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ABSTRACT

Sjögren's syndrome (SS) is a chronic and systemic autoimmune disease characterized by 
lymphocytic infiltration in the exocrine glands. In SS, type I IFN has a pathogenic role, and 
recently, inflammasome activation has been observed in both immune and non-immune 
cells. However, the relationship between type I IFN and inflammasome-associated pyroptosis 
in SS has not been studied. We measured IL-18, caspase-1, and IFN-stimulated gene 15 
(ISG15) in saliva and serum, and compared whether the expression levels of inflammasome 
and pyroptosis components, including absent in melanoma 2 (AIM2), NLR family pyrin 
domain containing 3 (NLRP3), apoptosis-associated speck-like protein (ASC), caspase-1, 
gasdermin D (GSDMD), and gasdermin E (GSDME), in minor salivary gland (MSG) are 
related to the expression levels of type I IFN signature genes. Expression of type I IFN 
signature genes was correlated with mRNA levels of caspase-1 and GSDMD in MSG. In 
confocal analysis, the expression of caspase-1 and GSDMD was higher in salivary gland 
epithelial cells (SGECs) from SS patients. In the type I IFN-treated human salivary gland 
epithelial cell line, the expression of caspase-1 and GSDMD was increased, and pyroptosis 
was accelerated in a caspase-dependent manner upon inflammasome activation. In 
conclusion, we demonstrate that type I IFN may contribute to inflammasome-associated 
pyroptosis of the SGECs of SS patients, suggesting another pathogenic role of type I IFN in SS 
in terms of target tissue -SGECs destruction.

Keywords: Sjogren's Syndrome; Pyroptosis; Inflammasomes; Type I interferon;  
Salivary gland epithelial cell (SGEC)

INTRODUCTION

Sjögren's syndrome (SS) is a systemic autoimmune disease that causes xerophthalmia and 
xerostomia, and lymphomagenesis in particular. Salivary gland and lacrimal gland epithelia 
are attacked by infiltrating leukocytes, including T cells and B cells, which leads to glandular 
dysfunction and apoptosis (1).
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There have been many studies of the association between the level of type I IFN and SS 
pathogenesis. For example, type I IFN signature gene expressions were correlated with the 
levels of anti-Ro/SSA and anti-La/SSB autoantibodies (1). Furthermore, type I IFN stimulation 
induced B-cell activating factor (BAFF) expression on monocytes and salivary gland epithelial 
cells (1). Type I IFNs have a pathogenic role in other autoimmune diseases including SLE (2), 
whereupon drugs targeting type I IFN signaling (JAK-STAT signals) were recently shown to 
be effective in several animal studies (3,4). Tofacitinib (JAK1/3 inhibitor) treatment alleviated 
the symptoms of systemic lupus erythematosus (SLE) by reducing numbers of CD8+ T cells, 
double-negative T cells, and the formation of neutrophil extracellular trap (NET) (3). Filgotinib 
(JAK1 inhibitor) suppressed IFN-induced BAFF in primary salivary gland epithelial cells from 
SS patients and mitigated salivary flow rate and lymphocytic infiltration in the salivary glands 
of an SS animal model (4). Furthermore, in clinical trials, JAK inhibitors targeting type I IFN 
signaling are being investigated for immune-mediated inflammatory diseases (5).

Inflammasome is activated by several factors (6). Once inflammasome is activated, 
apoptosis-associated speck-like protein (ASC) specks are generated and pro-caspase-1 
is proteolytically cleaved (6). Activated caspase-1 cleaves IL-1β or IL-18 into the mature 
form, which is secreted from the cells (6). Activated caspase-1 also cleaves gasdermin D 
(GSDMD), and GSDMD membrane pore drives pyroptosis, a type of cell death, which 
leads to the secretion of inflammatory cytokines and DAMPs (6). Recently, there have been 
many reports of increased NLR family pyrin domain containing 3 (NLRP3) inflammasome 
activation in rheumatoid arthritis, systemic sclerosis, SLE and SS (7). An increase in NLRP3 
inflammasome activation was also observed in minor salivary glands, peripheral blood, tears, 
and the ocular surface from SS patients (8-11). In salivary gland epithelial cells (SGECs) from 
SS patients, activated absent in melanoma 2 (AIM2) inflammasome is observed (12).

Type I IFN is known to positively or negatively affect inflammasome activity depending on 
context (13-16). As already noted, type I IFN and inflammasomes have been well studied in 
SS, but their relationship has not been investigated. Here we present, for the first time, the 
association between type I IFN and inflammasome-associated pyroptosis of salivary glands in 
SS patients.

MATERIALS AND METHODS

Patients
Patients were diagnosed as having primary SS according to either the American-European 
Consensus Group criteria (17) or the 2012 American College of Rheumatology classification 
criteria (18). Informed consent was obtained from all patients in accordance with the 
principles of the Declaration of Helsinki. Serum/saliva and/or minor salivary gland (MSG) 
biopsy tissues were obtained from control patients with sicca symptoms as well as from 
patients with primary SS. Serum/saliva were also obtained from age- and sex-matched healthy 
volunteers serving as controls. This study was approved by the Institutional Review Board of 
Seoul St. Mary's Hospital (approval No. KC13ONMI0646).

Cell stimulation
Human salivary gland epithelial cell line (HSG) was maintained in DMEM (Gibco™, Thermo 
Fisher Scientific, Waltham, MA, USA) containing 10% FBS (Thermo Fisher Scientific). HSG 
cells were stimulated with 1,000 U/ml recombinant IFN-α (R&D Systems, Minneapolis, 
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MN, USA) or 1,000 U/ml IFN-β (R&D Systems) in DMEM containing 10% FBS. For AIM2 
inflammasome activation, HSG cells were transfected using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA) reagents in Opti-MEM media (Thermo Fisher Scientific). After washing 
with Opti-MEM media, cells were stimulated with poly(dA:dT) 2 µg/ml (Invitrogen) for 6 h to 2 
days in Opti-MEM media. For NLRP3 inflammasome, HSG cells were stimulated with Nigericin 
10 µM (Sigma-Aldrich, St. Louis, MO, USA) for 12 h to 2 days in DMEM media (Thermo Fisher 
Scientific). Culture supernatants were collected, and cells were used for western blot or flow 
cytometry analysis. Caspase-1 inhibitors, VX765 (InvivoGen, San Diego, CA, USA), Caspase-3 
inhibitor, Z-DEVD-FMK (R&D Systems), and Caspase-8 inhibitor, Z-IETD-FMK (R&D Systems) 
were pretreated for 1 h before poly(dA:dT) and Nigericin stimulation.

Confocal microscopy
Tissue sections were immersed in antigen retrieval solution containing citrate (Dako, 
Glostrup, Denmark), then heated to 115°C for 15 min in a TintoRetriever pressure cooker 
(Bio SB, Santa Barbara, CA, USA). Tissues were stained with antibodies to Caspase-1 
(Abcam, Cambridge, MA, USA), GSDMD (Proteintech, Chicago, IL, USA) and Cytokeratin 19 
(Biolegend, San Diego, CA, USA) at 4°C for overnight, followed by incubation with secondary 
antibodies conjugated to Alexa Fluor 488 and Alexa Fluor 594 (Invitrogen). Nuclei were 
stained with DAPI (Invitrogen). Isotype control staining was conducted via probing with 
rabbit/mouse IgG rather than with primary antibodies. Confocal images were acquired using 
an LSM 710 confocal microscope (Zeiss, Oberkochen, Germany).

Real-time quantitative PCR (qPCR)
Total RNA of HSG cells or tissues was collected using RNAiso Plus reagent (Takara, Kusatsu, 
Japan). Up to 2 µg of total RNA was converted to complementary DNA (cDNA) using a 
Transcriptor First-Strand cDNA Synthesis kit (Roche, Basel, Switzerland). A LightCycler 
96 instrument (Roche) was used for PCR amplification and analysis. All reactions were 
performed using a SYBR Green I Master kit according to the manufacturer’s instructions. 
Primers were designed using the web tool from GenScript (http://www.genscript.com). 
Primer sequences were as follows: human GAPDH, 5′-CCCCACTTGATTTTGGAGGGA-3′ 
(forward) and 5′-AGGGCTGCTTTTAACTCTGGT-3′ (reverse); GSDMD, 5′-GTGTACGTGGTG 
ACTGAGGT-3′ (forward) and 5′-CCTCTGCTTCTTATCCGGGA-3′ (reverse); GSDME, 
5′-GGAGGATGGGAATGTCACCA-3′ (forward) and 5′-TCTTGTTCTCGAAGCCACCT-3′ 
(reverse); IFI44L, 5′-CAGCTGTACCCTCCCACAAT-3′ (forward) and 5′-TGCCTACACTGCACT 
TCCTG-3′ (reverse); IFIT3, 5′-GGGCAGACTCTCAGATGCTC-3′ (forward) and 5′-CAGTTGTG 
TCCACCCTTCCT-3′ (reverse); RSAD2, 5′-TTTCTGAAGCGAGGAGGAAA-3′ (forward) and 
5′-TTTTCCCACTGGTGTGTTGA-3′ (reverse); ISG15, 5′-ACTCATCTTTGCCAGTACAG-3′ 
(forward) and 5′-CAGCTCTGACACCGACATG-3′ (reverse); AIM2, 5′-TGACAACTTTGGGA 
TCAGCCT-3′ (forward) and 5′-TGGGCATGCTCTCCTGAGTCCT-3′ (reverse); CASP1, 
5′-AAATCGAACCTTGCGGAAA-3′ (forward) and 5′-GCTTTCTGCTCTTCCACACC-3′ 
(reverse); PYCARD, 5′-TTTTCAAGCTGGCTTTTCGT-3′ (forward) and 5′-AGTTTCACACCAG 
CCTGGAA-3′ (reverse); IL-18, 5′-GCATCAACTTTGTGGCAATG-3′ (forward) and 5′-CCTCTA 
GGCTGGCTATCTTT-3′ (reverse); and IL-1β, 5′-CCCAACTGGTACATCAGCAC-3′ (forward) 
and 5′-GGAAGACACAAATTGCATGG -3′ (reverse).

All messenger RNA (mRNA) expression levels were normalized to the expression of GAPDH. 
Relative fold induction was calculated using the equation 2−ΔCq or 2−ΔΔCq, where Cq is the 
cycle at which the threshold is crossed, ΔCq is Cq(target)−Cq(GAPDH), and ΔΔCq is ΔCq(stimulated)−
ΔCq(unstimulated). PCR product quality was monitored using post-PCR melting curve analysis.
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ELISA
Serum, saliva, and culture supernatants were used to determine the levels of IL-18, caspase-1, 
IL-1β, and ISG15. Human total IL-18 Duoset ELISA and IL-1β Duoset ELISA were purchased 
from R&D Systems. A Human caspase-1 antibody pair kit was purchased from Abcam. 
Measurements were performed in accordance with the manufacturer's instructions. ISG15 
(Human) ELISA Kit was purchased from Abnova (Taipei, Taiwan).

Pyroptosis assay
Pyroptosis was determined using a propidium iodide (PI) staining method in accordance 
with the manufacturer's instructions (eBioscience, Thermo Fisher Scientific). Pyroptosis was 
evaluated by measuring the total amount of PI+ cells in 3 independent experiments.

Western blot analysis
Total cellular protein was extracted using radioimmunoprecipitation assay (RIPA) buffer 
containing Halt protease/phosphatase inhibitor cocktail (Thermo Fisher Scientific). For 
immunoblotting, 20 µg of protein was separated using 10% and 12% SDS-PAGE, then 
transferred onto a polyvinylidene fluoride membrane (Bio-Rad, Hercules, CA, USA) and 
probed with the following antibodies: anti-caspase-1 p48 (Cell Signaling Technology, 
Danvers, MA, USA), anti-caspase-1 p20 (R&D Systems), anti-GSDMD p53/p32 (Proteintech), 
anti-AIM2 p39 (Abcam), anti-NLRP3 p110 (Cell Signaling Technology), anti-ASC p23 (Cell 
Signaling Technology), anti-IL-18 p24/p18 (R&D Systems), anti-alpha amylase p57 (Abcam), 
anti-GAPDH p36 (Abcam), and anti-β-actin p42 (Sigma-Aldrich). Subsequently, the 
membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG 
(Thermo Fisher Scientific) or goat anti-mouse IgG (Thermo Fisher Scientific) or mouse anti-
goat IgG (Santa Cruz Biotechnology, Dallas, Texas, USA). Reactive proteins on the membrane 
were visualized using SuperSignal West Pico Chemiluminescent substrate (Thermo Fisher 
Scientific), and the membrane was exposed to an Amersham Imager 600 (GE Healthcare, 
Chicago, IL, USA).

Statistical analysis
Statistical analyses were performed using GraphPad Prism software, version 5. Statistical 
significance was determined by the Mann-Whitney U test or one-way ANOVA with Tukey's 
multiple comparison test. Correlations were analyzed by Spearman's rank correlation. The 
p-values less than 0.05 were considered significant.

RESULTS

IL-18, cleaved-caspase-1, and ISG15 secretion are increased in SS patients
To verify inflammasome activation and type I IFN expression in SS patients, levels of IL-18, 
IL-1β, caspase-1, and ISG15 were measured in serum/saliva from SS and healthy controls by 
ELISA (Fig. 1A and B). Consistent with previous findings, we confirmed that secretions of IL-
18 were significantly increased in saliva/serum (Fig. 1A). Caspase-1 secretion was significantly 
increased in saliva from SS patients compared with controls (Fig. 1A). Western blot was 
performed in saliva to analyze the levels of cleaved caspase-1 (Fig. 1C). Cleaved caspase-1 
was increased in SS patients compared with controls (Fig. 1C and D). Also, ISG15 which is 
known to be secreted by type I IFN stimulation (19), was increased in saliva and serum from 
SS patients compared with healthy controls (Fig. 1A and B). These findings confirm that 
inflammasome activation and type I IFN expression were present in our study population.
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Caspase-1 and GSDMD expression are positively correlated with type I IFN 
signature genes in the MSG of SS patients
Next, we examined if the salivary gland cells of the SS patients showed increased pyroptosis, 
which may contribute to gland dysfunction. The mRNA expressions of inflammasome (CASP1, 
AIM2, NLRP3, IL18, IL1B, PYCARD; PYD and CARD Domain Containing protein) and pyroptosis 
(GSDMD, gasdermin E [GSDME]) components from MSG were analyzed (Fig. 2A). We observed 
that the expressions of CASP1, GSDMD, AIM2, and IL18 were significantly increased in SS 
patients compared with sicca controls (Fig. 2A). In addition, the expressions of type I IFN 
signature genes (IFI44L; Interferon induced protein 44 like, IFIT3; Interferon induced protein 
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with tetratricopeptide repeats 3, RSAD2; radical SAM domain-containing 2, ISG15) in SS were 
also increased (Fig. 2A). Correlation analysis between the expressions of type I IFN signature 
genes and both inflammasome and pyroptosis components indicated that the expressions of 
CASP1 and GSDMD were correlated with IFI44L, IFIT3, RSAD2, and ISG15 (Fig. 2B).

Caspase-1 and GSDMD expression are elevated in SGECs from SS patients
To verify the mRNA expression results, caspase-1 and GSDMD protein expression were analyzed 
by confocal staining in salivary glands from SS patients and sicca controls (Fig. 3A and B). 
Intriguingly, caspase-1 and GSDMD were not only expressed in infiltrated leukocytes, but also 
in SGECs (Fig. 3A and B). Furthermore, expressions of caspase-1 and GSDMD in SGECs were 
higher in SS patients (Fig. 3A–D).

Type I IFN stimulation increases caspase-1 and GSDMD expression in SGECs
To examine the relationship between type I IFN and both inflammasome and pyroptosis in in 
vitro, we performed experiments using an immortalized human salivary gland epithelial cell 
line (HSG cells). Although there was a study showing that HSG cells were contaminated with 
Hela cells (20), confocal staining with the SGEC marker identified that our HSG cells consisted 
only of SGECs (data not shown). mRNA levels of CASP1, GSDMD, and AIM2 were significantly 
increased by type I IFN stimulation in HSG cells (Fig. 4A). However, at the protein level, only 
caspase-1 and GSDMD were upregulated by type I IFN stimulation (Fig. 4B). Furthermore, the 
increased caspase-1 expression by type I IFN was inhibited by Jak1 inhibitor (Supplementary 
Fig. 1), Filgotinib which had previously been shown to inhibit IFN signaling (4).

Type I IFN stimulation accelerates inflammasome activation of SGECs
To observe the extent of inflammasome activation in type I IFN-stimulated SGECs, HSG cells were 
pretreated with or without type I IFN and stimulated with poly(dA:dT) for AIM2 inflammasome 
activation and stimulated with Nigericin for NLRP3 inflammasome activation (Fig. 5A-F). 
Stimulation with poly(dA:dT) or Nigericin after type I IFN exposure resulted in greater IL-18 
secretion and acceleration of pyroptosis (Fig. 5A-F). Furthermore, caspase-1, -3, -8, and GSDMD 
activation were higher in HSG cells pretreated with type I IFN (Fig. 5A and D). Secretion of IL-18 
and pyroptosis were reduced by the caspase-1, caspase-3, and caspase-8 inhibitor (Fig. 5B, C, E, 
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and F). High mobility group box 1 (HMGB1) is a damage-associated molecular pattern released 
by pyroptosis (6). Extracellular HMGB1 was analyzed in culture supernatants by western blot 
(Fig. 5A and D). Type I IFN-pretreated HSG cells secreted higher levels of HMGB1. Consequently, 
our results showed that type I IFNs might accelerate inflammasome activation by increasing the 
expression of caspase-1 and GSDMD protein in SGECs.

DISCUSSION

In this study, we found that IL-18, cleaved-caspase-1, and ISG15 secretion were increased in 
SS patients. The expression of caspase-1 and GSDMD was increased in SGECs of SS patients 
and correlated with the expression of type I IFN signature genes. The results of in vitro 
experiments also showed that caspase-1 and GSDMD expression were increased by type I 
IFN treatment in HSG cells. Overall, it signified that the increase of caspase-1 and GSDMD in 
SGECs of SS patients might be due to type I IFN. In addition, IL-18 secretion and pyroptosis 
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caspase-1 (A) (green) or GSDMD (B) (green), cytokeratin 19 (red), and DAPI (blue) in the MSG of SS patients or sicca controls (scale bar=50 µm). Expression of caspase-1 
(C) and GSDMD (D) in salivary gland epithelial cells were quantified with confocal microscopy, and the results were expressed as mean fluorescence intensity.
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were increased by pretreatment of type I IFN (Fig. 5A). This might be due to increased 
caspase-1 and GSDMD by type I IFN.

In our results, the mRNA and protein levels of AIM2 did not match. This meant that there was 
post-translational mechanism in the regulation of AIM2 protein level. There are 2 different 
repressor that regulate AIM2 protein, TRIM11 (21) and miR-223 (22). In particular, since 
miRNA-223 is increased by type I IFN (23), it was possible that miRNA-223 increased by type I 
IFN regulated AIM2. However, for exact reasons, more experimentation is required.

Our results showed that both AIM2 and NLRP3 inflammasome activity were increased by type 
I IFN. This suggests that SGECs of SS patients may be susceptible to inflammasome activity 
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and pyroptosis. AIM2 inflammasome is known to activate in SGECs of SS patients (12), but 
NLRP3 inflammasome in SGECs is not known yet. Contrary to AIM2 expression in SGECs, 
confocal image analysis of salivary gland tissue showed that there was no expression of 
NLRP3 in SGECs from control and SS patients (12). However, NLRP3 expression is observed 
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in SGEC lines, which is lower than AIM2 (12). Further research is needed to determine 
whether the NLRP3 inflammasome occurs in SGECs of SS patients.

Caspase-3 and -8 are well known to cause apoptosis, but they also participate in pyroptosis 
(24-26). Caspase-8 is involved in forming inflammasome by binding with ASC, activating 
caspase-1, and cleaving IL-18 (24). In our experimental results, treatment with caspase-1, -3, 
and -8 inhibitors reduced cell death and IL-18 secretion. Therefore, it meant that caspase-1, -3, 
and -8 activation were all involved in pyroptosis. Caspase-3 is known to inhibit GSDMD-pore 
formation (27), and induce pyroptosis through GSDME (25). Further research is needed to 
determine whether caspase-3 inhibitor regulates GSDME-pore formation, thereby reducing 
pyroptosis in HSG cells.

There have been several studies of the relationship between type I IFN and both 
inflammasome activation and pyroptosis (13-16,28,29). Depending on the circumstance, type 
I IFN enhances or inhibits inflammasome activation (13-16,28,29). For AIM2 inflammasome, 
type I IFN enhances inflammasome activity by producing the proteins needed to release DNA 
from bacteria (15). Also, AIM2 inflammasome could be enhanced by type I IFN by increasing 
the level of AIM2 protein (30). In our results, however, there was no difference in AIM2 
protein level in type I IFN-treated HSG cells. Inflammasome activity is also enhanced in SLE 
patients, and these authors explain that this is due to type I IFN (13). Type I IFN increases 
the transcription factor IRF-1, and IRF-1 increases caspase-1, which enhances inflammasome 
activity (13). Type I IFN also increases the GSDMD (28,29), which could potentially contribute 
to pyroptosis (28). We found that type I IFN increased caspase-1 and GSDMD and enhanced 
inflammasome activity in in vitro experiments using HSGs. Likewise, in SGECs of SS, type I 
IFN might increase caspase-1 and GSDMD and the possibility of undergoing inflammasome-
induced pyroptosis.

Pyroptosis acts not only to protect against external invasion (31), but also plays a 
pathological role in several diseases (32) including autoimmune diseases (33,34). In lupus, 
P2X purinoceptor 7 is restrained, which suppresses pyroptosis in T follicular helper cells, 
thereby increasing survival of T follicular helper cells and contributing to lupus disease 
(34). MRE11A deficiency in T cells from rheumatoid arthritis causes pyroptosis and induces 
tissue inflammation (33). There are many studies of inflammasome in SS (8-12), but little is 
known about pyroptosis. Inflammasome-induced pyroptosis of SGECs may be pathogenic 
in SS. First, death of saliva secreting cells by pyroptosis can induce xerostomia. Second, the 
secretion of cytokines and DAMPs can lead to the infiltration and activation of immune cells 
and induce dysfunction of surrounding SGECs. Thus, pyroptosis in SGECs of SS patients may 
contribute to SS pathogenesis.

In conclusion, we report here that type I IFN has a relationship with inflammasomes 
and pyroptosis in SGECs. As in vitro experiments showed that type I IFN accelerated 
inflammasome-induced pyroptosis, type I IFN might lead to inflammasome-induced 
pyroptosis in the SGECs of SS patients. Our study adds another pathogenic role of type I IFN 
in SS, suggesting the need for treatment to target type I IFN.
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