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Abstract

Purpose: To explore novel role and molecular mechanism of a natural anti-inflammatory 

cytokine interleukin (IL) 37 in preventing corneal epithelial barrier disruption from hyperosmolar 

stress as can occur in dry eye disease.

Methods: Primary human corneal epithelial cells (HCECs) were cultured from fresh donor 

limbal explants. An in vitro dry eye model with hyperosmolar stress was established by switching 

HCECs from isosmolar (312mOsM) to hyperosmolar medium (350–500 mOsM), and some 

cells were treated with rhIL-37 or rhTNF-α, for different periods (2–48 h). The expression of 

cytokines and cathepsin S, and barrier protein integrity were evaluated by RT-qPCR, ELISA, and 

immunofluorescent staining with confocal microscopy.

Results: The integrity of epithelial barrier was significantly disrupted in HCECs exposed 

to hyperosmolar medium, as shown by immunofluorescent images of tight junction (TJ, 

ZO-1, occludin and claudin-1) and adheren junction (E-cadherin) proteins. TNF-α accentuated 

hyperosmolar-induced disruption of TJ barrier functional integrity whereas exposure to IL-37 

blunted or even reversed these changes. Cathepsin S, encoded by CTSS gene, was found 

to directly disrupt epithelial barrier integrity. Interestingly, CTSS expression was significantly 

induced by TNF-α and hyperosmolarity, while exogenous rhIL-37 inhibited TNF-α and CTSS 

expression at mRNA and protein levels following hyperosmolar stress. Furthermore, rhIL-37 

restored barrier protein integrity, observed in 2D and 3D confocal immunofluorescent images, in 

HCECs under hyperosmolar stress.
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Conclusion: Our findings demonstrate a novel signaling pathway by which anti-inflammatory 

cytokine IL-37 prevents corneal epithelial barrier disruption under hyperosmotic stress via 

suppressing TNF-α and CTSS expression. This study provides new insight into mechanisms 

protecting corneal barrier in dry eye disease.
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1. Introduction

The integrity of epithelial barrier is crucial for maintaining tissue homeostasis and protecting 

host tissues from environmental toxins, pollutants, allergens and infections. The increasing 

research investigations indicates that a defective epithelial barrier in skin and mucosal 

tissues is an important factor in the pathogenesis of allergic, autoimmune, and other chronic 

inflammatory diseases, such as asthma, atopic dermatitis, allergic rhinitis, eosinophilic 

esophagitis, and inflammatory bowel disease [1–8].

In addition, disruptive leaky barrier and microbial dysbiosis in the gut contribute to remote 

tissue inflammation and systemic autoimmune and metabolic diseases, including diabetes, 

obesity, rheumatoid arthritis, multiple sclerosis, and systemic lupus erythematosus [9–12]. 

Furthermore, gut barrier defects and microbial translocation have also been found to 

associate with neurodegenerative conditions such as Parkinson’s and Alzheimer disease, 

or psychiatric disorder such as depression [13–15].

A review article published in 2021 authored by Dr. Akdis proposes an extended “epithelial 

barrier hypothesis” that the increase in epithelial barrier-damaging agents linked to 

industrialization, urbanization and modern life underlies the rise in allergic, autoimmune 

and other chronic conditions [16].

Epithelial barrier disruption has been also observed in ocular surface inflammatory diseases, 

including allergic, autoimmune conditions, and dry eye [17–20]. We have observed that 

IL-33/ST-2/IL-9/IL-9R signaling mediates pollen-induced allergic conjunctivitis in a murine 

model [21]. Dry eye is the most prevalent chronic ocular surface inflammatory disease. 

Epithelial barrier hypothesis may well explain why the prevalence of dry eye syndrome is 

increasing rapidly in industrialized countries and modern life. Corneal epithelial barrier 

disruption has been recognized as an important pathogenic factor leading to chronic 

inflammation in dry eye. However, the molecular mechanisms by which the corneal 

epithelial barrier becomes disrupted warrant further studies to advance our understanding 

of the leaky barrier in dry eye.

Tear hyperosmolarity and proinflammatory mediators such as cytokines, chemokines and 

metalloproteinases have been recognized to induce dry eye disease symptoms and cause 

damage to epithelial barrier function. The role and mechanism of natural anti-inflammatory 

cytokines in protecting ocular surface from inflammation and barrier disruption are not well 

known.
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The interleukin (IL)-1 family is a group of 11 pro- and anti-inflammatory cytokines. A 

new member IL-37, also named as IL-1F7, is a natural anti-inflammatory cytokine. IL-37 is 

expressed in various tissues and cells, including epithelial cells, monocytes, macrophages, 

dendritic and CD4+ T cells. It functions as a fundamental inhibitor of innate inflammation 

and immunity. It plays a vital role in regulating inflammatory responses by suppressing the 

expression, production and function of proinflammatory cytokines [22,23]. The protective 

roles of IL-37 have been recognized in a variety of inflammatory and autoimmune diseases, 

such as asthma, psoriasis, rheumatoid arthritis, inflammatory bowel disease, Graves’ disease 

and systemic lupus erythematosus [24–29]. IL-37 has been shown to exert antitumor effects, 

and it may act as a prognostic marker in some human cancers [30,31].

Nevertheless, the effects of IL-37 on protecting mucosal epithelial barrier from 

inflammation in ocular disease such as dry eye has not been reported. To further understand 

the epithelial barrier hypothesis in dry eye, this study explored whether IL-37 cytokine is 

expressed by corneal epithelium, and how it functions in protecting corneal epithelial barrier 

from inflammation-mediated disruption in an in vitro culture model of dry eye, which uses 

primary human corneal epithelial cells (HCECs) exposed to hyperosmolar stress.

2. Methods

2.1. Materials and reagents

The culture supplies such as Dulbecco modified Eagle medium (DMEM), Ham-F12, 

Cortisone, EGF, gentamicin, and amphotericin B, TaqMan gene expression assays and 

real-time PCR master mix, the rabbit polyclonal antibodies against human zonula occludens 

(ZO)-1, occludin, claudin-1 and E-cadherin, as well as IL-37 Human ELISA Kit, were 

purchased from Thermo Fisher Scientific (Waltham, MA). Fetal bovine serum (FBS) was 

from Hyclone (Logan, UT). RNeasy Plus Mini RNA extraction kit from Qiagen (Valencia, 

CA). Ready-To-Go You-Prime First-Strand Beads were from GE Healthcare (Piscataway, 

NJ). Fluorescein Alexa-Fluor 488-conjugated secondary antibodies (goat anti rabbit IgG) 

were from Molecular Probes (Eugene, OR). Recombinant human (rh) IL-37 and TNF-α 
were from ProSpec (East Brunswick NJ). ELISA kit for human TNF-α was from BioLegend 

(San Diego, CA), and Cathepsin S from Boster Bio (Pleasanton, CA). All plastic ware was 

purchased from Becton Dickinson Biosciences (Lincoln Park, NJ).

2.2. Primary HCEC culture and in vitro dry eye model with hyperosmolarity

Human corneal tissues not suitable for transplantation were obtained from the Lions Eye 

Bank of Texas (Houston, TX). Primary HCECs were established from donor limbal tissues 

using explant cultures in a supplemented hormonal epidermal medium (SHEM) containing 

10% FBS as our previous publications [32]. We only used the confluent cultures, which 

showed the phenotype of corneal epithelial cells without visible fibroblasts, as previously 

reported [32–35].

Hyperosmolar stress model was established by switching the confluent HCECs from 

isosmolar (312 mOsM) to hyperosmolar medium at 350, 400, 450 and 500 mOsM, which 

was achieved by adding 19, 44, 69 or 94 mM of sodium chloride, respectively [36–39]. 
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The culture medium osmolarity was measured by a vapour pressure osmometer in the Body 

Fluids Clinical Chemistry Laboratory of the Houston Methodist Hospital (Houston, TX). 

The HCECs exposed to 450 mOsM for 2, 4, 8 and 24 h were used for time course of mRNA 

expression, and the cultures treated 350, 400, 450 and 500 mOsM for 4 and 24 h were used 

for osmolarity-dependent response assays. For gene expression assay, the cells were treated 

for 4 h and then lysed in buffer RLT from the Qiagen RNeasy Plus Mini kit for total RNA 

extraction. The HCECs treated for 24–48 h were used for immunofluorescent staining and 

enzyme-linked immunosorbent assay (ELISA). Each experiment was repeated five times.

2.3. Differential regulation of IL-37, TNF-α and cathepsin S in HCECs

To evaluate differential response of HCECs under hyperosmolar stress, the confluent human 

corneal epithelial cultures in 12-well plates were switched to hyperosmolar medium (350–

500 mOsM) for 4–24 h with or without rhIL-37 (1–20 ng/ml), and some cells were treated 

with rhTNF-α (1–20 ng/ml), with untreated cultures used as isosmolar controls. The control 

and treated cells were used for mRNA and protein assays. Each experiment was repeated 

three to five times.

2.4. Human corneal epithelial barrier disruption by hyperosmolarity and cathepsin S 
treatment

For barrier disruption assays, primary HCECs were cultured in 8-chamber slides from limbal 

explants in SHEM using our previously reported method [21]. Confluent corneal epithelial 

cultures were exposed to hyperosmolar medium, or treated with cathepsin S at 100–400 

ng/ml, in the absence or presence of cathepsin S inhibitor LY3000328 or rhIL-37 for 48 

h. The untreated cultures were used as isosmolar controls. Immunofluorescent staining for 

barrier proteins was then performed. Each experiment was repeated at least three times.

2.5. RNA extraction, reverse transcription (RT), and quantitative real-time PCR (RT-qPCR)

Total RNA was extracted with RNeasy Plus Mini Kit according to the manufacturer’s 

instructions, quantified with a spectrophotometer (NanoDrop ND-1000; Thermo Scientific, 

Wilmington, DE), and stored at −80 °C before use. The first strand cDNA was synthesized 

by RT from 2.0 μg of total RNA using Ready-To-Go You-Prime First-Strand Beads as 

previously described [40].

Quantitative real-time PCR was performed in the QuantStudio® 3 Real-Time PCR System 

(Applied Biosystems, Foster City, CA) with a 10 μl reaction volume containing 4.5 μl of 

cDNA, 0.5 μl TaqMan gene expression assay, and 5 μl TaqMan gene expression master 

mix. The thermocycler parameters were 50 °C for 2 min and 95 °C for 10 min, followed 

by 35 cycles of 95 °C for 15 s and 60 °C for 1 min. TaqMan gene expression assays 

used for this study were: GAPDH (Hs99999905_m1), TNF-α (Hs00174128_m1), IL-37 

(Hs00367201_m1), and CTSS (Hs00175407_m1). A non-template control was included to 

evaluate DNA contamination. The results were analyzed by the comparative threshold cycle 

(Ct) method and normalized by GAPDH as an internal control [41,42].
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2.6. Enzyme-linked immunosorbent assays (ELISA)

Double-sandwich ELISA for human TNF-α, cathepsin S and IL-37 was performed to 

determine their protein concentrations in the conditioned media and cells from different 

treatments according to manufacturer’s protocols and our previously reported methods [37]. 

Absorbance was read at 450 nm with a reference wavelength of 570 nm by Infinite M200 

microplate reader (Tecan US, Inc., Morrisville, NC).

2.7. Immunofluorescent staining and laser scanning confocal microscopy

Using a previously reported method [21], HCECs on 8-chamber slides were fixed with 

cold acetone at − 30 °C for 3 min. After blocking with 20% normal goat serum in PBS 

for 30 min, the samples were incubated with primary antibodies overnight at 4 °C. The 

primary antibodies were rabbit anti-human ZO-1, occludin, claudin-1, E-cadherin, TNF-α 
or cathepsin S. Alexa-Fluor 488 (1:200) conjugated secondary antibody and DAPI for 

nuclear counterstaining were used. The 2D and 3D digital images were captured with a laser 

scanning confocal microscope (Nikon A1 RMP, Nikon, Melville, NY) wavelength 400–750 

nm and one μm z-step. The images were processed using NIS Elements software, version 

4.20 (Nikon, Garden City, NY).

2.8. Statistical analysis

Student t-test or Mann-Whitney U test was used to make comparisons between 2 groups.

One-way ANOVA test was used to make comparisons among three or more groups, followed 

by Dunnett’s post-hoc test. P ≤ 0.05 was considered statistically significant.

3. Results

3.1. Corneal epithelial barrier was disrupted by hyperosmolar stress

Mucosal epithelial barrier is formed with apical junctional complexes consisting of the 

apical tight junctions and underlying adheren junctions [18,43–46]. In this in vitro dry eye 

model, barrier integrity was evaluated in primary HCECs exposed to hyperosmolar medium 

at 450 mOsM for different time periods, and exposed to different osmolarities for 48 h, using 

cells cultured in isosmolar medium (312 mOsM) as controls.

We observed that hyperosmolar medium at 450 mOsM for 24 and 48 h significantly and 

time-dependently disrupted tight junction proteins ZO-1, occludin and claudin-1, as well 

as adheren junction protein E-cadherin, as shown morphologically by immunofluorescent 

staining in Fig. 1A. The disruption of these four barrier proteins was also found to be 

osmolarity-dependent in HCECs exposed to 400, 450 and 500 mOsM for 48 h (Fig. 1B). It 

appears that cells significantly lose barrier integrity when subjected to 450 mOsM for 48 h, 

which is the optimal condition used for the following experiments.

3.2. The opposing effects of hyperosmolar stress on TNF-α and IL-37 expression levels in 
HCECs

The confluent HCEC cultures were switched to medium with higher osmolarities ranging 

from 350 to 500 mOsM for 2–24 h and compared to cells cultured in isosmolar medium as 
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controls. As shown in Fig. 2A, mRNA expression of the proinflammatory cytokine TNF-α 
mRNA was dramatically induced at 2 h, reached peak levels at 4 h, and was sustained for 

at least 24 h. Its expression levels were stimulated in an osmolarity-dependent manner and 

reached peak levels of 12.55 ± 4.45 fold by 450 mOsM and 14.62 ± 3.79 fold by 500 

mOsM, when compared to isosmolar controls (Fig. 2B). This pattern of TNF-α response to 

hyperosmolarity was confirmed at the protein level by ELISA. As shown in Fig. 2C, TNF-α 
protein concentration was low at 15.97 ± 2.58 pg/ml in cells cultured in isosmolar medium, 

but increased to 60.52 ± 10.97, 155.04 ± 17.21, and 167.87 ± 22.78 pg/ml, respectively, in 

cells treated with hyperosmolar medium at 400, 450 and 500 mOsM.

In contrast, the expression of the anti-inflammatory cytokine IL-37 was largely suppressed 

in HCECs exposed to hyperosmolarity. A time-course study showed that IL-37 mRNA levels 

decreased as early at 2 h reaching its lowest level of 43.75% at 4 h, then rebounding at 24 

h in cells exposed to 450 mOsM medium (Fig. 2D). IL-37 mRNA levels were suppressed 

in an osmolarity-dependent manner with expression reduced to 45.0% by 450 mOsm and 

43.0% by 500 mOsM (Fig. 2E). IL-37 protein concentration was 2.22 ± 0.44 ng/mg in 

HCECs in isosmolar controls, and it was significantly and osmolarity-dependently inhibited 

to 68.5, 47.7, and 46.8% by 400, 450 and 500 mOsM hyperosmolar media, respectively (Fig. 

2F). These results suggest that stimulated TNF-α expression accompanied by suppressed 

IL-37 levels may be a novel mechanism by which hyperosmolarity induces inflammation 

and disrupts corneal epithelial barrier integrity.

3.3. Cysteine protease cathepsin S directly disrupted corneal epithelial barrier

Cathepsin S is a member of the peptidase C1 family encoded by CTSS gene [47]. Cathepsin 

S is known to degrade collagen and elastin [48], but its activity on tight junction proteins has 

not been studied, and it is largely unknown whether cathepsin S mediates epithelial barrier 

function. To explore the effects of CTSS on corneal epithelial barrier integrity, cathepsin S at 

different concentration (100–400 ng/ml) was added to isosmolar medium in HCEC cultures 

for 48 h. As shown in Fig. 3, the integrity of tight junction proteins, ZO-1 and occludin, 

was directly disrupted by cathepsin S in a concentration-dependent fashion from 100 to 400 

ng/ml without hyperosmolar stress. To confirm its activity on barrier disruption, HCECs 

were incubated in 200 ng/ml of cathepsin S together with 50 μM of LY3000328, a cathepsin 

S inhibitor [49], for 48 h. We observed that LY3000328 largely restored the integrity of 

ZO-1 and occludin proteins, which were disrupted by cathepsin S.

3.4. Cathepsin S activity was stimulated by TNF-α

TNF-α has been reported to be involved in epithelial barrier disruption [50,51]. However, 

it is unknown whether TNF-α disrupts corneal epithelial barrier by stimulating cathepsin 

S production. The dose-dependent effects were determined of rhTNF-α on CTSS gene and 

protein expression levels. As shown in Fig. 4A, CTSS mRNA expression was stimulated 

significantly to 1.47 ± 0.48, 2.07 ± 0.43, and 2.09 ± 0.29 fold by TNF-α at 5, 10 and 20 

ng/ml, respectively. Cathepsin S protein was observed to be constitutively produced and 

secreted by HCECs at a baseline level of 4.84 ± 0.67 ng/ml in medium as quantified by 

ELISA. Exogenous rhTNF-α at 5, 10 and 20 ng/ml stimulated the cathepsin S protein 

concentration in medium to 6.41 ± 0.35, 7.83 ± 0.59, and 9.01 ± 0.11 ng/ml, representing 
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1.32, 1.62 and 1.86 fold increase, respectively (Fig. 4B). Immunofluorescent staining further 

confirmed that cathepsin S immunoreactive intensity and number of positive cells increased 

significantly in HCECs treated by rhTNF-α at 10 and 20 ng/ml (Fig. 4C).

3.5. Anti-inflammatory cytokine IL-37 inhibited TNF-α production in HCECs exposed to 
hyperosmolar stress

We have shown that hyperosmolarity stimulates TNF-α at mRNA and protein levels 

in HCECs. To explore the anti-inflammatory role of IL-37, HCECs were treated with 

hyperosmolar medium, with or without exogenous rhIL-37 at different concentrations. 

Compared with isosmolar controls, TNF-α mRNA levels dramatically increased to 14.11 

± 3.49 fold by 450 mOsM, but significantly decreased to 7.52 ± 0.26, 5.10 ± 2.31, and 

4.70 ± 1.99 fold, respectively, with addition of IL-37 at 5, 10 and 20 ng/ml, representing 

46.7, 63.8, and 66.7% inhibition (Fig. 5A). ELISA results confirmed the inhibitory effect of 

IL-37 on TNF-α expression at the protein level. As shown in Fig. 5B, TNF-α protein level 

increased significantly to 146.6 ± 24.9 pg/ml by 450 mOsM, but it was largely inhibited 

to 80.04 ± 17.67, 63.41 ± 25.91, and 56.42 ± 18.53 pg/ml by addition of rhIL-37 at 5, 10 

or 20 ng/ml, respectively, representing 45.4, 56.8 and 61.5% inhibition. Immunofluorescent 

staining further confirmed that the staining intensity and number of TNF-α positive cells 

increased significantly in HCECs at 450 mOsM, but also dramatically reduced by addition 

of rhIL-37 at 10 ng/ml (Fig. 5C).

3.6. IL-37 further suppressed hyperosmolarity stimulated cathepsin S production in 
HCECs

We have shown that cathepsin S production was stimulated by TNF-α, which was known 

to be induced by hyperosmolarity. To explore whether CTSS expression is also activated 

by hyperosmolarity, HCECs were treated with medium of increasing osmolarity. As shown 

in Fig. 6A, CTSS gene expression was osmolarity-dependently induced to 1.64 ± 0.18, 

1.97 ± 0.49, and 1.94 ± 0.36 fold by medium at 400, 450 and 500 mOsM, respectively. 

Consistently, the basal cathepsin S concentration of 5.74 ± 0.75 ng/ml increased to 9.23 ± 

4.09, 14.59 ± 2.79, and 16.36 ± 1.31 ng/ml, representing 1.62, 2.56, and 2.87 fold increases, 

respectively, in response to 400, 450, and 500 mOsM (Fig. 6B).

Interestingly, the hyperosmolarity-induced expression and production of cathepsin S in 

HCECs were largely suppressed by exogenous rhIL-37. As shown in Fig. 6C, the increased 

CTSS mRNA levels induced by 450 mOsM medium were largely abolished to 1.23 ± 0.55, 

0.91 ± 0.3 and 0.80 ± 0.43 fold, respectively, with addition of IL-37 at 5, 10 and 20 ng/ml, 

representing 37.9, 54.6 and 59.6% inhibition.

ELISA results confirmed the inhibitory effect of IL-37 on cathepsin S expression at the 

protein level. As shown in Fig. 6D, the cathepsin S concentration of 5.70 ± 0.76 ng/ml 

in isosmolar medium increased to 13.7 ± 4.07 ng/ml by 450 mOsM, which was largely 

suppressed to 11.82 ± 1.78, 8.78 ± 2.84, and 8.17 ± 1.54 pg/ml by IL-37 at 5, 10 or 20 

ng/ml, respectively, representing 13.7, 35.91, and 40.36% inhibition. Immunofluorescent 

staining further confirmed that the staining intensity and number of cathepsin S positive cells 
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significantly increased in HCECs at 450 mOsM, but were reduced by addition of rhIL-37 at 

10 ng/ml (Fig. 6E).

3.7. IL-37 restored integrity of epithelial barrier in HCECs under hyperosmolar stress

We have shown that TNF-α significantly induces the expression of cathepsin S, which 

directly disrupts corneal epithelial barrier proteins, and that IL-37 suppresses the production 

of TNF-α and cathepsin S, which are stimulated by hyperosmolarity in HCECs. Does IL-37 

protect against hyperosmolarity induced corneal epithelial barrier disruption?

To answer this question, HCECs were switched to 450 mOsM medium with or without 

IL-37 for 48 h before performing immunofluorescent staining. As shown in Fig. 7A 

with 2D and 3D images of laser confocal scanning microscopy, the integrity of ZO-1 

protein was largely disrupted by hyperosmolar medium at 450 mOsM, but was almost 

restored morphologically following the addition of 10 ng/ml of rhIL-37. Occludin and 

claudin-1 immunostaining showed a similar response to hyperosmolarity. They were 

disrupted by 450 mOsM, but largely restored by co-incubation with IL-37 (Fig. 7 B and 

C). The immunoreactivity of the adheren junction protein E-cadherin was observed in cell 

membranes between cells in HCECs in isosmolar medium. The integrity of E-cadherin 

protein was largely disrupted in cells exposed to 450 mOsM, but was significantly restored 

by adding rhIL-37 in cells exposed to this hyperosmolar stress.

4. Discussion

Intact skin and mucosal barriers are crucial for maintaining tissue homeostasis, as they 

protect host tissues from a variety of environmental pathogens. Defective epithelial barriers 

are not only associated with allergic, autoimmune and inflammatory conditions in local 

tissues, but also affect remote tissues and systemic diseases (see review article [16, 52]). 

Ocular epithelial barrier disruption has been recognized as an important factor contributing 

to corneal epithelial disease, the common ocular surface inflammatory disease, dry eye 

[18,53].

Using an in vitro dry eye model of HCEC cultures exposed to hyperosmotic stress, we 

observed an interesting phenomenon that the anti-inflammatory IL-36 receptor antagonist 

IL-36RA and IL-38 suppress TNF-α and IL-1β production and protect tight junction barrier 

integrity from disruption by pro-inflammatory cytokine IL-36α and hyperosmolarity [54]. 

A recent study reported that the disruption of corneal epithelial tight junction proteins was 

associated with upregulation of TNF-α and matrix metalloproteinases in primary HCECs 

under hyperosmolarity stress [55]. In this study, we explored the novel role and molecular 

mechanism of a natural anti-inflammatory cytokine IL-37 in protecting corneal epithelial 

barrier using an in vitro dry eye model with hyperosmolar stress.

Mucosal epithelial cells form a barrier to the outside world with apical junctional complexes, 

which consist of the apical tight junctions and underlying adheren junctions that bind 

together through homotypic and heterotypic interactions, which not only maintain cell-to-

cell contact but also construct cell polarity, and regulate the paracellular movement of ions 

and macromolecules [56–59]. Tight junction complexes are composed of transmembrane 
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proteins, such as claudins, occludin, and membrane-associated proteins ZO-1, -2, and -3. 

Adheren junctions are essential for tethering forces generated between the adjacent cells. 

Adheren junctions consist of a transmembrane protein E-cadherin and cytoplasmic linker 

proteins catenin α, β, γ. Three tight junction and one adheren junction proteins were 

evaluated in this study.

First, we observed that the integrity of major epithelial barrier proteins, ZO-1, occludin, 

claudin-1 and E-cadherin, was disrupted in HCECs exposed to hyperosmolar stress in 

a time- and osmolarity-dependently manner (Fig. 1). The findings suggest that corneal 

epithelial barrier disruption stimulated by hyperosmotic stress is an important pathogenic 

feature in dry eye.

Next, we revealed the opposite responses in expression of the pro- and anti-inflammatory 

cytokines, TNF-α and IL-37, to hyperosmolarity in HCECs. TNF-α was dramatically 

stimulated by hyperosmolar stress, which is consistent with our previous reports [60]. The 

expression and production of IL-37, a natural anti-inflammatory cytokine [22], was evident 

in HCECs by RT-qPCR and ELISA. The mRNA expression and protein production of IL-37 

were significantly and osmolarity-dependently suppressed at the mRNA and protein levels in 

HCECs under hyperosmolar stress (Fig. 2).

These results reveal the imbalance in production of pro- and anti-inflammatory cytokines, 

with upregulated TNF-α and downregulated IL-37, in HCECs under hyperosmolar stress. 

The findings suggest that suppression of IL-37 by hyperosmolarity may contribute to the 

pathogenesis of inflammatory dry eye disease mediated corneal barrier disruption. Detection 

of IL-37 production by human corneal epithelium encouraged us to investigate whether 

IL-37 could protect corneal cells from barrier disruption induced by hyperosmolarity, which 

is a core mechanism of dry eye diseases [50].

By searching for enzymes that could directly disrupt epithelial barrier, a cysteine protease 

cathepsin S was observed to be a good candidate that may be involved in corneal barrier 

disruption in dry eye conditions. Cathepsin S, encoded by CTSS gene, is mainly found 

inside the lysosomal/endosomal compartments of antigen-presenting cells, and is also 

produced by epithelial cells. It plays an important role in intracellular and extracellular 

processes, such as proteolysis [47,61]. Cathepsin S is known to be able to degrade collagen 

and elastin [48], but its ability to disrupt tight junction and adheren junction proteins has 

not been studied. Furthermore, increased cathepsin S activity has been detected in tear fluid 

from patients with Sjogren’s syndrome [61].

We observed that exogenous cathepsin S directly disrupted the integrity of tight junction 

proteins ZO-1 and occludin in HCECs. This disruptive effect of cathepsin S was confirmed 

by LY3000328, a cathepsin S inhibitor [49], which completely restored the integrity of tight 

junction proteins (Fig. 3). CTSS expression and cathepsin S production in HCECs were 

significantly stimulated by TNF-α (Fig. 4) and hyperosmolarity (Fig. 6 A and B), the latter 

also stimulating TNF-α mRNA and protein (Fig. 2A–C). The findings suggest TNF-α/CTSS 

signaling contributes to barrier disruption in HCECs exposed to hyperosmolar stress.
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To explore the protective function and mechanism of IL-37, we performed three additional 

studies. First, we observed that rhIL-37 at 5–20 ng/ml significantly inhibited TNF-α 
production at mRNA and protein levels induced by hyperosmolarity (Fig. 5). Further, 

we showed that exogenous rhIL-37 significantly blocked the expression and production 

of cathepsin S stimulated by hyperosmolarity in HCECs (Fig. 6C and D). This suggests 

that IL-37 blocked CTSS expression via inhibiting TNF-α production induced by 

hyperosmolarity. Furthermore, we confirmed that rhIL-37 largely restored the integrity of 

major barrier proteins, including tight junctions ZO-1, occludin and claudin-1, and adheren 

junction E-cadherin, which were disrupted under hyperosmolar stress in HCECs, as shown 

in 2D and 3D confocal microscopy images (Fig. 7).

This study for the first time introduces a natural anti-inflammatory cytokine IL-37 in the 

field of dry eye associated ocular surface inflammatory disease. The findings are limited to 

the role of IL-37 in protecting corneal epithelial barrier from hyperosmolar stress using an in 

vitro dry eye model. Further investigations are needed to provide greater insight into IL-37 

in dry eye pathogenesis and its therapeutic potential.

In conclusion, our findings demonstrate that the suppressed anti-inflammatory cytokine 

IL-37 combined with the stimulated proinflammatory cytokine TNF-α and protease 

cathepsin S provides a novel mechanism by which hyperosmolar stress disrupts corneal 

barrier proteins, an important inflammatory mediated mechanism in dry eye induced corneal 

epithelial disease. Exogenous IL-37 is capable of restoring the integrity of corneal barrier 

proteins via inhibition of TNF-α/CTSS signaling in HCECs under hyperosmolar stress.
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Fig. 1. 
Corneal epithelial barrier was disrupted by hyperosmolar stress. Representative images of 

immunofluorescent staining showed that epithelial tight junction proteins ZO-1, occludin 

and claudin-1, as well as adheren junction E-cadherin were disrupted in HCECs exposed to 

hyperosmolar medium at 450mOsM for 24 and 48 h (A), and to hyperosmolar medium at 

400, 450 and 500 mOsM for 48 h, with isosmolar medium (312 mOsM) as controls (B).
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Fig. 2. 
Opposite responses of TNF-α and IL-37 to hyperosmolarity. A. The time course of TNF-α 
mRNA expression, evaluated by RT-qPCR, in HCECs exposed to 450mOsM medium for 2, 

4, 8, and 24 h, with isosmolar medium as control. B.-C. The dose-responses of TNF-α at 

the mRNA (B) and protein levels, evaluated by ELISA (C), in HCECs exposed to medium 

with increasing osmolarity (312, 350, 400, 450, and 500 mOsM). D. The time course of 

IL-37 mRNA expression in HCECs exposed to 450mOsM medium for 2, 4, 8, and 24 h, 

with isosmolar medium as control. E.-F. The dose-responses of IL-37 at the mRNA (E) and 

protein levels (F) in HCECs exposed to medium with increasing osmolarity (312, 350, 400, 

450, and 500 mOsM). Data were summarized as mean ± SD from 5 separated experiments. 

*P < 0.05, **P < 0.01, ***P < 0.001, as compared with controls at 312 mOsM; ^ P < 0.05, 
^^ P < 0.01, as compared with 312 mOsM.
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Fig. 3. 
Cathepsin S directly disrupted corneal epithelial barrier. Representative images of 

immunofluorescent staining showed that tight junction proteins ZO-1 and occludin were 

dose-dependently disrupted in HCECs treated with increasing concentrations of cathepsin S 

at 100, 200 and 400 ng/ml for 48 h, when compared with untreated controls; and 50 μM of 

LY3000328, a cathepsin S inhibitor, protected these barrier proteins from disruption by 200 

ng/ml of cathepsin S.
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Fig. 4. 
TNF-α stimulated the production of cathepsin S in HCECs. The expression of CTSS 

increased dose-dependently in HCECs treated with TNF-α at 1, 5, 10, 20 ng/ml, as 

evaluated at the mRNA by RT-qPCR (A) and protein levels by ELISA (B). Data were 

summarized as mean ± SD from 5 separated experiments. *P < 0.05, **P < 0.01, as 

compared with untreated controls. C. Representative images of immunofluorescent staining 

confirmed that the immunoreactive intensity and number of cathepsin S positive cells 

increased in HCECs stimulated by TNF-α at 10–20 ng/ml.
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Fig. 5. 
IL-37 inhibited the TNF-α expression in HCECs exposed to hyperosmolar stress. A.-B, The 

stimulated expression of TNF-α by hyperosmolar medium (450mOsM) was inhibited by 

rhIL-37 at 5, 10, and 20 ng/ml in HCECs, as evaluated at the mRNA by RT-qPCR (A) 

and protein levels by ELISA (B). Data were summarized as mean ± SD from 5 separated 

experiments. ***P < 0.001, as compared with 312 mOsM controls; ^ P < 0.05, ^^ P < 0.01, 
as compared with hyperosmolar medium at 450 mOsM. C. Immunofluorescent staining 

showed that immunoreactive intensity and number of TNF-α positive cells increased in 

HCECs exposed to 450mOsM, but inhibited by addition of rhIL-37 (10 ng/ml).
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Fig. 6. IL-37 suppressed the CTSS expression under hyperosmolar stress.
A,-B. CTSS expression was osmolarity-dependently induced in HCECs exposed to medium 

at 400–500mOsM at the mRNA by RT-qPCR (A) and protein levels by ELISA (B). C.-D. 
The stimulated expression of CTSS by hyperosmolar medium (450mOsM) was suppressed 

by rhIL-37 at 5, 10, and 20 ng/ml in HCECs at the mRNA (C) and protein levels (D). 

Data were summarized as mean ± SD from 5 separated experiments. *P < 0.05, **P < 
0.01, as compared with 312 mOsM controls; ^ P < 0.05, ^^ P < 0.01, as compared with 

450 mOsM. E. Immunofluorescent staining confirmed that immunoreactive intensity and 
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number of cathepsin S positive cells increased by hyperosmolar medium (450mOsM) and 

were suppressed by addition of rhIL-37 (10 ng/ml).
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Fig. 7. IL-37 restored integrity of corneal epithelial barrier proteins disrupted by 
hyperosmolarity.
Representative 2D and 3D images of immunofluorescent staining showed that tight junction 

proteins, ZO-1 (A), occludin (B) and claudin-1 (C), and adheren junction E-cadherin (D) 

were significantly disrupted in HCECs exposed to hyperosmolar medium at 450 mOsM, but 

largely restored by addition of 10 ng/ml of rhIL-37.
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