateral and middle
thirds, for 5 minutes. The length of strip wetting was recorded in
millimeters.

Confocal Microscopy

Confocal microscopy was performed on the cornea of a subset of
seven patients with DTS and three normal control subjects (Retina
Tomograph II in combination with the Rostock Cornea Module; Hei-
delberg Engineering, Heidelberg, Germany). After topical application
of anesthesia, a drop of optical coupling medium gel (GenTeal, 0.3%
hypromellose; Novartis Ophthalmics, Basel, Switzerland) was applied
to the inferior conjunctival fornix. Images were sequentially captured
from the air superficial corneal epithelial interface posterior to the
subepithelial nerve plexus. For analysis, the area of abnormal superfi-
cial epithelia, defined by singular or multiple hyperreflective opaque
cells or cells with pyknotic or snake like nuclei was measured in digital
images with NIHJ software (developed by Wayne Rasband, National
Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/
ij/findex.html) by two masked observers. The abnormal area was cal-
culated as the average value of the percentage over the total (400 X
400 pum) field area of four randomly selected areas in the central
cornea.

Collection of Conjunctival Epithelial cells

Conjunctival epithelial cells were obtained by an impression cytology
technique. One drop of anesthetic was instilled into both eyes, and
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TaBLE 2. Clinical Features of DTS Patients and Controls
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Subjects Symptom TBUT Corneal Conjunctival Schirmer I
Group n) Scores SRI Score (s) Staining* Staining (min)
Control 18 16.59 = 1.79 0.54 = 0.10 9.56 = 1.34 0 0 12.61 = 7.62
DTS 46 35.70 = 10.51 1.61 = 0.82 5.55 * 3.03 4.78 = 5.22 1.43 = 2.56 13.63 = 9.69
DTS1 15 34.67 £ 12.67 1.48 £ 0.56 7.20 £ 3.00 0.73 £ 0.96 0 19.60 = 9.22
DTS2 11 34.64 * 10.34 1.25 = 0.43 5.00 = 2.19 3.00 £ 2.00 1.36 = 2.25 16.64 = 11.45
DTS3 9 33.63 = 9.58 1.03 £ 0.70 5.56 = 3.13 4.89 £ 4.43 1.22 £ 2.11 10.50 = 6.57
DTS4 11 40.22 * 8.41 2.54 = 0.82 3.44 * 2.70 12.00 * 4.02 3.64 = 3.53 6.11 = 2,52

Data shown are mean * SD.
* Measured by Baylor grading scheme."?

excess fluid was dried with a tissue. Sterile nitrocellulose filter papers
(0.45 um HA, 45 mm circles, Cat No. HAWP04700; Millipore, Bedford,
MA) with a tapered rectangular cut of 5 X 8 X 6 X 10 mm were
applied to the temporal and inferior bulbar conjunctiva of each eye.
The papers were gently peeled off the surface of the conjunctiva with
a pair of forceps and placed in a tube containing RNA lysis buffer.

Tear MMP-9 Activity

Total MMP-9 enzyme activity was measured with an MMP activity assay
kit (Biotrak; Amersham Biosciences, Piscataway, NJ) according to the
manufacturer’s protocol. In brief, 100 uL of each pro-MMP standard
(0.125-4 ng/mL), diluted tears (1 pL of tears in 9 wL PBS and 0.1% BSA
diluted in 90 uL assay buffer), and assay buffer (for blanks) were
incubated at 4°C overnight in wells of a microtiter plate precoated
with anti-MMP-9 mouse monoclonal capture antibody. Plates were
washed four times with 0.01 M sodium phosphate buffer (pH 7.0)
containing 0.05% Tween-20. Total MMP-9 activity was measured by
activating bound pro-MMP-9 with 50 uL of 1 mM p-amino phenylmer-
curic acetate (APMA) in assay buffer at 37°C for 1.5 hours. Detection
reagent (50 uL) was added to each well, and samples were incubated
at 37°C for six hours. Active MMP-9 was detected through its ability to
activate a modified prodetection enzyme that subsequently cleaved its
chromogenic peptide substrate. Absorbance was read at 405 nm in a
microplate reader (Versamax; Molecular Devices, Sunnyvale, CA). The
activity of MMP-9 in a sample was determined by interpolation from a
standard curve. Tear sample absorbance readings were multiplied by a
dilution factor of 100.

RNA Isolation and Real-Time PCR

Gene expression in the conjunctival epithelium was evaluated in a
subset of 19 DTS and 16 normal subjects. Conjunctival epithelial RNA,
enriched for mRNA, was isolated from impression cytology samples by
using guanidine-isothiocyanate- containing lysis buffer followed by se-
lective binding of RNA to the silica-gel-based membrane (RNeasy
Micro kit; Qiagen, Gaithersburg, MD). The RNA concentration was
measured by its absorption at 260 nm, and the samples were stored at
—80°C until used for polymerase chain reaction (PCR). First-strand
cDNA was synthesized from 0.2 pg of total RNA with random hexam-
ers by M-MuLV reverse transcription (Ready-To-Go You-Prime First-
Strand Beads; GE Health Care, Inc., Arlington Heights, IL). Real-time
PCR was performed with specific probes (TagMan MGB; Applied
Biosystems, Inc. [ABI], Foster City, CA) for GAPDH, MMP-9, MMP-3,
IL-1B, IL-6, TNF-«, and TGF-1 (Assay IDs: Hs 99999905_ml, Hs
00234579_m1, Hs 00233962_m1, Hs 00174097_m1, Hs 00174131_ml,
Hs 00174128_m1, and Hs 99999918 _ml, respectively), with PCR mas-
ter mix (TagMan Gene Expression Master Mix; ABI), in a commercial
thermocycling system (Mx3005P QPCR System; Stratagene, La Jolla,
CA), according to the manufacturer’s recommendations. Assays were
performed in duplicate in each experiment. The results of quantitative
PCR were analyzed by the comparative CT method.?” where the target
change was 2722 The cycle threshold (C,) was determined using the
primary (fluorescent) signal as the cycle at which the signal crosses a
user-defined threshold. The results were normalized by the C, value of

GAPDH, and the relative mRNA level in the normal control group was
used as the calibrator.

Statistical Analysis

Statistical analyses were performed with commercial software (Prism;
GraphPad, La Jolla, CA, and Excel; Microsoft, Redmond, WA). Data are
expressed as the mean £ SD. The normality of data was checked with
the Kolmogorov-Smirnov test using the Dallal and Wilkinson approxi-
mation. One-way analysis of variance (ANOVA) or the Kruskal-Wallis
test was used to detect statistical differences among multiple groups
with normal or non-normal distribution, respectively. Statistical com-
parisons of tear MMP-9 activity levels between groups were performed
by two-sample #-test. Inflammatory cytokine mRNA transcript levels
were compared with the unpaired two-tailed #test. Correlations be-
tween tear MMP-9 activities and clinical parameters, including symp-
tom severity scores, decrease of low-contrast visual acuity, TBUT, and
percentage area of abnormal superficial corneal epithelia by confocal
microscopy were determined by logarithmic regression. Correlations
between tear MMP-9 activities and SRI scores, corneal fluorescein
staining scores, and conjunctival fluorescein staining scores were de-
termined by polynomial regression. Statistical significance was calcu-
lated by Spearman correlation, which makes no assumption about the
normality of the data. P < 0.05 was considered to be statistically
significant.

RESULTS

Features of Study Groups

Forty-six patients with DTS with a mean age of 54.7 = 14.7
(80% female, 20% male) and 18 controls with a mean age of
41.7 £ 13.0 (72% female, 28% male) were included for tear
MMP-9 activity measurement.

The clinical features of control subjects and DTS subjects
stratified by severity level are provided in Table 2. Associated
ocular surface diseases found in each DTS severity level are
noted in Table 3.

Clinical Parameters

Patients with DTS had a significantly greater mean decrease in
10% low-contrast visual acuity (0.24 = 0.06 logMAR) than did
control subjects (0.17 = 0.04 logMAR) (P = 0.001). The de-
crease in low-contrast acuity showed significant and positive
correlation with responses to two questions about blurred
symptoms on the OSDI questionnaire @ = 0.39, P < 0.00D),
but this correlation was not found for high-contrast acuity (+*
= 0.07, P = 0.16).

In the subset of subjects evaluated by confocal microscopy,
the percentage area of abnormal superficial corneal epithelial
cells measured over the total image field area was 17.35% =
15.41% in subjects with DTS (DTS2 [z = 3], DTS3 [# = 3], and
DTS4 [n = 1]), compared with 0.34% = 0.38% in control
subjects (n = 3; P < 0.03). Some eyes with DTS had abnormal
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TABLE 3. Ocular Surface Conditions in DTS Severity Groups
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TABLE 4. Tear MMP-9 Activity in Normal Control and DTS Groups

DTS Severity MMP-9 Activity
Level Condition Group (ng/mL)
DTS1 Anterior blepharitis (1) Normal (n = 18) 8.39 = 4.70

MGD (3), MGD with rosacea (1) DTS1 (n = 15) 35.57 = 17.04*
Prior LASIK (1) DTS2 (n = 11) 66.17 * 57.02*
Conjunctivochalasis (5) DTS3 (n = 9) 101.42 * 70.58*t
Salzmann’s nodular degeneration (1) DTS4 (n = 11) 381.24 * 42.83*f
Epithelial basement membrane dystrophy (2)
Thyroid eye disease with lagophthalmos and Data shown are the mean *+ SD.
decreased blink frequency (1) * P < 0.008 Compared with normal.
DTS2 MGD (9) t P < 0.003 Compared with normal and DTS1.
ATD without systemic disease (2) 4P < 0.001 Compared with normal and the other DTS severity
DTS3 MGD (4), MGD with rosacea (1) groups.

Sjogren syndrome (SS) (1)

Prior LASIK (1)

Hypoesthesia following acoustic neuroma tumor

excision (1)

Blepharoconjunctivitis with punctal swelling (1)
DTS4 ATD without systemic disease (1)

Stevens-Johnson Syndrome (§]JS) (2)

Sjogren Syndrome (SS) (6)

Graft versus host disease (GVHD) (1)

Radiation induced punctal stenosis (1)

Numbers in parentheses are the number of subjects with each
condition. MGD, meibomian gland disease; ATD, aqueous tear defi-
ciency.

superficial corneal epithelia with a polygonal shape and highly
reflective cytoplasm, with bright-appearing (pyknotic) nuclei
surrounded by a dark perinuclear space. Representative con-
focal images are shown in Figure 1.

Tear MMP-9 Activity

The tear MMP-9 activities in all groups of patients with DTS are
presented in Table 4. There was no significant difference in
tear MMP-9 activity between male and female participants in
the normal and DTS groups. Although the mean age of patients
with DTS was higher than that of the normal control subject
(54.7 vs. 41.7 years, P = 0.01), there was no significant differ-
ence in tear MMP-9 activity in each decade of age between 20
and 80 years in the normal and DTS groups.

Expression of MMP-9 and Regulating
Cytokine Genes

Levels of mRNA transcripts encoding MMP-9 and its regulating
inflammatory cytokines in conjunctival epithelia obtained by
impression cytology from 19 patients with DTS, recruited from
DTS1 (n = 3), DTS2 (n = 2), DTS3 (n = 4), and DTS4 (n = 10)
and 16 normal subjects, evaluated by real-time PCR, are shown
in Figure 2. Significantly higher levels of MMP-9, IL-18, IL-6,
TNF-a, and TGF-1 transcripts were observed in patients with
DTS than in normal subjects (P < 0.05). MMP-3 transcripts
were undetectable in samples obtained from normal subjects
and those with DTS.

A

Correlation of Tear MMP-9 Activities with
Clinical Parameters

The correlations between tear MMP-9 activity and all clinical
parameters were evaluated (Fig. 3). Tear MMP activities
showed significant and positive correlation with symptom se-
verity scores, SRI scores, corneal fluorescein staining scores,
conjunctival fluorescein staining scores (P < 0.001), decreased
low-contrast visual acuity (P = 0.002), and showed significant
and negative correlation with fluorescein TBUT (P < 0.001).
They also showed significant and positive correlation with
percentage area of abnormal superficial corneal epithelia in
confocal images (° = 0.64, adjusted ° = 0.57, P = 0.005) in
the subset of patients subjected to confocal microscopy.

Di1sCUSSION

DTS is a common ocular surface disease that can affect pro-
ductivity and quality of life. Diagnostic criteria and manage-
ment guidelines for DTS have been proposed by the Delphi
panel and DEWS workshop. In this study, tear MMP-9 activity
was evaluated in groups of patients with DTS classified by
severity.

Each of the DTS groups had significantly higher mean levels
of tear MMP-9 activity than the normal subjects. Moreover, the
most severe DTS group (DTS4) was found to have the highest
mean MMP-9 activity, significantly higher than the other DTS
groups. The mean MMP-9 activities in the DTS1 and -2 groups
were not significantly different from each other; however, the
DTS3 group had significantly higher mean MMP-9 activity than
the DTS1 group. These findings indicate that tear MMP-9 activ-
ity is significantly elevated, even in mild DTS and that this may
be a more sensitive diagnostic marker than clinical signs. This
elevation appears to be clinically significant, and tear MMP-9
activity may prove to be a better marker of disease severity
than traditional clinical signs.

Tear MMP-9 activity showed strong correlation with the
results of conventional diagnostic tests of DTS (symptom se-
verity scores, SRI scores, fluorescein TBUT, and corneal and
conjunctival fluorescein staining scores). Those clinical find-

FIGURE 1. Representative confocal
images of superficial corneal epithe-
lium of (A) normal control, (B) DTS2,
(C) DTS3, and (D) DTS4 subjects.
Scale bar, 50 um.
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ings certainly can be attributed to the reported ability of MMP-9
to degrade epithelial tight junction and basement membrane
proteins, leading to altered epithelial permeability and poor
epithelial adherence.'”

In the present study, we also measured 10% low-contrast
visual acuity. Although the impact of DTS on visual function
can be assessed by 100% high-contrast visual acuity, low-con-
trast vision may be a more functional and sensitive measure of
the impact of this condition on visual quality. Previous studies
in normal subjects have found that mesopic low-contrast acuity

shows a stronger correlation with retinal image quality than
does mesopic or photopic high-contrast acuity.?®>° Moreover,
this technique enabled detection of loss of vision in keratoco-
nus that was not detected with high-contrast testing.>° In
addition, a previous study found that there was greater impact
on restoration of low-contrast visual acuity when performing a
Zernike-based optical correction.®' In our study, besides find-
ing a significant correlation between the decrease of 10%
low-contrast visual acuity and tear MMP-9 activities, we also
found that the decrease in low-contrast acuity correlated more
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significantly with responses to the two questions about blurred
symptoms on the OSDI questionnaire than did 100% high-
contrast acuity.

Because of its ability to reveal clinicomorphologic correla-
tions at the cellular level, the confocal microscope is becoming
an increasingly valuable clinical tool. The normal superficial
corneal epithelial cell was previously reported to have a dark
cell nucleus and cytoplasm with a bright border.>* Previous
confocal microscopic studies of dry eyes found a decreased
density of corneal nerves and superficial corneal epithelia, but
not of basal cells.>*>* In the present study, a correlation was
found between tear MMP-9 activity and the percentage area of
those abnormal superficial corneal epithelial cells. This change
in the optical characteristics of the superficial epithelia may
signal an early stage of epithelial desquamation induced by
desiccating stress and increased tear protease activity.

Stimulated production of MMP-9, as well as cytokines that
stimulate MMP-9 production (IL-1, IL-6, TNF-«, and TGF-1) by
the ocular surface epithelia was confirmed at the transcrip-
tional level by semiquantitative real-time PCR in our study.
Similar results were also observed by Aragona et al. (JOVS
2008;49:ARVO E-Abstract 123). The increased tear film osmo-
larity that accompanies DTS is recognized as a proinflammatory
stimulus.>®> Exposure of cultured human corneal epithelial cells
to medium of increasing osmolarity has been found to stimu-
late production of MMP-9 and several inflammatory cytokines,
such as IL-18 and TNF-a (Li D, et al. JOVS 2002;43:ARVO
E-Abstract 1981; Luo L, et al. JOVS 2003;44:ARVO E-Abstract
1026). Those inflammatory cytokines, in turn, have been
shown to stimulate the production of a variety of MMPs,
including MMP-9 by corneal epithelium.>*3”

Among its various activities, MMP-9 is known to activate
precursor IL-18 and latent TGF-B1 into their active forms.
Among several proteases, MMP-9 was found to be the most
efficient activator of precursor IL-18.%3® Therefore, the in-
crease of MMP-9 activity on the ocular surface can amplify the
chronic immune-based inflammation in DTS. Indeed, MMP-9
has been demonstrated in a previous study to speed cornea
epithelial regeneration by modulating the inflammatory re-
sponse in the healing cornea.>® These findings indicate that
DTS is capable of initiating an escalating cycle of cytokines and
proteinases that can have deleterious consequences for the
ocular surface.

Our finding of highly increased IL-6 gene expression in the
conjunctival epithelium is consistent with several previously
reported studies in both Sjogren- and non-Sjogren-associated
aqueous tear deficiency.>**#! Significantly elevated IL-6 con-
centrations in tear fluid of patients with dry eye have been
found in association with increased epithelial expression of
IL-6.%%% 1t should be noted that it was reported in another
study that out of a spectrum of ocular surface diseases, includ-
ing dry eye, IL-6 was found to be elevated only in eyes with
conjunctivochalasis.** Of interest, this study found that the
concentration of MMP-9 was elevated in all the ocular surface
conditions compared with concentrations in control eyes. This
finding supports the concept that elevation of tear MMP-9 is a
common feature of ocular surface epithelial diseases, regard-
less of cause'” and is consistent with our finding that the mean
MMP-9 activity in tears was increased in the variety of condi-
tions associated with DTS noted in Table 3 and that tear MMP-9
activity showed strong correlation with the severity of corneal
and conjunctival epithelial disease.

MMP-9 is secreted as a latent proenzyme that requires ex-
tracellular activation to be functional. In vitro, MMPs can be
activated by chemical and physical agents, such as amino-
phenylmercuric acetate (AMPA), low pH, and heat. In vivo,
MMPs are generally activated by other proteinases. MMP-9 has
been reported to be activated by plasmin and more efficiently
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by MMP-3.'0%54% A previous study by our group found an
increase in MMP-3 mRNA transcripts in cultured human cor-
neal epithelial cells treated with IL-17 by real-time PCR using 1
ug of RNA.*7 Using the same method, we were unable to
detect MMP-3 transcripts in the conjunctival epithelium in our
present study; however, a lower amount of total RNA was
obtained by impression cytology which may have decreased
sensitivity. Indeed, in a previous study, detection of MMP-3
transcripts by real-time PCR with 2 ug of RNA obtained from
retinoic-acid-treated cultured human conjunctival epithelial
cells was reported.*® Other possible explanations for not de-
tecting MMP-3 are that it is produced by stromal cells or
inflammatory cells that are in low density in the cytology
samples, or MMP-3 production is lower in the conjunctival
than in the corneal epithelium.*”~>? For the tear MMP-9 activity
assay, we initially attempted to measure levels of the active
MMP-9 enzyme in tear fluid without AMPA treatment; how-
ever, the levels were found to be too low to permit statistical
comparison.

In summary, we found increased mean tear MMP-9 activity
in all groups of patients with DTS, which was confirmed at the
gene transcriptional level. In the DTS3 and -4 groups, the mean
tear MMP-9 activity was found to be significantly higher than
that in the other groups of patients with DTS. The MMP-9
activities were also found to correlate strongly with clinical
parameters. This minimally invasive and sensitive MMP-9 assay
is capable of evaluating the vital role of MMP-9 and may be
clinically helpful for diagnosing, classifying, and monitoring
DTS. It may prove to be an important clinical parameter in a
future dry eye clinical trial.
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