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Abstract

sPLA2-lla is an enzyme at high concentration in tears that has been known as an innate barrier of
the ocular surface against microbial infection. SPLA2-I1a and other enzymes in the same protein
family are known to hydrolyze fatty acids resulting in the generation of free arachidonic acid (AA)
and lysophospholipids, which are the precursors of pro-inflammatory lipid mediators, such as
PGE,. sPLA2-1la has been shown to be an inflammatory mediator in non-ocular inflammatory
diseases such as rheumatoid arthritis (RA). It was also found to be increased in the tears of the
patients with dry eye disease, chronic blepharitis and contact lens intolerance. However, the role
of sSPLA2-1la in chronic ocular surface inflammation has yet to be determined.

In the current study, we examined the potential role of SPLA2-I1a in inflammation of ocular
surface diseases. Our results show that the activity of SPLA2-I1a was significantly increased in
tears from dry eye disease patients compared with that from normal subjects. Also, sSPLA2-1la
stimulated the production of PGE in ocular surface epithelial cell cultures. The stimulating effect
was markedly enhanced when the cells or tissues were pre-compromised with TNF-a,, IL-1f or
desiccation. Furthermore, SPLA2-1la stimulated inflammatory cytokine production in the ocular
surface epithelial cell cultures in vitro. To our knowledge, this is the first report regarding the role
of sSPLA2-1la as an inflammatory mediator in ocular surface inflammation. These findings indicate
that sPLA2-11a may play an important role in chronic ocular surface inflammation, especially
when the ocular surface is compromised.
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1. Introduction

The secretory form of phosphalipase A2 group 2a (SPLA2-11a) belongs to a family of
enzymes that generates precursors of pro-inflammatory lipid mediators such as free
arachidonic acid (AA) and lysophospholipids (Dennis et al., 1994; Fijneman and Cormier,
2008; Mayer et al., 1993). Human sPLA2-11a, a gene product of PLA2G2A at chromosomal
1p35-1p36 region (Praml et al., 1995), has been reported to be in high concentration in tears
(Nevalainen et al., 1994; Qu et al., 1998; Saari et al., 2001). The enzyme appears to be
secreted by both the lacrimal glands and the goblet cells of conjunctival epithelia
(Nevalainen, et al., 1994; Aho, et al., 1996; Turner et al., 2007). In normal subjects, the
concentration of SPLA2-I1a in tears is 54.5+/-33.9 pug/ml, one of the highest levels of
SsPLAZ2-Ila reported in any normal human secretions (Saari et al., 2001). Since its
bactericidal role has been well appreciated through direct catalytic activity of the enzyme on
the gram-positive bacterial wall, the presence of SPLA2-1la has been considered as an innate
immune barrier of the ocular surface against microbial infection (Buckland et al., 2000;
Girgis et al., 2003; Nevalainen et al., 2008; Qu et al., 1998). Accumulated evidence indicates
that the non-catalytic activity of SPLA2-11a also plays an important role in modulating the
pathogenesis of many inflammatory-related diseases and cancers (Adibhatla et al., 2007;
2008; Fijneman and Cormier, 2008; Lambeau and Gelb, 2008; Menschikowski, et al 2006;
2008). The internalized signaling of SPLA2-1la is proposed to be mediated through the
interactions between sPLA2-11a and its membrane-bound specific receptors, such as the M-
type receptor in rodents and aVpB3/a4p1 integrins in humans (Lambeau, et al., 1999;
Saegusa, et al., 2008). Furthermore, the physiological role in clearance of anionic
pathological cell debris from the inflammatory response has recently been established,
which is independent of the catalytic activity of SPLA2-1la (Birts, et al., 2008).

SPLA2-1la has been shown to play an important role in many non-ocular inflammatory
diseases. Increased levels of SPLA2-11a in the inflamed tissue and/or serum have been
detected in rheumatoid arthritis (RA) (Bidgood et al., 2000; Cirino et al., 1994; Hara et al.,
1989; Stefanski et al., 1986), inflammatory bowel diseases (IBD) (Lilja et al., 1995; Minami
et al., 1994), acute chest syndrome (Styles et al., 1996), asthma (Bowton et al., 1997) and
septic shock (Cai et al., 1999). Among these inflammatory diseases with high levels of
SPLA2-1la, RA has been intensively studied. The synovial fluids from arthritic joints of
patients with RA contain high catalytic activity of SPLA2-I1a (Pruzanski, et al., 1994).
Injection of human recombinant sSPLA2-11a into the joints of rabbits elicits a dramatic
inflammatory and arthritogenic response, suggesting that SPLA2-11a in synovial fluid plays
an exacerbating role in chronic inflammatory conditions such as RA (Bomalaski et al.,
1991). Correlations have been found in patients with RA between the serum sPLA2-Ila
concentration and clinical markers of diseases such as swollen joints, elevated platelet count,
erythrocyte sedimentation rate (ESR), C-reactive protein (CRP) and depressed hemoglobin
concentration (Lin et al., 1996). Given the pivotal role of SPLA2-11a in inflammatory
diseases, inhibition of SPLA2-11a may have therapeutic effect by blocking the formation of a
wide variety of secondary inflammatory mediators. To support this notion, clinical trial
studies have indeed shown that multiple markers of RA have been significantly improved at
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the earlier stage of the treatment with SPLA2-I1a inhibitors (Bradley et al., 2005; Reid,
2005).

However, to our knowledge no mechanistic study has been carried out to investigate the
inflammatory mediator role of SPLA2-11a on the ocular surface, despite the concentration or
activity of sSPLA2-1la in tears being reported significantly changed in patients with external
inflammatory diseases, such as dry eye disease (Aho et al., 2002), post PRK laser surgery
(Aho et al., 2003), chronic blepharitis (Song et al., 1999), ocular rosacea (Kari et al., 2005)
and atopic blepharoconjunctivitis (Peuravuori et al., 2004). These clinical documentations
imply that there may be an association of tear SPLA2-1la with inflammatory diseases of the
ocular surface. Yet, little research has been conducted to examine it. In this study, we
examined the potential role of SPLA2-I1a in the inflammation of ocular surface disease. Our
results show that sSPLA2-I1a activity was significantly higher in tears from dry eye disease
patients than that from normal subjects. SPLA2-I1a stimulated a mild production of PGE,
and inflammatory cytokines/chemokines in normal ocular surface epithelial corneal and
conjunctival cell cultures; whereas the stimulating effect was significantly amplified when
the cells or tissues were pre-compromised with TNF-a,, IL-1f, or desiccation. These
findings indicate that SPLA2-11a may be an important amplifier of chronic ocular surface
inflammation, especially when the ocular surface is compromised.

2. Material & methods

2.1. Patient information

Ten patients with dry eye disease (nine women and one man), ages from 27 to 65 years,
were evaluated. IRB approved informed consent was obtained from all participants after
explanation of the study. All patients had typical signs and symptoms of dry eye disease and
the diagnosis of dry eye disease was confirmed with decreased tear production by Schirmers
test, positive ocular surface vital dye staining and shortened tear break-up time (TBUT). Ten
age-matched normal subjects were recruited as controls. None of the control subjects wore
contact lenses and all of them revealed normal findings in a routine eye examination. An
additional 5 healthy volunteers were recruited for methodology development and pilot
experiments.

2.2. Tear collection

A non-stimulated tear sample was collected using disposable 5 pl micro capillaries
(Microcaps 5 pl, Drummond Scientific, Broomall, PA, USA). Tears from both eyes were
collected. In the pilot experiment, approximately 20 ul of tears were collected from each of
the five healthy volunteers and were pooled for assays. In the experiment comparing dry eye
patients with normal subjects, 5 pl of tears were obtained from each patient, pooled from
both eyes when necessary. The samples were gathered from the marginal tear strip of the
lower lid near the lateral canthus, with care being taken not to irritate the conjunctiva,
cornea, or lid margin. Tears were immediately transferred into Eppendorf tubes, placed on
dry ice and kept at —=70°C until analyzed.
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2.3. Measurement of sPLA2 activity in tears

The sPLA2-1la activity in tear samples were measured by an EIA kit from Cayman
Chemical Co. (Ann Arbor, MI) using the 1, 2-dithio analog of diheptenoyl
phosphatidylcholine (DTNB) as a substrate according to the manufacture's instructions
(Reynolds et al., 1992). In brief, 10 pl DTNB, 5 pl assay buffer and 10 ul sample were added
in each well of a 96 well plate. Standard bee venom sPLA2 was used as positive control and
the assay buffer alone was used as negative control. All samples and controls were tested in
triplicate. The reaction was initiated by adding 200 pl substrate to all the wells and the result
was measured immediately using a microplate reader (Molecular Devices, Sunnyvale, CA)
at 414 nm absorbance at various time points. SPLA2-I1a activity was calculated according to
manufacturer's instructions.

2.4. Animals and Reagents

Wild type BALB/C mice at 8-12 weeks of age were purchased from The Jackson Laboratory
(Bar Harbor, ME) and housed in a specific pathogen-free condition until use. The use of the
animals conformed to the ARCO Statement of the Use of Animals in Ophthalmic and Vision
Research. Recombinant human sPLA2-Ila was purchased from BioVendor (Candler, NC).
SPLA2 from bee venom was purchased from Sigma (St. Louis, MO). Human TNF-a was
purchased from PeproTech (Rocky Hill, NJ). The TNF-a or sPLA2-11a stock solutions were
made according to the manufacturer's recommendation. Sterile phosphate-buffered saline
containing 0.1% bovine serum albumin was used to prepare stock solutions of 50 ng/ul
TNF-a and 50 pg/pl sSPLA2-11a.

2.5. Cell culture

Human conjunctival cell line, Wong-Kilbourne derivative of Chang's conjunctiva, clone
1-5¢c-4, American Type Culture Collection (ATCC, Manassas, VA) certified number
CCL-20.2, was cultured under standard conditions (moist atmosphere of 5% CO, at 37°C)
in 75cm? bottles in Dulbecco's modified Eagle Medium (DMEM) with L-glutamine
substitute (GlutaMAX-I; Invitrogen) containing 10% fetal calf serum (FCS), 4.5 g/L
glucose, 1% kanamycin, and 50 ug/ml amoxicillin. Although this cell line was reported by
Lavappa in 1978 to have contaiminated with HeLa cell markers, it's still been widely used
for in vitro studies on the ocular surface. Recently (Brasnu, et al., 2008), a comparative in
vitro study on the cytotoxic effects of benzalkonium chloride confirmed the equal supports
by both the Chang's cell line and the IOBA-NHC, another widely used human conjunctival
epithelium cell line (Diebold, et al., 2003). The SV40 immortalized human corneal epithelial
cell line, SV40-HCECs (Araki-Sasaki K, 1995), kindly provided by Dr. Mario Wolosin, was
maintained in DMEM/HamF12 (1:1) supplemented with 5% fetal bovine serum (HyClone,
Logan, UT), 5 ug/ml insulin, 0.1 ug/ml cholera toxin (Sigma-Aldrich, St. Louis, MO), 10
ng/ml recombinant human epidermal growth factor (REGF; BD Biosciences, San Jose, CA)
and 0.5% dimethyl sulfoxide (DMSO) in 95% air and 5% CO, at 37°C. At the beginning of
the experiment, cells were seeded in 24 or 96 well plates and the treatments were given
when cells reached 80% confluency. At the end of the experiment, culture media were
harvested for the PGE, assay and cells were procured for RNA isolation.
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2.6. Measurement of PGE,

PGE, was measured with a monoclonal enzyme immunoassay (EIA) kit (Cayman Chemical
Co, Ann Arbor, MI). Each EIA kit contains PGE; standard, PGE2 monoclonal antibody,
AChE tracer, Ellman's reagent and a mouse anti-rabbit 1gG coated 96-well strip plate. The
PGE, standards were serially diluted to ranges of 7.8—1000 pg/ml and the assay procedures
were followed by the manufacturer's instructions. Culture medium from each sample was
removed and centrifuged for 7 min at 3,000 rpm to pellet any dislodged cells, and then
diluted from 1:50 to 1:500 (determined with a pilot experiment) with the EIA buffer
provided by the kit. An aliquot (50 ul) from each sample was placed in a 96-well plate in
triplicates and 200 pl Ellaman's reagent was added to each well for 90 minutes and the
absorbance at 414 nm was recorded with a microplate reader (Molecular Devices,
Sunnyvale, CA).

2.7. RNA isolation from tissue culture samples

Total RNA was extracted from conjunctival cells with RNeasy from Qiagen (Valencia, CA)
as described by the manufacturer. The integrity of total RNA was determined by
formaldehyde denaturing RNA gel electrophoresis before proceeding to microarray and real-
time PCR analysis. RNA samples were treated with deoxyribonuclease | at 25°C for 10
minutes, and then reverse transcribed at 42°C for 1 hour using random primer and the
SuperScript Il RT kit (Gibco).

2.8. Microarrays and data analysis

Relative mRNA expression of inflammatory cytokines and chemokines was analyzed with a
pathway-specific CRNA microarray (SuperArray Bioscience Corp, Frederick, MD). In brief,
cRNA was transcribed, amplified and labeled with Biotin-16-UTP using the TrueLabeling-
AMP 2.0 kit (SuperArray). The Biotin-labeled cRNA samples were then hybridized
overnight to the human inflammatory cytokine GEArray membranes. After incubation with
streptavidin-AP conjugate, the array image was developed with CDP-Star chemiluminescent
substrate and recorded with X-ray film. Web-based GEASuite analyzing software was used
to extract GEArray probe signals from the image and analyze gene expression profiles.
Background-corrected signals were normalized to the average intensity of signals from the
controlled genes by using the analyzing software.

2.9. Quantitative real-time RT-PCR

cDNA equivalent to 50 ng of total RNA was boiled for 3 minutes and quenched on ice
before amplification. PCR was performed in glass capillaries on a LightCycler (Roche
Diagnostics, Mannheim, Germany) with the QuantiTect SYBR Green PCR Kit (Qiagen,
Valencia, CA) and including a negative control without template and a calibrator. The PCR
reactions were cycled 45 times after initial denaturation (95°C, 15 min) and then denatured
at 94°C for 15s, annealed at 56°C for 20s, and extended at 72°C for 15s with temperature
transition rates of 20°C/s. After PCR amplification, melting temperature curve analysis was
performed. The PCR products were cooled to 65°C and then slowly heated to 95 °C at a rate
of 0.2°C/s. Fluorescence signals were measured once in each cycle at melting temperature
-3°C to eliminate fluorescence from SYBR Green | binding to primer-dimers, which was

Exp Eye Res. Author manuscript; available in PMC 2014 April 28.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chenetal.

Page 6

several degrees (>5°C) less than the melting temperatures of the specific primer pairs. The
primers were designed to be intron-spanning if possible, and the product sizes are: 190 bp,
130 bp and 278 bp for p-actin, CCL25 and CCLS5, respectively.

Primers for B-actin (official gene symbol: ATCB, GenBank accession number is
NM_001101):

Sense 5'-GGTGGGCATGGGTCAGAAGGATT-3’
antisense 5’- CCTCGGTCAGCAGCAC -3’

Primers for CCL25 (official gene symbol: CCL25, GenBank accession number is
NM_005624):

Sense 5-CCATCAGCAGCAGTAAGAGG-3’
Antisense 5'-CTGTAGGGCGACGGTTTTAT-3’

Primers for CCL5 (officail gene symbol: CCL5, GenBank accession number is
NM_002985):

sense 5"-CCATGAAGGTCTCCGCGGCAG-3’
antisense 5'-CCTAGCTCATCTCCAAAGAG-3’

2.10. Reproducibility and statistical analysis

3. Results

Experiments were repeated at least twice, usually more than three times. Results were highly
reproducible. Figures show pooled data from repeated experiments or representative
experiments as indicated. Student's t test was used to compare the means of two treatments
performed under the same experimental condition. Two mean values were considered
significantly different when P < 0.05.

3.1. The activity of SPLA2 from dry eye patients’ tears was significantly increased

Since tear production is greatly reduced in dry eye patients and the commercial SPLA2
activity kit is designed for using 10 pl of tears as a sample, we first carried out studies to
establish whether the sSPLA2-11a activity measured using a smaller volume of tears is as
accurate as using a 10 pl tear sample. In these studies, we collected and pooled fresh tears
from 5 healthy volunteers and used 5 or 10 pl of tears per sample for SPLA2-I1a activity
measurement. 1 or 10 pl of bee venom sPLA2 standards were used as control. At least 3
measurements for each volume were conducted. As shown in Figure 1 A, sPLA2-1la
activities for bee venom were 0.186 = 0.041 pmol/min/ml using 10 pl of venom and 0.189 +
0.051 pmol/min/ml using 1 pl of venom. Tear sPLA2-1la activities were 0.078 + 0.048
pmol/min/ml using 10 pl of tears and 0.075 £ 0.047 pmol/min/ml using 5 pl of tears. There
was no significant difference in SPLA2-1la activity when measured with different sample
volumes in this assay. The values of SPLA2-I1a activity were also within one standard
deviation of the mean value in another study using 10 tear samples from normal subjects,
which suggests that even with a smaller volume of human tears, this method is sensitive
enough to measure the sSPLA2-11a activity.
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We further compared the sSPLA2-11a activity in 10 dry eye patients and 10 age-matched
healthy subjects. Tear samples (5 pl from each patient) were collected and assayed as
described above. As shown in Figure 1B, tear SPLA2-11a activities from dry eye patients
(0.198 £ 0.053 umol/min/ml) were significantly higher compared to those from normal
subjects (0.107 + 0.046 pmol/min/ml), p=0.021. This result is consistent with the previous
report of SPLA2 activity in the tears from dry eye patients (Aho et al., 2002).

3.2. sPLA2-lla stimulates PGE, production in conjunctival epithelial cells

Prostaglandin E2 (PGE)) is a known inflammatory mediator that contributes to pain and
vessel dilation during inflammation. Half of the patients with chronic conjunctival
complaints exhibit high levels of PGE, (Gluud et al., 1985). sPLA2-I1a has been shown to
amplify TNF-a-induced PGE; production by cultured rheumatoid synovial fibroblasts
(Pruzanski, et al., 1992; Bidgood, et al., 2000). To determine whether SPLA2-Ila and TNF-a
have effects on PGE, production in conjunctival cells, we treated the cells with increasing
amounts of SPLA2-11a in the presence or absence of 10 ng/ml TNF-a.. As shown in Figure 2,
either SPLA2-11a or TNF-a alone stimulated a mild to moderate level of PGE, production in
conjunctival cells. However, when cells were exposed to both sSPLA2-11a and TNF-a,
greater PGE, production was observed in a SPLA2-11a dose-dependent manner. In
unstimulated conjunctival cells, PGE; levels ranged from 80 to 341 pg/ml. Different
amounts of sSPLA2-11a alone only stimulated 0 to 4 fold increases in PGE;, production. TNF-
a alone stimulated about an 18 fold increase in PGE, production. However, the combination
of sPLA2-11a and TNF-a resulted in a strong synergistic response that led to a 23-30 fold
increase in PGE, production (Figure 2).

These results suggest that, although sPLAZ2-1la alone does not cause significant production
of pro-inflammatory mediators in normal conjunctival epithelial cells, it causes a marked
increase in pro-inflammatory mediator production when the cells are compromised by
exposure to TNF-a.

3.3. sPLA2-Ila stimulates PGE, production in mouse conjunctival organ culture

To further investigate the effect of SPLA2-11a on PGE, production, we conducted studies
using a more physiological model, mouse conjunctival organ culture (Figure 3A). Previous
work has demonstrated that the fresh isolated conjunctival tissue gradually releases the pre-
made sPLA2-1la into the culture medium and reaches an equilibration level in 30 to 40
minutes (Wolosin JM, data not shown). In this study, we substituted bee venom sPLA2 for
recombinant human sPLA2-I1a for the cost considerations. Our preliminary assays indicate
that ten units per ml of bee venom sPLA2 were equivalent to 10 to 20 pg/ml recombinant
human sPLA2-1la in terms of stimulation of PGE, production in conjunctival cells (data not
shown). As shown in Figure 3A, the fresh isolated conjunctival tissues were cultured in
SHEM medium for one hour equilibration, changed to new medium with the indicated
amounts of sSPLA2-11a or TNF-a alone, or sPLA2-I1a plus TNF-a. The tissues were further
incubated for an additional 4 hours at 37°C and the media were collected and used for the
PGE, measurement.
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As shown in Figure 3B, sPLA2-1la alone stimulated PGE, production 2-3 fold in the mouse
conjunctival organ cultures, TNF-a alone also stimulated PGE, production to a similar level
as that of SPLA2-11a; however, when both sSPLA2-11a and TNF-a were applied, the PGE,
production was dramatically stimulated up to 9 fold. These results from mouse conjunctival
organ cultures further demonstrated that SPLA2-1la caused a marked synergistic increase in
PGE, production only when the conjunctival epithelial organs were compromised by
exposure to TNF-a.

3.4. sPLA2-lla stimulates PGE2 production in compromised SV40-HCECs corneal epithelial

cells

After investigating the effects of SPLA2-11a on PGE, production in TNF-a treated
conjunctival cell and tissue cultures, we further examined the effects of SPLA2-Ila on PGE,
production in human corneal epithelial cells. In this study, SV40-HCECs cells (80%
confluency) were first incubated with one of the pro-inflammatory cytokines (10 ng/ml
IL-1B or 10 ng/ml TNF-a) for 20 hours, then changed to medium with or without 20 pg/ml
SsPLA2-1la (equivalent to a lower range of SPLA2-1la concentration in tears). After 24 hours
of incubation, the medium was collected and PGE, production was measured with the EIA
assay. As shown in Figure 4A, cytokine pre-treatment alone or SPLA2-11a alone had little
effect on PGE; production in SV40-HCEC:s cells; however, when the cells were pre-treated
with cytokines and then exposed to SPLA2-11a, the PGE, production was significantly
stimulated. We also examined an additional compromising inducer, desiccation, which
approximates human dry eye disease using a modified method by Matsuo (2001). In brief,
after 80-95% confluency was reached, the culture medium was completely aspirated and the
cell cultures were left to dry for 60 minutes under the culture hood at room temperature and
normal humidity. Fresh medium was added with or without the addition of 10 pl/ml sPLA2-
Ila and incubated for 24 hours. Our results showed that desiccation alone caused moderately
increased PGE, production. However when sPLA2-11a was added to the desiccation-
compromised cells, PGE, production was markedly elevated (Figure 4B).

These data suggest that sPLA-11a can significantly stimulate the PGE, production in
compromised corneal cells compared to normal corneal cells, and SPLA2-11a may be a
potential mediator by which desiccation contributes to chronic ocular surface inflammatory
diseases, for example, DED.

3.5. sPLA2-lla stimulates inflammatory cytokine production in conjunctival cells

Since studies have shown that sSPLA2-11a not only produces lipid mediators, but also
stimulates production of inflammatory cytokines or chemokines through its non-hydrolytic
activity (Touqui, et al., 2001), we further explored the effect of SPLA2-11a on the mRNA
expression of inflammatory cytokines and chemokines in conjunctival cells. In this study,
human conjunctival epithelial cells were seeded in a 24-well plate and treated with: placebo,
SPLAZ2-1la alone, TNF-a alone or sPLA2-11a plus TNF-a. After 24 hours, the cells were
harvested and the RNA was isolated. The levels of inflammatory cytokine/chemokine
production were detected by pathway-specific microarray (SuperArray) technology. Figure
5A shows the hybridization images on X-ray films for scanning. Figure 5 B shows the
scanning results from Figure 5A after normalization with the internal controls. As shown in
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Figure 5B, sPLA2-I1a alone moderately stimulated the production of inflammatory
cytokines and chemokines (CCL5, CCL25, IL-1B and IL-6), similar results were drawn from
the low concentration of TNF-a treatment as well. However, combination of sSPLA2-11a and
TNF-a resulted in a marked synergistic effect on the production of CCL5 and CCL25. Since
SuperArray is a semi-quantitative assay, a quantitative real time PCR on CCL5 and CCL25
was further performed. As shown in Figure 5C, the expression of CCL5 and CCL25 mRNA
were significantly increased upon the addition of SPLA2-Ila and TNF-a together. These
results were consistent with our microarray results and further confirmed that sPLA2-1la is
an inflammatory mediator that can induce the inflammatory cytokine/chemokine production.

4. Discussion

In the current study, we specifically examined the role of SPLA2-11a in ocular surface
inflammation associated with dry eye disease. Our results from tear samples show that the
sPLAZ2-Ila activity in the tears from dry eye patients is significantly higher compared to that
from healthy subjects, in agreement with previous studies (Aho et al., 2002; Aho et al.,
2003; Glasson et al., 2002; Song et al., 1999). Using in vitro tissue culture models, we also
showed that SPLA2-11a moderately stimulated PGE, production in ocular surface epithelial
cells, and the stimulation was significantly elevated when the cells were compromised.
PGE; has been well recognized as a pro-inflammatory mediator induced by various pro-
inflammatory signals, and exerts its biological activities through interactions with membrane
receptors such as EP1, EP,, EP3, and EP4 to modulate cytosolic concentrations of secondary
signaling molecules, such as IP3, cAMP, and Ca** (Coleman et al., 1994; Khan, et al 2008).
A direct correlation has been characterized between inflammatory responses and PGE,
levels in the inflamed tissues (Pruzanski, et al., 1994). Cyclooxygenase 2 (COX2) is another
key enzyme in converting arachidonic acid to PGE2 and other eicosanoids. COX-2
inhibitors can reduce PGE; production and effectively reduce inflammatory disease
progression (Osiri et al., 1999; Khan, et al 2008). Therefore, our results showing that
sPLAZ2-Ila significantly stimulates PGE; production in compromised ocular surface
epithelial cell cultures strongly imply that sSPLA2-1la plays an important role in the
inflammation of ocular surface disease. These results also imply that SPLA2-1la causes
pathogenic inflammation only when the eye surface is compromised by harmful agents such
as UV exposure, contact lenses, some eye medications, etc. Accordingly, we propose that
SPLAZ2-1la has two major roles in the ocular surface: in the normal ocular surface, it serves
as an innate barrier to protect the ocular surface from bacterial infections; when ocular
surface cells are compromised, it amplifies the inflammatory process. Although the
pathogenesis for dry eye disease is not well understood, abundant evidence from animal
studies and clinical evaluations indicate that inflammation is an integral part of moderate to
severe dry eye disease. Pro-inflammatory cytokines, chemokines and inflammatory T cells
have all been shown to increase in the conjunctival and lacrimal tissue in both non-Sjégren's
and Sjogren's dry eye patients as well as in animal models (Song et al., 2003; Pflugfelder et
al.,1990; Solomon et al., 2001; Luo et al., 2004). Anti-inflammatory agents like
corticosteroids have been shown to effectively alleviate symptoms and signs both
experimentally and clinically (Marsh et al., 1999). Our results show an explicit role of
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SPLA2-Ila in the compromised ocular surface inflammation and open up a new opportunity
for the treatment of ocular surface inflammation and the associated ocular tissue damage.

We also investigated the expression of inflammatory cytokines mediated by sPLA2-I1a by
using a microarray assay. Our results showed that SPLA2-11a only moderately stimulates
inflammatory cytokine production in normal ocular surface epithelial cells. However when
the cells are compromised, sPLA2-I1a can markedly stimulate the cytokine production. This
further supports the notion that SPLA2-11a may amplify ocular surface inflammation only
when the surface is compromised. To our knowledge, this is the first study that investigates
the inflammatory role of SPLA2-1la-mediated cytokine expression in ocular surface disease.
The mechanism by which sPLAZ2-11a participates in inflammatory reactions has been
suggested through its catalytic production of PGEs, and a catalytic-independent effect on
inflammatory cytokine/chemokine production, as well as the interactions with cPLA2
(Murakami, et al., 1997). Studies showed that SPLA-1la increases the affinity of apoptotic T
cells binding to heparin sulfate proteoglycans (HSPG) (Boilard et al., 2003a), and the central
core (rod domain) of vimentin (Boilard et al., 2003b). In multiple non-ocular cell models,
SPLAZ2-1la has been shown to cause IL-1p, TNF-a pre-activation as well as increased PGE,
production (Bidgood et al., 2000; Pruzanski et al., 1992; Jaulmes et al., 2006). SPLA2-I1a
either alone or in cooperation with TNF-a and IL-1 activate dendritic cells (DC), by up-
regulating the surface markers and increasing the migratory and immunostimulatory
capacity of DCs; and DCs treated with SPLA2-11a significantly enhance the production of
IFN-vy, IL-2, TNF-a and IL-5 in a mixed lymphocyte reaction (Ramoner et al., 2005). This
may explain why apoptotic or cytokine pre-sensitized cells are more susceptible to SPLA2-
Ila: sSPLA2-11a binding with emerged anion phospholipid side chains from inside the facial
layer or externalized cell skeletal proteins, or through activation of cPLA2 during early
apoptosis (Atsumi et al., 1997; Wilson et al., 2000). More recently, using human K562
erythroleukemia cells and CHO cells, it has been shown that integrin a VB3 and a4p1 may
serve as receptors for sPLA2-11a to mediate the pro-inflammatory action of sPLA2-11a
regardless of its catalytic activity, and their interaction may serve as a novel therapeutic
target (Saegusa, et al., 2008). The release of large amounts of SPLA2-Ila is a major character
of inflammation during atherosclerosis. The activity and transcriptional expression of
SPLA2-1la on rat vascular smooth muscle cells (VSMCs) under inflammatory conditions are
regulated by the three peroxisome proliferator-activated receptors (PPARa, PPARP and
PPARY) that are heterodimerized with RXRa,, a retinoid X receptor a, and require either the
interaction with a PPAR response element (PPRE) or the binding of BCL-6, a proto-
oncogenic transcriptional repressor, to the SPLA2-11a promoter region (Ravaux, et al., 2007).
A few studies have also showed that TNF-a pre-treatment activated NF-kB, which is the
gene transcription factor that stimulates SPLA2-I1a synthesis (Wu et al., 2003). Therefore,
whether NF-kB is involved in the modulation of inflammatory ocular surface diseases will
remain to be studied in the future. The interactions and signaling pathways involved in
SPLA2-1la regulation have been extensively reviewed (Fijneman and Cormier, 2008). Taken
together, these results indicate that there exists a fine-tuned network to coordinate the
expression and function of sSPLA2-I1a with the production of inflammatory mediators,
apoptosis and proliferation of cells. Therefore, studies on the mechanism of sSPLA2-1la’s
involvement in the inflammatory process on the unique structure/function of the ocular
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surface will provide new insights and knowledge and promising approaches for therapeutics
to treat dry eye disease and other inflammatory processes.

Our study also implies that a SPLA2-11a inhibitor may be promising for treatment of
inflammatory ocular surface diseases. Theoretically, inhibition of SPLA2-11a may block the
formation of a wide variety of secondary inflammatory mediators. Clinical trial studies using
SsPLA2-Ila inhibitors on RA and chronic inflammatory angiogenesis have shown significant
improvement in multiple markers of the diseases after the treatment only at an earlier stage
(Bradley et al., 2005; Reid 2005), but the improvement quickly decayed and reversed after 4
weeks of inhibitor administrations. This may be due to an inadequate level of inhibitor in the
synovial fluids and surrounding tissues, implying that the time and methods to deliver the
medication are very crucial for the success of applications of SPLA2-11a inhibitors. Given
the accessibility of the opened ocular surface, these problems may be less difficult to handle
for eye diseases. Therefore, we think that SPLA2-1la antagonists may have potential as a
treatment for chronic ocular surface inflammation.

In summary, the current study showed the SPLA2-I1a activity is significantly increased in
the tears of dry eye patients. SPLA2-Ila moderately stimulates PGE, production in corneal
and conjunctival epithelial cells, as well as in conjunctival organ culture. This stimulatory
effect is markedly increased when the epithelial cells are pre-compromised. In addition, we
also showed that SPLA2-11a stimulates inflammatory cytokine production in ocular surface
epithelial cells and this stimulation is also markedly enhanced when the cells are
compromised. We have shown that SPLA2-1la plays an important role in the inflammatory
process of the ocular surface. Studies to address the molecular mechanism by which sPLA2-
Ila acts as a mediator of ocular surface inflammation will be explored in the future.
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Figure 1. The sPLA2-11a activity in tear samples
A: sPLA2-11a activity in a small volume of human tears. The SPLA2-1la activities in 5 or 10 pl human tears from healthy

subjects were measured using the EIA assay (open bars). The sPLA2-I1a activities in 1 and 10 ul bee venom were also measured
as controls (closed bars). The results are presented as mean values £ SD from two independent experiments of triplicate
measurements.

B: sSPLA2-I1a activity in the tears from dry eye patients and normal subjects. SPLA2-11a activity in 5 pl tear samples from 10
dry eye patients and 10 age-matched healthy subjects were measured using the EIA assay. The sPLA2-1la activity in dry eye
patients (closed bar) is significantly higher than that in normal subjects (open bar). *P < 0.05 significantly different from the

control.
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Figure 2. The effect of SPLA2-11a and TNF-a on PGE; production by conjunctival cells
Conjunctival cells were treated with increased concentrations of SPLA2-I1a both in the presence or absence of TNF-a (0, 1 or

10 ng/ml). The PGE, production was measured with a monoclonal enzyme immunoassay (EIA) kit. The PGE, concentration
was presented as logarithm scale to cover the broad range between control and treatment groups. Data are the average of two
independent experiments with triplicate measurements.
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Figure 3. PGEj production in mouse conjunctival organ culture
A: Conjunctival tissue culture, which shows a piece of isolated mouse conjunctiva in SHEM culture medium.

B: sPLA2-1la stimulates PGE, production in mouse conjunctiva. The isolated conjunctival tissue was cultured in SHEM
medium for one hour for equilibration and then 10 ug/ml sPLA2-1la or 10 ng/ml TNF-a,, or 10 ug/ml sPLA2-11a plus 10 ng/ml
TNF-a were added to the culture medium. After a further incubation (4 hours, 37°C), PGE, production was measured using a

PGE, assay kit. The results are presented as mean values + SD of triplicate measurements. *P < 0.05 significantly different from
the control. # P < 0.05 significantly different from TNF-a alone.
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Figure 4. sSPLA2-11a stimulates PGE» production in compromised corneal epithelial cells
A: SV40-HCECs cells were pre-incubated without or with either 10 ng/ml TNF-a or IL-1p alone for 20 hours (controls, black

bars) and then treated with 10 pg/ml sPLA2-11a for an additional 24 hours (open bars). PGE, production was measured before
and after sSPLA2-11a treatment. The results are presented as mean values £ SD from two independent experiments with triplicate
measurements. *P < 0.05 significantly different from the control. # P < 0.05 significantly different from TNF-a or IL-1p alone.
B: SV40-HCEC:s cells without any treatment (first open bar), or exposed to desiccating for one hour (second black bar), were
treated with 10 pug/ml sPLA2-11a for 24 hours respectively (third and forth black bars). PGE, production was measured from the
four groups and the results presented as mean values + SD of two independent experiments with triplicate measurements. *P <
0.05 significantly different from the control. # P < 0.05 significantly different from desiccating alone.
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Figure 5. sPLA2-11a stimulates inflammatory cytokine production in conjunctival cells
A: Array images. Inflammatory cytokine/chemokine production by human conjunctival epithelial cells was detected by a

Pathway-Specific Microarray (SuperArray) assay. The cultures were treated 24 hours with placho alone as control, SPLA2-I1a
(20 pg/ml) or TNF-a. (10 ng/ml) alone, or together. After treatments finished, total RNA was isolated and the cRNA was
transcriptional labeled with Biotin-16-UTP, hybridized to Oligo GEArray membranes and then conjugated to AP-streptavidin.
The signals were developed by addition of a CDP-Sar substrate, and image results were detected by scanning.

B: Relative gene expression level of selected genes. Human conjunctival epithelial cells were treated with placebo, SPLA2-11a
alone, TNF-a alone or sSPLA2-1la plus TNF-a for 24 hours. The amount of inflammatory cytokine/chemokine production was
then detected. Gene expression profiles were obtained through the analysis using GEAsuite software and the results are
presented as mean values of the relative gene expression level.

C: Quantitative real time PCR on CCL5 and CCL25. Human conjunctival epithelial cells were treated with placebo, SPLA2-
Ila alone, TNF-a alone or sSPLA2-11a plus TNF-a for 24 hours. cDNA corresponding to 50ng of total RNA was extracted and
used for PCR on CCL5 and CCL25. The results are presented as mean values + SD of two independent experiments with
triplicate measurements. *P < 0.05 significantly different from the control. # P < 0.05 significantly different from TNF-a or
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IL-1pB alone.



