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Abstract

Purpose

To evaluate the mRNA and protein expressions of NLRP3 inflammasome and its down-
stream inflammatory factors in human dry eye.

Methods

We recruited 54 patients with Sjoégren’s syndrome dry eye (SSDE), 50 patients with non-
Sjégren’s syndrome dry eye (NSSDE), and 46 healthy controls. Tear film breakup time
(TBUT), Schirmer | test, and fluorescein staining (FL) were performed on all subjects. Tear
samples were obtained to analyze the inflammatory cytokine levels of IL-13 and IL-18 via
enzyme-linked immunosorbent (ELISA). Conjunctival impression cytology (CIC) specimens
were collected to detect the mRNA expression of NLRP3, caspase-1, IL-13, and IL-18
using quantitative RT-PCR, and the protein expression of NLRP3 and caspase-1 by
Western blotting.

Results

NLRP3 mRNA expression showed higher levels in both dry eye groups compared with con-
trols, with a comparably significant elevation in the SSDE group (relative 2.47-fold upregula-
tion, p<0.05). NLRP3 protein expression was also increased in SSDE group (relative1.94-
fold upregulation) compared with the controls. MRNA expression of caspase-1 was signifi-
cantly upregulated in both SSDE (relative 1.44-fold upregulation, p<0.05) and NSSDE (rela-
tive 1.32-fold upregulation, p<0.05). Procaspase-1 protein level was increased in SSDE
(relative 1.84-fold upregulation) and NSSDE (relative 1.12-fold upregulation) versus con-
trols; and caspase-1 protein expression was also increased in SSDE (relative 1.49-fold
upregulation) and NSSDE (relative 1.17-fold upregulation) compared with the controls. The
patients with SSDE and NSSDE had higher IL-1$ and IL-18 mRNA values and protein ex-
pressions than the controls did. The relative mRNA expression of IL-13 upregulated 3.59-
fold (p<0.001) in SSDE and 2.13-fold (p<0.01) in NSSDE compared with the controls. IL-13
protein level also showed significant upregulation in SSDE (p=0.01; vs. controls groups). IL-
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18 mRNA expression levels were significantly upregulated in the SSDE (relative 2.97-fold
upregulation, p=0.001) and NSSDE (relative 2.05-fold upregulation, p=0.001) groups com-
pared with the controls; tear IL-18 concentrations were also significantly increased in the
SSDE (p<0.001) and NSSDE (p<0.05) groups.

Conclusions

In the current study, we found that mRNA and protein expressions of NLRP3 inflammasome
were upregulated in human dry eyes, especially in SSDE; the downstream inflammatory
factors caspase-1, IL-1B3, and IL-18 were also elevated in dry eye patients. These observa-
tions suggest the involvement of NLRP3 inflammasome in the onset and development of
the inflammation in dry eye.

INTRODUCTION

Dry eye is one of the most common ocular surface disorders that significantly affect the quality
of human life. Although the pathogenesis of dry eye has not been established clearly, there is in-
creasing evidence that immune-based inflammation on the ocular surface might play a promi-
nent role in the pathological damage of dry eye [1, 2]. Numerous studies have shown increased
levels of inflammatory cytokines and apoptotic modulators in the tear and conjunctival epithe-
lium of dry eye patients and animal models, including interleukin (IL)-1a, IL-1p, IL-8, IL-6,
tumor necrosis factor (TNF)-a, interferon (IFN)-a, intercellular adhesion molecule (ICAM)-1,
human leukocyte antigen (HLA)-DR, cluster of differentiation (CD)-40, CD-40L, Fas, chemo-
kine receptors CCR5 and CXCR3[3-10]. However, the precise mechanism of the onset and de-
velopment of inflammation in dry eye remains unclear.

Inflammasome plays a key role in inflammation and innate immunity. The inflammasome
is an intracellular protein complex that is stimulated by pathogen-associated molecular pat-
terns (PAMPs) or danger-associated molecular patterns (DAMPs). It can activate procaspase-
1, causing cleavage of pro-IL-1f and pro-IL-18. Bioactive cytokines then initiate or amplify di-
verse downstream signaling pathways and drive proinflammatory processes [11-13]. Among
different types of inflammasomes, the Nod-like receptor family pyrin domain containing
3 (NLRP3) inflammasome is currently one of the most well-characterized subtypes. Previous
studies have demonstrated critical roles for NLRP3 inflammasome activation in the immune
responses of many diseases, such as asthma [14], T-cell-dependent immune complex glomeru-
lonephritis[15], acute graft-versus-host disease (GvHD)[16], systemic lupus erythematosus
(SLE)[17], metabolic disorders like type 2 diabetes[18], gout, and pseudogout [19]. Recently
several reports also found NLRP3 inflammasome involved the pathology of the age-related
macular degeneration [20,21,22].

However, limited information is available on the association of NLRP3 inflammasome with
dry eye. A recent study reported that reactive oxygen species could trigger NLRP3 inflamma-
some and lead to caspase-1 auto-activation and maturation of proinflammatory cytokines IL-
1B in dry eye murine models [23]. However, the alteration of NLRP3 inflammasome in the
tears and ocular surface of dry eye patients has not been reported until now. In the current
study, we prospectively recruited patients with SSDE and NSSDE. Tear samples and conjuncti-
val impression cytology specimens were collected to evaluate the mRNA and protein expres-
sions of NLRP3 inflammasome and its downstream inflammatory factors-caspase-1, IL-18 and
IL-18. The results were compared with healthy control subjects.
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MATERIALS AND METHODS
Patients

Fifty-four SSDE subjects (six males, 48 females; mean age, 54.07+9.69 years) and fifty NSSDE
subjects (eight males, 42 females; mean age, 48.51+11.42 years) were recruited for this prospec-
tive study and examined at the dry eye subspeciality clinic of the Eye and EN'T Hospital of
Fudan University. Forty-six age- and sex-matched healthy subjects were included as controls
(nine males, 37 females; mean age, 48.24+13.89 years). Both eyes of all subjects were included
in this study. All procedures adhered to the Declaration of Helsinki, and ethics approval was
obtained from Ethics Committee of Eye and ENT Hospital of Fudan University, Shanghai,
China. Written consent was obtained from all patients. All participants underwent a clinical
evaluation visit to determine entry eligibility before a second visit, in which ocular samples
were collected.

Dry eye disease was diagnosed according to diagnostic criteria reported previously [24].
Briefly, patients with (1) dry eye-related symptoms, (2) positive staining with fluorescein, or
(3) Schirmer I test results <5 mm or a tear film breakup time (TBUT) value <5 seconds were
diagnosed as having definite dry eye. Diagnosis of SS was confirmed with the cooperation of an
internist, according to the American—European Consensus Criteria (2002) [25]. All dry eye
patients had used only artificial tears and topical anti-inflammatory drugs such as cyclosporine
A; patients using steroids were excluded. Subjects were excluded if they wore contact lenses,
had active ocular disease, or had recent eye surgery, including punctal plugs or cautery.

Tear Film Breakup Time (TBUT) and Cornea Fluorescein Staining (FL)

TBUT and FL were measured using prepackaged, sterile fluorescein paper strips (Jingming
New Technological Development Co. Ltd, Tianjin, China). First, the fluorescein strip was wet-
ted with 20yl saline, and then the lower tarsal conjunctiva was gently touched with the end of
the strip. The patient was asked to blink a couple of times for a few seconds to assure adequate
mixing of the dye. The time from the last complete blink to the appearance of the first corneal
black spot in the stained-tear film was examined three times, and the mean value of the mea-
surements was calculated. A TBUT value of less than five seconds was considered to be abnor-
mal. After measuring the TBUT, the cornea FL score was evaluated. The FL score of the cornea
ranged from 0 to 9 points; any score above 3 points was regarded as abnormal [26].

Schirmer | Test

The Schirmer I test was performed using prepackaged, sterile paper strips without anesthesia
(Jingming New Technological Development Co. Ltd). The rounded bulb end of the strip was
folded and placed in the lateral canthus that away from the cornea and left in place for five
minutes. After wetting for five minutes, readings were repeated in millimeters.

Tear Sample Collection and Analysis

In order to analyze inflammatory cytokine levels, tear samples were collected according to the
method described previously [27]. To collect the tear samples, 30pl of phosphate-buffered sa-
line were instilled into the inferior fornix without topical anesthetics. After a gentle blink, tear
samples were taken from each eye using a 20pl capillary tube. All of the tear samples were
gained from the lateral canthus, that parallel to the ocular surface, without stimulating reflex
tearing, followed by immediate transfer to a 0.5ml Eppendorf tube and centrifugation at

1000 rpm for three minutes at 4°C. The supernatants then were reserved at -80°C. The amounts
of tear IL-18 and IL-1f were measured using an enzyme-linked immunosorbent assay (ELISA)

PLOS ONE | DOI:10.1371/journal.pone.0126277 May 11,2015 3/183



@’PLOS ‘ ONE

NLRP3 Inflammasome Expression in Dry Eye Patients

kit (eBioscience, San Diego, CA) according to the manufacturer’s instructions. The optical den-
sity of each well was determined at a wavelength of 450 nm. Samples were considered positive
when the signal was higher than the background signal (modified Krebs solution) and was
within the range of the standard curve. The experiment was repeated twice.

Conjunctival Impression Cytology (CIC) Samples Collection

Conjunctival impression cytology (CIC) samples were collected according to the method de-
scribed previously [28,29]. The CIC specimens were obtained after administration of topical
anesthesia with 0.4% oxybuprocaine. Two separate sterile membrane filters (0.45ym; Millipore,
Boston, MA) that were soaked in distilled water for a few hours and dried at room temperature
were applied to adjacent superior and inferior temporal bulbar conjunctiva, pressed gently by a
glass rod, and then removed. The filter paper collected from the left eye was transferred imme-
diately to a 1.5ml Eppendorf tube containing 1ml of RNA stabilization reagent (Qiagen, Ger-
mantown, Germany) for nRNA expression measurement. A CIC sample from the right eye
was placed in an empty 1.5ml Eppendorf tube for western blotting to evaluate the protein ex-
pression. All samples were immediately placed on ice until transferred to —80°C for storage.

RNA Isolation from CIC Samples and Reverse Transcription

Tubes containing 1ml of RNA stabilization reagent and CIC samples were allowed to thaw at
room temperature and then were vortexed for 2 min. Extraction of total RNA proceeded ac-
cording to the manufacturer’s protocol (RNeasy Mini Kit; Qiagen, Valencia, CA). The final iso-
lation step was conducted with 35ul of RNase-free water. RNA concentration was measured by
NanoDrop 2000 (Thermo Scientific, Wilmington, DE) prior to reverse transcription. The pro-
cedure of cDNA synthesis from RNA samples was performed with a thermal cycler (Thermal
Technology, Santa Rosa, CA) using Oligo dT Primer and Random 6 mers according to the
manufacturer’s instruction (PrimeScript RT reagent Kit; Takara, Osaka, Japan).

Quantitative RT-PCR of the CIC Samples

NLRP3, caspase-1, IL-1f, and IL-18 mRNA expression of CIC samples were detected using a
SYBR Green real-time polymerase chain reaction (PCR) kit according to the manufacturer’s in-
structions (SYBR Premix Ex Tagq; Takara, Osaka, Japan). S-actin was used as an endogenous
control gene for this analysis. Sequence data for gene amplification in quantitative PCR
(qPCR) is summarized in Table 1. Real-time qPCR was performed with a ViiA 7 Real-Time
PCR System (Life Technologies, Pleasanton, CA). Collected data was analyzed and fold-
expression changes were calculated using the comparative CT method (2 *4“") of relative

quantification with ViiA 7 Software (Life Technologies).

Table 1. Sequence Data for Gene Amplification in Quantitative RT-PCR.

Gene
NLRP3
Caspase-1
IL-18
IL-18
B-actin

doi:10.1371/journal.pone.0126277.1001

Forward Primer Reverse Primer
5-TCCTCGGTACTCAGCACTAATCAG-3 5-GGTCGCCCAGGTCATTGTTG-3
5-AAGACCCGAGCTTTGATTGACTC-3 5-AAATCTCTGCCGACTTTTGTTTCC-3
5-TATTACAGTGGCAATGAGG-3’ 5-ATGAAGGGAAAGAAGGTG-3
5-ATAGCCAGCCTAGAGGTA-3 5-ATCAGGAGGATTCATTTC-3
5-CCCTGGACTTCGAGCAAGAG -3' 5-TCACACTTCATGATGGAGTTG-3’
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Western Blotting of the CIC Samples

Expression of the NLRP3 and caspase-1 proteins of the CIC samples were determined by west-
ern blot analysis. CIC samples from 6 subjects were put together and lysed with radioimmuno-
precipitation assay buffer (1% Triton X-100, 1% deoxycholate, 0.1% SDS) on ice for one hour.
The lysates were centrifuged at 12,000 rpm at 4°C for 10 min to obtain the supernatant. Each
60l cell sample was added, with protein loading buffer, and degenerated in a heating block for
5 min, after which the proteins were separated by 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred onto a polyvinylidene fluoride membrane (0.45 ym; Milli-
pore, Bedford, MA). The membrane was blocked in 2% bovine serum albumin (BSA) for one
hour at room temperature and incubated with the specific primary antibodies (diluted 1:1000)
overnight at 4°C. After washing with phosphate buffer solution containing Tween-20 five
times, the membranes were probed with horseradish peroxidase-conjugated secondary anti-
bodies (diluted 1:5000 by 2% BSA). In accordance with conventional methods, B-actin level
was measured at the same time as the internal control. The results were quantified by analysis
for grayscale using Gel-Pro Analyzer software (Media Cybernetics, Rockville, MD). The follow-
ing primary antibodies were used: anti-B-actin, anti-NLRP3 and anti-caspase-1 (Abcam, Bos-
ton, MA).

Statistical Analysis

SPSS 19.0 (IBM Corporation, Armonk, NY) was used to evaluate significance, and GraphPad
Prism 6 (GraphPad Software Inc., La Jolla, CA) was used to generate figures and tables. The
Kruskal—Wallis test was used for comparisons involving tear film BUT, Schirmer I test values,
ocular vital staining scores, protein and mRNA expression levels of NLRP3, caspase-1, IL-1
and IL-18. Data were shown as mean *standard deviation(SD). P <0.05 was

considered significant.

RESULTS
Demographic Characteristics and Clinical Examination Parameters

A total of 150 subjects were enrolled in this study, including 54 SSDE patients, 50 NSSDE pa-
tients, and 46 healthy sex- and age-matched controls. The baseline ocular surface and tear
function parameters of the three groups are presented in Table 2. Significant differences were
found in each parameter among the three groups (p<0.05).

Table 2. Summary of Diagnostic Tests for Study Groups.

Group TBUT(s) FL (Points) Schirmer I(mm/5min)
SSDE 2.59+1.002P 4.48+2.31 2P 3.04+2.56%P

NSSDE 3.30£0.922 1.43+0.82 2 5.16+4.512

Control 10.00 +3.00 0.0240.15 11.5+6.21

Abbreviations: SSDE = Sjégren's syndrome dry eye; NSSDE = non-Sjégren's syndrome dry eye;
TBUT = tear break-up time; FS = fluorescein score;

2 p <0.05, compared with normal controls, Kruskal-Wallis test.

b p<0.05, compared with NSSDE patients, Kruskal-Wallis test.

doi:10.1371/journal.pone.0126277.t002
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NLRP3 mRNA and Protein Expressions in Dry Eye

Since NLRP3 inflammasome has a vital function in modulating inflammation and immune re-
sponses [11-13, 14-19], we detected its expression in human dry eye. With the use of real-time
RT-PCR, the relative expression of NLRP3 mRNA showed higher levels in both the SSDE
group (relative 2.47-fold upregulation) and the NSSDE group (relative 1.88-fold upregulation)
compared with the controls, with a comparably significant elevation in the SSDE group
(p<0.05, Fig 1).

4- %

Relative mRNA Expression of NLRP3

Control NSSDE SSDE

Fig 1. Upregulation of NLRP3 mRNA expression in the CIC samples of dry eye patients. Quantitative analysis of mMRNA expression of NLRP3 showed
significantly upregulation in SSDE. (*p<0.05, compared with the controls, Kruskal-Wallis test).

doi:10.1371/journal.pone.0126277.g001
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NLRP3 protein level was detected by western blot analysis. The densitometric analyses
showed that NLRP3 protein expression was clearly increased in the SSDE group (relative
1.94-fold upregulation) compared with the healthy control subjects, but no significant differ-
ences were found in NLRP3 protein expression between the NSSDE and control subjects

(Fig 2).

Caspase-1 mRNA and Protein Expressions in Dry Eye

Inflammasome is a kind of multiprotein complex, after stimulated by the outside signals, it can
lead to the activation of caspase-1[11]. Therefore, we further detected the expression of cas-
pase-1. The qPCR results of caspase-1 mRNA expression showed significant upregulation in
both the SSDE group (relative 1.44-fold upregulation) and the NSSDE group (relative 1.32-fold
upregulation) compared with the control eyes (p<0.05, Fig 3).

Western blot and densitometric analyses of procaspase-1 (pro-enzyme) and caspase-1 (ac-
tive form) are shown in Fig 2. An increase of the procaspase-1 protein level was found in both
SSDE and NSSDE groups in comparison with the control eyes, with 1.84-fold and 1.12-fold lev-
els, respectively. The SSDE and NSSDE groups also had 1.49-fold and 1.17-fold greater cas-
pase-1 expressions than the control eyes.

Control NSSDE SSDE

Control NSSDE SSDE

NLRP3

1.00 0.95 1.94

Procaspase-1

1.00 1.12 1.84

Caspase-1

1.00 1:17 1.49

Fig 2. Western blot and densitometric analyses of NLRP3, procaspase-1,and caspase-1 protein expressions in the eyes of controls, NSSDE, and
SSDE subjects. Expression of 120-kDa NLRP3 increased in SSDE versus controls. Expression of 45-kDa procaspase-1 and 20-kDa caspase-1 showed
increased protein expressions in SSDE and NSSDE compared with controls.

doi:10.1371/journal.pone.0126277.9002
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Relative mRNA expression of caspase-1

Control NSSDE SSDE

Fig 3. Upregulation of caspase-1 mRNA expression in the CIC samples of dry eyepatients. Quantitative PCR results of caspase-1 demonstrated
significantly upregulation in SSDE and NSSDE groups. (*p<0.05, versus the controls, Kruskal-Wallis test).

doi:10.1371/journal.pone.0126277.9003

IL-18 mRNA and Protein Expressions in Dry Eye

Since the activation of caspase-1 can be processed in regulation the secretion of IL-18 and IL-
18[30], we next examined the inflammatory cytokines IL-1p and IL-18. Quantitative PCR re-
sults of IL-1p mRNA expression demonstrated significant upregulation in the SSDE eyes
(3.59-fold relative upregulation, p<0.001) and NSSDE eyes (2.13-fold relative upregulation,
p<0.01) compared with the control eyes (Fig 4A).

Tear IL-1p levels were measured by ELISA. The mean protein levels of IL-1f in tears were
33.42+11.25 pg/mL in the control subjects, 41.33+20.34 pg/mL in patients with NSSDE, and
66.18+68.13 pg/mL in patients with SSDE. The level of IL-1f increased significantly in the
tears of patients with SSDE compared with the control subjects (p = 0.01). The NSSDE group
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Fig 4. Upregulation of IL-1B expression in the tear and CIC samples of dry eye patients. (A) Quantitative RT-PCR for IL-18 mRNA expression in CIC
specimens showed significant upregulation in eyes with SSDE and NSSDE (***p<0.001, **p<0.01, compared with the controls, Kruskal-Wallis test). (B)
Tear IL-1B protein expressions via ELISA demonstrated higher levels in SSDE group compared with controls. (**p<0.01, compared with the controls,
Kruskal-Wallis test).

doi:10.1371/journal.pone.0126277.9004

T
Control

also had a higher IL-1f protein expression level compared with the healthy control subjects
(Fig 4B).

IL-18 mRNA and Protein Expressions in Dry Eye

As shown in Fig 5A, IL-18 mRNA expression in eyes with SSDE (2.97-fold relative upregula-
tion) and NSSDE (2.05-fold relative upregulation) was significantly higher compared with the
control eyes (p = 0.001).

Protein expression of tear IL-18 was detected using ELISA. The mean levels of IL-18 in tears
were 114.504+34.341pg/mL in controls, 168.364+78.018 pg/mL in patients with NSSDE, and
229.767+107.010pg/mL in patients with SSDE. A significant increase was observed in the SSDE
group (p<0.001) and NSSDE group (p<0.05) compared with the control subjects (Fig 5B).

DISCUSSION

NLRP3 inflammasome plays a vital role in modulating innate or adaptive immune responses.
Much valuable work has implicated its importance in the onset and development of many in-
flammatory related diseases [14-19]. Recently, Baldini et al reported increased expressions of
the P2X; receptor-NLRP3 inflammasome, caspase-1 and IL-18 in the salivary gland of Sjog-
ren’s syndrome patients. Those results suggested the involvement of NLRP3 inflammasome-
capase-1-IL-18 axis in the development of primary Sjogren’s syndrome exocrinopathy [31].
Immune-based inflammation on the ocular surface has been acknowledged as playing a promi-
nent role in the pathological damage of dry eye [1,2]. However, the exact mechanism of inflam-
mation development and activation of various inflammatory cytokines in dry eye is still
unclear. We speculated that NLPR3 inflammasome may be involved in the development of dry

PLOS ONE | DOI:10.1371/journal.pone.0126277 May 11,2015 9/13
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Fig 5. Upregulation of IL-18 expression in the tear and CIC samples of dry eye patients. (A) Significant elevation of IL-18 mRNA level was found in
SSDE and NSSDE groups using quantitative RT-PCR.(***p<0.001, compared with the controls, Kruskal-Wallis test). (B) ELISA analyses of IL-18 protein
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test).
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doi:10.1371/journal.pone.0126277.9005

eye ocular surface inflammation. To study the potential involvement of the NLRP3 inflamma-
some in dry eye patients, we prospectively recruited patients with SSDE and NSSDE, and col-
lected tear and impression cytology samples to evaluate mRNA and protein expression of
NLRP3 inflammasome and its downstream inflammatory factors-caspase-1, IL-1f, and IL-18.

Our results showed a significant increase of NLRP3 mRNA and protein expressions in
SSDE subjects versus the controls. Subjects with NSSDE also display a higher level of NLRP3
mRNA expression, although a statistically significant difference was not found in comparison
with the controls. These findings indicate that NLRP3 inflammasome may be associated with
the development of dry eye ocular surface inflammation. In our study, the baseline tear film
BUT, FL and Schirmer test values all were significantly worse in SSDE group than the data in
NSSDE group. We speculate the level of NLRP3 expression in SSDE and NSSDE may be associ-
ated with the severity of the dry eye disease. In the study of Baldini et al [31], they found in-
creased expression of NLRP3 in the salivary gland of SS patients but not in the salivary gland of
NSSDE patients. Pathological alterations are noted in the salivary gland in SS, but this is not
the case in NSSDE. However, the ocular surface is affected in both SSDE and NSSDE. In our
findings, we found not only a statistical increase in the NLRP3 expression on the ocular surface
of SSDE but also a higher expression level of NLRP3 in NSSDE. These findings also suggest
that inflammation levels on the ocular surface vary in different types of dry eye.

As previous studies have confirmed that NLRP3 leads up to the activation of caspase-1 in
many inflammatory diseases[11,14-19], we found significant upregulation in the levels of cas-
pase-1 mRNA and proteins in both SSDE and NSSDE subjects compared with the control sub-
jects. These findings were consistent with the NLRP3 inflammasome upregulation that we
observed. These findings suggest that increased NLRP3 expression may be activating caspase-1
to develop further inflammation in patients with dry eye.

PLOS ONE | DOI:10.1371/journal.pone.0126277 May 11,2015 10/13
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The best-characterized consequence of the caspase-1 activation of NLRP3 inflammasome is
secretion of the pro-inflammatory cytokines IL-1B and IL-18 [30]. Once released, these cyto-
kines initiate an inflammatory cascade that leads to the recruitment of innate immune cells
and can regulate the subsequent adaptive immune response [32,33]. The current study con-
firmed a significant increase in IL-1p and IL-18 mRNA and protein expressions in tears and on
the ocular surface of dry eyes. These findings suggested that the increased IL-1B and IL-18 ex-
pressions might be regulated by NLRP3 inflammasome.IL-1 has been found to decrease tear
production via neuronal and hormonal effects [34]. IL-18 has been reported to potentially
cause serious damage in the lacrimal and salivary glands of Sjégren’s syndrome patients
[10,35]. But the function of IL-18 in dry eye is still not well understood.

In summary, based on tear samples and conjunctival impression cytology specimens of dry
eye patients, we found that the expressions of NLRP3 inflammasome and its downstream in-
flammatory factors-caspase-1, IL-1B and IL-18 are upregulated in dry eye patients, especially in
SSDE. These findings suggest the involvement of NLRP3 inflammasome and its downstream
inflammatory factors-caspase-1, IL-1B, and IL-18 in the development of ocular surface inflam-
mation in dry eye. To our knowledge, this is the first study to investigate the changes in NLRP3
inflammasome in the tear and ocular surface of dry eye patients. Inflammasome activation
could be triggered by many exogenous and endogenous noninfectious stimuli [36,37]. Risk fac-
tors for the development of dry eye such as aging, dry environments and contact lens wear [38]
may trigger the expression of inflammasome. Higher levels of inflammasome can in turn acti-
vate caspase-1 and the secretion of IL-1f and IL-18, which then induce the inflammatory dam-
age of dry eye. In a recent study, Zheng et al [23] found that reactive oxygen species could
trigger NLRP3 inflammasome in a dry eye murine model. Understanding the expression of
NLRP3 inflammasome associated with the dry eye pathology may clarify factors involved in
the progression of the disease and enhance the development of targeted therapies. Further re-
search should focus on the regulatory mechanism of NLRP3 inflammasome in dry eye inflam-
mation; the function of IL-18 in dry eye; and whether inhibition of inflammasome components
can serve as a viable target for therapeutic development in dry eye.

Author Contributions

Conceived and designed the experiments: LN SZ JW YW. Performed the experiments: LN SZ
JW. Analyzed the data: LN SZ JW LC YW. Contributed reagents/materials/analysis tools: LN
SZ JW LC YW. Wrote the paper: LN SZ JW LC YW.

References

1. Stevenson W, Chauhan SK, Dana R. Dry eye disease: an immune-mediated ocular surface disorder.
Arch Ophthalmol. 2012; 130(1):90-100. doi: 10.1001/archophthalmol.2011.364 PMID: 22232476

2. Stern ME, Schaumburg CS, Pflugfelder SC. Dry eye as a mucosal autoimmune disease. Int Rev Immu-
nol. 2013; 32(1):19-41. doi: 10.3109/08830185.2012.748052 PMID: 23360156

3. YoonKC, Park CS, You IC, Choi HJ, Lee KH, Im SK, et al. Expression of CXCL9, -10, -11, and CXCR3
in the tear film and ocular surface of patients with dry eye syndrome. IOVS. 2010; 51(2):643-650. doi:
10.1167/iovs.09-3425 PMID: 19850844

4. Epstein SP, Gadaria-Rathod N, Wei Y, Maguire MG, Asbell PA. HLA-DR expression as a biomarker of
inflammation for multicenter clinical trials of ocular surface disease. Exp Eye Res. 2013; 6
(111C):95-104.

5. ChoiW,LiZ,OhHJ, Im SK, Lee SH, Park SH, et al. Expression of CCR5 and its ligands CCL3, -4, and
-5 in the tear film and ocular surface of patients with dry eye disease. Curr Eye Res. 2012; 37
(1):12-17. doi: 10.3109/02713683.2011.622852 PMID: 22029739

6. Barabino S, ChenY, Chauhan S, Dana R. Ocular surface immunity: homeostatic mechanisms and
their disruption in dry eye disease. Prog Retin Eye Res. 2012; 31(3):271-285. doi: 10.1016/j.
preteyeres.2012.02.003 PMID: 22426080

PLOS ONE | DOI:10.1371/journal.pone.0126277 May 11,2015 11/13


http://dx.doi.org/10.1001/archophthalmol.2011.364
http://www.ncbi.nlm.nih.gov/pubmed/22232476
http://dx.doi.org/10.3109/08830185.2012.748052
http://www.ncbi.nlm.nih.gov/pubmed/23360156
http://dx.doi.org/10.1167/iovs.09-3425
http://www.ncbi.nlm.nih.gov/pubmed/19850844
http://dx.doi.org/10.3109/02713683.2011.622852
http://www.ncbi.nlm.nih.gov/pubmed/22029739
http://dx.doi.org/10.1016/j.preteyeres.2012.02.003
http://dx.doi.org/10.1016/j.preteyeres.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22426080

@’PLOS ‘ ONE

NLRP3 Inflammasome Expression in Dry Eye Patients

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

Massingale ML, Li X, Vallabhajosyula M,Chen D, Wei Y, Asbell PA. Analysis of inflammatory cytokines
in the tears of dry eye patients. Cornea. 2009; 28(9):1023—1027. doi: 10.1097/ICO.
0b013e3181a16578 PMID: 19724208

Brignole F, Pisella P-J, Goldschild M, De Saint Jean M, Goguel A, Baudouin C. Flow cytometric analy-
sis of inflammatory markers in conjunctival epithelial cells of patients with dry eyes. IOVS. 2000;
41 (6):1356-1363.

Lam H, Bleiden L, de Paiva CS, Farley W, Stern ME, Pflugfelder SC. Tear cytokine profiles in dysfunc-
tional tear syndrome. Am J Ophthalmol. 2009; 147(2):198-205. doi: 10.1016/j.2j0.2008.08.032 PMID:
18992869

Roescher N, Tak PP, lllei GG. Cytokines in Sjégren’s syndrome: potential therapeutic targets. Ann
Rheum Dis. 2010; 69(6):945-948. doi: 10.1136/ard.2009.115378 PMID: 20410069

Hoffman HM, Wanderer AA. Inflammasome and IL-1beta-mediated disorders. Curr Allergy Asthma
Rep.2010; 10(4):229-235. doi: 10.1007/s11882-010-0109-z PMID: 20425006

Martinon F, Burns K, Tschopp J. The inflammasome: a molecular platform triggering activation of in-
flammatory caspases and processing of prolL-f. Mol Cell. 2002; 10(2):417-426. PMID: 12191486

Agostini L, Martinon F, Burns K, McDermott MF, Hawkins PN, Tschopp J. NALP3 forms an IL-18-
processing inflammasome with increased activity in Muckle—Wells autoinflammatory disorder. Immu-
nity. 2004; 20(3):319-325. PMID: 15030775

Im H, Ammit AJ. The NLRP3 inflammasome: role in airway inflammation. Clin Exp Allergy. 2014;
44 (2):160-172. doi: 10.1111/cea.12206 PMID: 24118105

Andersen K, Eltrich N, Lichtnekert J, Anders HJ, Vielhauer V. The NLRP3/ASC inflammasome pro-
motes T-cell-dependent immune complex glomerulonephritis by canonical and noncanonical mecha-
nisms. Kidney Int. 2014; 86(5):965-78. doi: 10.1038/ki.2014.161 PMID: 24805106

Jankovic D, Ganesan J, Bscheider M, Stickel N, Weber FC, Guarda G, et al. The Nirp3 inflammasome
regulates acute graft-versus-host disease. J Exp Med. 2013; 210(10):1899-1910. doi: 10.1084/jem.
20130084 PMID: 23980097

Kahlenberg JM, Kaplan MJ. The inflammasome and lupus: another innate immune mechanism contrib-
uting to disease pathogenesis? Curr Opin Rheumatol. 2014; 26(5):475—481. doi: 10.1097/BOR.
0000000000000088 PMID: 24992143

Benetti E, Chiazza F, Patel NS, Collino M. The NLRP3 Inflammasome as a novel player of the intercel-
lular crosstalk in metabolic disorders. Mediators Inflamm. 2013; 678627. doi: 10.1155/2013/678627
PMID: 23843683

Rock KL, Kataoka H, Lai J-J. Uric acid as a danger signal in gout and its comorbidities. Nat Rev Rheu-
matol. 2013; 9(1):13-23. doi: 10.1038/nrrheum.2012.143 PMID: 22945591

Campbell M, Doyle SL. An eye on the future of inflammasomes and drug development in AMD. J Mol
Med (Berl). 2013; 91(9):1059-70. doi: 10.1007/s00109-013-1050-0 PMID: 23661041

Marneros AG. NLRP3 inflammasome blockade inhibits VEGF-A-induced age-related macular degener-
ation. Cell Rep. 2013; 4(5):945-958. doi: 10.1016/j.celrep.2013.08.002 PMID: 24012762

Doyle SL, Campbell M, Ozaki E, Salomon RG, Mori A, Kenna PF, et al. NLRP3 has a protective role in
age-related macular degeneration through the induction of IL-18 by drusen components. Nat Med.
2012; 18(5):791-798. doi: 10.1038/nm.2717 PMID: 22484808

Zheng Q, Ren Y, Reinach PS. Reactive oxygen species activated NLRP3 inflammasomes prime envi-
ronment-induced murine dry eye. Exp Eye Res. 2014; 125C:1-8.

Wang Y, Dogru M, Matsumoto Y, Ward SK, Ayako |, Hu Y, et al. The impact of nasal conjunctivochala-
sis on tear functions and ocular surface findings. Am J Ophthalmol. 2007; 144(6):930-937. PMID:
17916317

Vitali C, Bombardieri S, Jonsson R, Moutsopoulos HM, Alexander EL, Carsons SE, et al. Classification
criteria for Sjégren’s syndrome: a revised version of the European criteria proposed by the American—
European Consensus Group. Ann Rheum Dis. 2002; 61(6):554—558. PMID: 12006334

Toda |, Tsubota K. Practical double vital staining for ocular surface evaluation. Cornea. 1993;
12 (4):366-367. PMID: 7687944

Lee SY, Han SJ, Nam SM, Yoon SC, Ahn JM, Kim TI, et al. Analysis of tear cytokines and clinical corre-
lations in Sjogren syndrome dry eye patients and non-Sjogren syndrome dry eye patients. Am J
Ophthalmol. 2013; 156(2):247-253. doi: 10.1016/j.aj0.2013.04.003 PMID: 23752063

Caffery B, Joyce E, Heynen ML, Jones L, Ritter R 3rd, Gamache DA, et al. MUC16 expression in Sj6g-
ren’s syndrome, KCS, and control subjects. Mol Vis. 2008; 14:2547-2555. PMID: 19122828

Caffery B, Heynen ML, Joyce E, Jones L, Ritter R 3rd, Senchyna M. MUC1 expression in Sjégren’s syn-
drome, KCS, and control subjects. Mol Vis. 2010; 16:1720-1727. PMID: 20806091

PLOS ONE | DOI:10.1371/journal.pone.0126277 May 11,2015 12/13


http://dx.doi.org/10.1097/ICO.0b013e3181a16578
http://dx.doi.org/10.1097/ICO.0b013e3181a16578
http://www.ncbi.nlm.nih.gov/pubmed/19724208
http://dx.doi.org/10.1016/j.ajo.2008.08.032
http://www.ncbi.nlm.nih.gov/pubmed/18992869
http://dx.doi.org/10.1136/ard.2009.115378
http://www.ncbi.nlm.nih.gov/pubmed/20410069
http://dx.doi.org/10.1007/s11882-010-0109-z
http://www.ncbi.nlm.nih.gov/pubmed/20425006
http://www.ncbi.nlm.nih.gov/pubmed/12191486
http://www.ncbi.nlm.nih.gov/pubmed/15030775
http://dx.doi.org/10.1111/cea.12206
http://www.ncbi.nlm.nih.gov/pubmed/24118105
http://dx.doi.org/10.1038/ki.2014.161
http://www.ncbi.nlm.nih.gov/pubmed/24805106
http://dx.doi.org/10.1084/jem.20130084
http://dx.doi.org/10.1084/jem.20130084
http://www.ncbi.nlm.nih.gov/pubmed/23980097
http://dx.doi.org/10.1097/BOR.0000000000000088
http://dx.doi.org/10.1097/BOR.0000000000000088
http://www.ncbi.nlm.nih.gov/pubmed/24992143
http://dx.doi.org/10.1155/2013/678627
http://www.ncbi.nlm.nih.gov/pubmed/23843683
http://dx.doi.org/10.1038/nrrheum.2012.143
http://www.ncbi.nlm.nih.gov/pubmed/22945591
http://dx.doi.org/10.1007/s00109-013-1050-0
http://www.ncbi.nlm.nih.gov/pubmed/23661041
http://dx.doi.org/10.1016/j.celrep.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/24012762
http://dx.doi.org/10.1038/nm.2717
http://www.ncbi.nlm.nih.gov/pubmed/22484808
http://www.ncbi.nlm.nih.gov/pubmed/17916317
http://www.ncbi.nlm.nih.gov/pubmed/12006334
http://www.ncbi.nlm.nih.gov/pubmed/7687944
http://dx.doi.org/10.1016/j.ajo.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23752063
http://www.ncbi.nlm.nih.gov/pubmed/19122828
http://www.ncbi.nlm.nih.gov/pubmed/20806091

@’PLOS ‘ ONE

NLRP3 Inflammasome Expression in Dry Eye Patients

30.

31.

32.

33.

34.

35.

36.

37.

38.

Lamkanfi M, Dixit VM. Inflammasomes and their roles in health and disease. Annu Rev Cell Dev Biol.
2012; 28:137—-161. doi: 10.1146/annurev-cellbio-101011-155745 PMID: 22974247

Baldini C, Rossi C, Ferro F, Santini E, Seccia V, Donati V, et al. The P2X7 receptor-inflammasome
complex has a role in modulating the inflammatory response in primary Sjégren's syndrome. J Intern
Med. 2013; 274(5):480-9. doi: 10.1111/joim.12115 PMID: 23906036

Lamkanfi M. Emerging inflammasome effector mechanisms. Nat Rev Immunol. 2011; 11(3):213-220.
doi: 10.1038/nri2936 PMID: 21350580

Dinarello CA. Immunological and inflammatory functions of the interleukin-1 family. Annu Rev Immunol.
2009; 27:519-550. doi: 10.1146/annurev.immunol.021908.132612 PMID: 19302047

Zoukhri D, Hodges RR, Byon D, Kublin CL. Role of proinflammatory cytokines in the impaired lacrima-
tion associated with autoimmune xerophthalmia. Invest Ophthalmol Vis Sci. 2002; 43(5):1429—-1436.
PMID: 11980857

Kimura-Shimmyo A, Kashiwamura S, Ueda H, lkeda T, Kanno S, Akira S, et al. Cytokine-induced injury
of the lacrimal and salivary glands. J Immunother. 2002; 25 Suppl 1:S42—-S51. PMID: 12048350

Boyden ED, Dietrich WF. Nalp1b controls mouse macrophage susceptibility to anthrax lethal toxin. Nat
Genet. 2006; 38(2):240—4. PMID: 16429160

Cassel SL, Sutterwala FS. Sterile inflammatory responses mediated by the NLRP3 inflammasome. Eur
J Immunol. 2010; 40(3):607—11. doi: 10.1002/eji.200940207 PMID: 20201012

Lemp M, Baudouin C, Baum J, Dogru M, Foulks GN, Kinoshita S, et al. The definition and classification
of dry eye: report of the definition and classification subcommittee of the international dry eye workshop.
Ocul Surf. 2007; 5:75-92.

PLOS ONE | DOI:10.1371/journal.pone.0126277 May 11,2015 13/13


http://dx.doi.org/10.1146/annurev-cellbio-101011-155745
http://www.ncbi.nlm.nih.gov/pubmed/22974247
http://dx.doi.org/10.1111/joim.12115
http://www.ncbi.nlm.nih.gov/pubmed/23906036
http://dx.doi.org/10.1038/nri2936
http://www.ncbi.nlm.nih.gov/pubmed/21350580
http://dx.doi.org/10.1146/annurev.immunol.021908.132612
http://www.ncbi.nlm.nih.gov/pubmed/19302047
http://www.ncbi.nlm.nih.gov/pubmed/11980857
http://www.ncbi.nlm.nih.gov/pubmed/12048350
http://www.ncbi.nlm.nih.gov/pubmed/16429160
http://dx.doi.org/10.1002/eji.200940207
http://www.ncbi.nlm.nih.gov/pubmed/20201012

