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specifically hyposalivation, anti-SSB, anti-SSA/SSB, hypergammaglobulinemia and rheumatoid factor. The
present study aims to examine the biological function of IL-22 on human salivary glands. To accomplish the
goal, microarray analysis using the HumanHT-12 v4 Expression BeadChip was utilized to determine the biolog-
Keywords: ical function of IL-22. Differential expression analyses were conducted using the LIMMA package from the
122 Bioconductor project. MTT assay, flow cytometry and Western blotting were used to identify the function of
IL-22 on human salivary gland cells. Results indicate an extensive effect of IL-22 on many major molecular func-
tions including activation of antimicrobial genes and downregulation of immune-associated pathways. Function-
al studies performed in-vitro using human salivary gland cells treated with IL-22 indicated a direct effect of [L-22
on cell cycling, specifically reducing cellular proliferation at the G2-M phase by activation of STAT3. These results
suggest the important role of IL-22 in the salivary gland function. The present study suggests that IL-22 might be
involved in regulating inflammation and controlling the cell proliferation in SjS.
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1. Introduction

Sjogren's syndrome (S;jS) is a complex chronic autoimmune disease
that targets the exocrine glands, predominantly the salivary and lacri-
mal glands, resulting in xerostomia and keratoconjunctivitis sicca.
While SjS can be diagnosed as a stand-alone disease, referred to as pri-
mary SjS (pSjS), it is often seen in association with other autoimmune
diseases, referred to as secondary SjS [1,2]. The underlying pathogenesis
of SjS is still elusive, but is thought to involve abnormal salivary gland
homeostasis, neural circuitry malfunction from the presence of autoan-
tibodies, and progressive tissue destruction mediated by infiltrating
cells [2]. One of the major criteria in the disease diagnostic is the pres-
ence of periductal lymphocytic infiltrations, observed as lymphocytic
foci (LF) in the salivary and lacrimal glands [3]. Although, LF are not cor-
related with the severity of the autoimmunity, they remain a critical el-
ement in understanding the etiology of the disease. Our previous
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studies demonstrated the presence of Ty17 cells producing interleukin
(IL)-17 and dendritic cells (DC) producing IL-23 in the salivary glands
of human and animal models of SjS [4]. While neither IL-17 nor IL-23
correlated significantly with major disease parameters, levels of IL-22
correlated directly with hyposalivation, anti-SSB, anti-SSA/SSB com-
bined, hypergammaglobulinemia and rheumatoid factor (RF) [5]. Fur-
thermore, Ciccia et al. have shown that IL-22 and associated cytokine
IL-17 and IL-23 is highly present in the inflamed salivary glands of pri-
mary SjS patients [6]. [L-22 is a cytokine belonging to the IL-10 family,
along with IL-10, IL-19, IL-20, IL-24, and IL-26 [7]. IL-22 mediates host
defenses against invading pathogens. It requires the presence of IL-23
in order to be expressed by immune cells [8]. IL-22 is produced predom-
inantly by CD4* Ty17 cells, but its expression can also be found among
other activated T cell subsets, natural killer (NK) cells, DC and innate
lymphoid cells (ILCs), although at lower levels [9].

IL-22 receptor (R) complex is a heterodimeric molecule composed of
IL-22RA1 and IL-10R2 [10] expressed mainly on non-hematopoietic
cells such as keratinocytes, epithelial cells, and pancreas acinar cells
[11]. The receptor transduces a signal through phosphorylation of tyro-
sine kinases JAK1 and TYK?2, followed by the activation of STAT3, and to
a lesser degree heterodimeric STAT1/3 during a signaling cascade [12].
IL-22 has also been reported to activate signal transductions via the
MAPK pathways of ERK1/2, JNK, and p38 for induction of IL-22 related
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genes [13]. Epithelial cells express high levels of IL-10R2 and IL-22R1,
therefore IL-22 can initiate a strong response from epithelial cells
which includes production of cytokines, chemokines, acute phase pro-
teins, and a number of anti-microbial molecules such as 3-defensin,
lipocalins, and S100 calcium binding proteins [7]. It is also involved in
tissue repair following exacerbated immune responses and epithelial-
barrier functions against bacterial infection [14]. Interestingly, IL-22
has been shown to be pathogenically associated with several autoim-
mune diseases including rheumatoid arthritis [15], Crohn's disease
[16], as well as non-autoimmune diseases such as respiratory-distress
syndrome [17] and cystic fibrosis [18].

The association of IL-22 with several major disease parameters is strik-
ing [5]. Increased levels of IL-22 were significantly present in the salivary
glands of pSjS patients and the major source of IL-22 production was
identified to be NKp44(+) NK cells [6]. At the present, however, little is
known about its biological and immunological effects on the gland cells.
As a result, the focus of this study is to first examine the global down-
stream biological function of IL-22 on human salivary gland cells, then
subsequently determine its specific role in cellular proliferation. Results
indicate IL-22 has significant impact on a number of biological and molec-
ular pathways, particularly the cell cycle of gland cells.

2. Materials and methods
2.1. Sample and RNA preparation

Human submandibular gland (HSG) cell line was initially generated
at the National Institute of Dental and Craniofacial Research (NIDCR).
HSG cells were generously provided by Dr. Seunghee Cha who obtained
it from Dr. Joseph Katz at the University of Florida [19]. HSG cells were
cultured in complete media and treated with recombinant (r) IL-22 at
100 ng/mL for 45 min. Reactions consisted of replicates of three wells.
Total RNA was isolated as instructed by the manufacturer (AM1921,
PARIS kit, ThermoFisher). Total RNA was labeled with biotin using Tar-
get Amp cDNA synthesis kit (Epicenter). Labeled cRNA was hybridized
to the HumanHT-12 v4 Expression BeadChip (Illumina).

A. Heatmap with Cluster Analysis

2.2. Differential gene expression analysis

Microarray hybridization and analysis were carried out as previously
described [20,21]. In brief, microarray data were normalized via the lumi
package in R, using the variance stabilizing transformation of the pack-
age and robust spline normalization. Differential expression analyses
were conducted using the LIMMA package from the Bioconductor pro-
ject [22]. We used the false discovery rate (FDR) to adjust for multiple
testing [23]. B-statistic (the log of the odds that the gene is differentially
expressed) was calculated for each gene. Duplicate genes, when
present, were removed and their expression levels averaged across
the duplicates. A total of 392 genes (88 upregulated and 304 downreg-
ulated) were found with at least 1.5-fold change in expression levels.
Gene expression levels of selected genes were confirmed by real-time
PCR (data not shown). Gene Ontology analysis was done by the
Bioconductor package and “GOstats” was used for testing the enrich-
ment of Gene Ontology terms (biological processes, molecular functions
and cellular compartments) in the differentially expressed genes [24]. A
p-value based on the hypergeometric test was computed to assess
whether the number of genes associated with the term is larger than ex-
pected. The p-values obtained were adjusted for multiple testing using
the FDR.

2.3. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
viability assay

HSG cells were cultured in DMEM, supplemented with 10% FBS. Cells
(2 x 10°) were treated with recombinant (r) IL-22 cytokine (R&D) at a
concentration of 0, 10, 50, 100 or 500 ng/mL in triplicate for 48 h. MTT
solution (Sigma) was added 4 h before the 48 h stimulation. At 48 h, su-
pernatant was discarded and MTT solvent was added to dissolve purple
MTT crystals. Contents from each well were transferred completely to
an ELISA plate and absorbance values were read using an ELISA plate
reader at wavelength 570 nm and with background absorbance at
655 nm subtracted.

B. Gene Expression Levels

Up-regulated Accession Number Fold-change P-value
S100A9 NM_002965.2 1.677 0.000159268
DEF-p1 NM_005218.3 1.445 6.26E-06
CAS NM_001216.1 1.802 2.83E-05
HSPD1 NM_002156.4 1.715 0.000298202
EGR1 NM_001964.2 1.677 0.000195321

Down-regulated Accession Number Fold-change P-value

IL<1a NM_000575.3 0.394 2.96E-05
IL-1B NM_000576.2 0.361 2.18E-05
IL-8 NM_000584.2 0.361 5.08E-05
TGF-Bl NM_000358.1 0.616 0.001044367
cCL2 NM_002982.3 0.419 1.38E-05
CDHS NM_001795.2 0.435 6.26E-06
TNF-a NM_000594.2 0.629 0.000974828
TNFRSF10B NM_003842.3 0.591 0.002261418
TNFRSF21 NM_014452.3 0.641 0.000485845
TNFAIP3 NM_006290.2 0.591 0.002291632
NFATC1 NM_172390.1 0.603 0.000160329
HLA-DMA NM_006120.2 0.491 7.72E-05
HLA-B NM_005514.5 0.606 0.005766217
HLA-E NM_005516.4 0.633 0.008762349
HCP5 NM_006674.2 0.624 0.004265727
CXADR NM_001338.3 0.644 0.000888219
THBS1 NM_003246.2 0.638 0.000513107
CASB NM_007220.3 0.472 0.001961023
CTSH NM_004390.2 0.624 0.002963135
MMP-9 NM_004894.2 0.657 0.00046426

Fig. 1. Transcriptome profiles of differentially expressed genes by IL-22 depicted by Heatmap and HP Cluster analyses. Heatmap of differentially expressed genes (n = 392) exhibited by
HSG cells stimulated with rIL-22 at 100 ng/mL for 45 min, grouped into two clusters based on expression profiles. Upregulated gene expressions are shown in red, and downregulated gene
expressions are shown in green (A). Selected individual genes with gene expression levels. Bold highlighted genes are examples of genes that have been shown to be associated with

SiS (B).
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2.4. Flow cytometry for cell cycle

HSG cells (2 x 10°) cultured in complete media were treated in trip-
licate with rIL-22 at a concentration of 100 ng/m. Cells were allowed to
proliferate for 72 h at 37 °C with 5% CO, and then treated with DyeCycle
Ruby stain according to the manufacturer's instructions (Life Technolo-
gies). After 30 min at 37 °C incubation, cells were trypsinized and ana-
lyzed using Accuri C6 Flow Cytometer (Accuri). Data analysis was
performed using Flow]o (Tree Star).

2.5. Western blotting

HSG cells (2 x 10°) were plated overnight in serum-free media. Cells
were stimulated in triplicate with different concentration of rIL-22 for
45 min (0, 10, 50, 100 and 500 ng). At a specific concentration, cell ly-
sates were obtained using nonidet-P40 (NP40) buffer (150 mM Nacl,
1.0% NP-40, pH 8.0 50 mM Tris). The lysates were separated on 4-20%
linear gradient SDS-PAGE gels and transferred to PVDF membranes.
The membranes were probed with primary antibodies, including anti-
STAT3 and anti-pSTAT3 at 1:1000 (Cell Signaling) and anti-p-actin at
1:20,000 (Sigma). Secondary IRDye infrared dye antibodies were used
(1:20,000 for IRDye 800CW for anti-B-actin and IRDye 650 for anti-
STA3 and anti-pSTAT3). The signals were visualized using the Odyssey
imager (Li-Cor). Signal intensity was quantified by Image] with relative
fold difference obtained by normalizing against respective B-actin
levels. The experiment was repeated twice for consistency.

2.6. Statistical analysis

Statistical evaluations were determined using the Mann-Whitney U
test. A two-tailed p value < 0.05 was considered significant. Data are
presented as mean + SEM. Statistical analyses and graphs were gener-
ated by the GraphPad softwares (GraphPad).

3. Results
3.1. Differential gene expressions in HSG cells mediated by IL-22

IL-22R (IL-22Rac1 and IL-10R2) are expressed on non-hematopoietic
cells, but not on hematopoietic cells, suggesting IL-22 mediates down-
stream effect via a paracrine system. Moreover, IL-22R is highly
expressed in the salivary glands of SjS patients and animal models.
However, the biological effect of IL-22 on the salivary gland epithelial
cells has not been explored. To address this issue, rIL-22 was used to
stimulate HSG expressing both subunits of IL-22R as a means to profile
the physiological function(s) IL-22 exerts on salivary gland epithelial
cells. HSG cells were stimulated with rIL-22 for 45 min at 100 ng/mL.
Total RNAs were isolated from stimulated cells and subjected to tran-
scriptome analysis using microarray. As indicated in Fig. 1, based on
HP Cluster analyses, stimulation of rIL-22 resulted in two distinctive
differential gene expression (DGE) clusters with the majority of the
gene sets down-regulated (specifically a total of 392 genes with at
least 1.5-fold change in expression levels, with 304 down-regulated
and 88 up-regulated). Examining individual genes (Fig. 1) within the
two clusters revealed up-regulation of two antimicrobial proteins,
S100A9 and B-defensin-1 (DEF-B1). In addition, IL-22 up-regulated car-
bonic anhydrase 9 (CA9), heat shock 60 kDa protein 1 (HSPD1), and
early growth response 1 (EGR1), each having been shown to be associ-
ated with SjS. Of the 304 genes down-regulated, a number of these
genes exhibited immune-modulated functions particularly IL-1c, IL-
1p, IL-8, TGF-PI, CCL2, tumor necrosis factors associated (TNF-c,
TNFRSF10B, TNFRSF21, TNFAIP3, NFATC1), major histocompatibility
complexes (HLA-DMA, HLA-B, HLA-E, HCP5), and matrix metallopro-
teinase 9 (MMP-9). Therefore, DGE data suggest that IL-22 plays a
significant role in activating anti-microbial gene products while

negatively regulating gene sets associated with inflammation, thereby
contributing to the general suppressive function of IL-22.

3.2. Pathway analysis based on transcriptome profiles of HSG cells
stimulated by IL-22

To further understand the role of IL-22, the transcriptome profile
was employed to discern general functions of the cytokine on gland
cells. Differential expression analyses were performed using the
LIMMA package. The Bioconductor package “GOstats” was used to
compartmentalize significant associations of the 392 differentially
expressed genes with biological processes, molecular functions and cel-
lular compartments. Some 374 biological processes (Supplementary
Table 1) proved to be statistically significantly affected by IL-22 stimula-
tion. The 13 most highly significant processes are presented in Table 1.
The majority of these biological processes involve glandular develop-
ment, regulation of steroid hormone stimulation, cell proliferation and
apoptosis, processes implicated in SjS of both human and animal models
[20,21,25]. The molecular function and cellular components that drive
these processes are also activated, as presented in Tables 1 & 2. Analysis
of the KEGG pathway revealed similar biological processes such as

Table 1
Biological and molecular processes.
GOBPID? Count Term Adj. p value®
G0:0048513 83 Organ development 2.93E—07
G0:0008283 58 Cell proliferation 1.00E — 06
G0:0048545 22 Response to steroid hormone stimulus 1.91E—-06
G0:0051726 31 Regulation of cell cycle 4.25E —06
G0:0006950 74 Response to stress 4.63E—06
G0:0010033 45 Response to organic substance 1.38E—05
G0:0006915 52 Apoptosis 1.38E—05
G0:0009719 31 Response to endogenous stimulus 2.57E—05
G0:0070482 16 Response to oxygen levels 2.79E—05
G0:0048523 73 Negative regulation of cellular process 2.80E—05
G0:0048518 82 Positive regulation of biological process 2.89E—05
G0:0008285 26 Negative regulation of cell proliferation 3.19E—05
G0:0048519 77 Negative regulation of biological process 3.27E—05
GOMFID? Count Term Adj. p value
G0:0005515 215 Protein binding 5.39E—07
G0:0005488 269 Binding 0.002692335
G0:0016538 5 Cyclin-dependent protein kinase regulator ~ 0.006754462
activity
G0:0005520 5 Insulin-like growth factor binding 0.014497184
G0:0005102 36 Receptor binding 0.015243094
G0:0005198 26 Structural molecule activity 0.029975379
G0:0008201 9 Heparin binding 0.029975379
G0:0004666 2 Prostaglandin-endoperoxide synthase 0.029975379
activity
G0:0005153 2 Interleukin-8 receptor binding 0.029975379
G0:0016404 2 15-Hydroxyprostaglandin dehydrogenase 0.029975379
(NAD +) activity
G0:0042288 3 MHC class I protein binding 0.030373016
G0:0016628 4 Oxidoreductase activity 0.034730469
G0:0005539 10 Glycosaminoglycan binding 0.042239084
G0:0045236 2 CXCR chemokine receptor binding 0.049216246
G0:0001786 3 Phosphatidylserine binding 0.049216246
G0:0004861 3 Cyclin-dependent protein kinase inhibitor 0.049216246
activity
G0:0050840 4 Extracellular matrix binding 0.049216246
G0:0016491 25 Oxidoreductase activity 0.049216246
G0:0019887 7 Protein kinase regulator activity 0.049216246
G0:0001871 10 Pattern binding 0.049216246
G0:0030247 10 Polysaccharide binding 0.049216246
G0:0019838 8 Growth factor binding 0.049216246
G0:0001968 3 Fibronectin binding 0.049216246
G0:0032393 3 MHC class I receptor activity 0.049216246
G0:0042287 3 MHC protein binding 0.049216246
G0:0005178 6 Integrin binding 0.049939254

¢ GOBPID: gene ontology biological process identifier, GOMFID: gene ontology molec-
ular function identifier, Adj. p value: adjusted p value.
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Table 2
Cellular components.
GOCCID* Count Term Adj. p value®
G0:0005737 194  Cytoplasm 0.000243044
G0:0044421 41 Extracellular region part 0.000874948
G0:0031012 21 Extracellular matrix 0.001868771
GO0:0005615 32 Extracellular space 0.002199408
G0:0005829 48  Cytosol 0.005541339
G0:0005576 61 Extracellular region 0.007301133
G0:0070557 2 PCNA-p21 complex 0.023598719
G0:0043228 75 Non-membrane-bounded organelle 0.031959872
G0:0043232 75 Intracellular non-membrane-bounded 0.031959872
organelle
G0:0044444 129 Cytoplasmic part 0.036837262
G0:0005578 15 Proteinaceous extracellular matrix 0.047411834
G0:0009986 16  Cell surface 0.061747818
G0:0044424 235 Intracellular part 0.076893351
G0:0000307 3 Cyclin-dependent protein kinase 0.076893351
holoenzyme complex
G0:0005792 12 Microsome 0.077763342
G0:0042611 4 MHC protein complex 0.082698152
G0:0043292 8 Contractile fiber 0.083047799
G0:0042598 12 Vesicular fraction 0.083047799
GO0:0005856 42 Cytoskeleton 0.086652092
G0:0070161 9  Anchoring junction 0.104658968
G0:0042612 3 MHC class I protein complex 0.105664403

G0:0022627 4
G0:0005925 6
G0:0005622 238

Cytosolic small ribosomal subunit
Focal adhesion
Intracellular

0.105664403
0.124055094
0.124055094

¢ GOCCID: gene ontology cellular components identifier. Adj. p value: adjusted p value.

A. KEGG pathway analysis

steroid biosynthesis and cell cycle pathway with p53 signaling. In addi-
tion, the KEGG pathway analysis showed significant associations with
autoimmune responses and inflammation, specifically, antigen process-
ing and presentation, NOD-like receptor signaling pathway, ECM-
receptor interaction, type I diabetes mellitus, p53 signaling pathway,
graft-versus-host disease, allograft rejection and malaria. Microarray
data analysis uncovered a number of important pathways, which are
significantly associated with IL-22 exposure (Fig. 2A). One pathway
that appears to be consistently present in both biological pathway and
KEGG pathway analysis is the cell cycle regulation. Consistently, the dif-
ferentially expressed genes tend to indicate a strong association with
cell cycling whether analyzed by their biological processes, molecular
functions or cellular components, defined by KEGG. Examining individ-
ual genes revealed that most of the transcripts are down-regulated
when exposed to rIL-22 (Fig. 2B), substantiating the potential suppres-
sive nature of [L-22.

3.3. IL-22 induces cell cycle arrest at the G2-M phase of the cell cycle

As presented, DGE cluster analysis has indicated that IL-22 exhibited
antimicrobial and immune-modulation functions. More importantly, bi-
ological function analysis has suggested that [L-22 is involved in cell cy-
cling, although the precise manner or mechanism remains unknown. To
examine the effect of IL-22 on cell cycle effects, HSG cells were treated
with rIL-22 at concentrations of 10, 50, 100, or 500 ng/mL and absor-
bance measurements were taken at 48 h after treatment. MTT assays

KEGGID Count Term Adj. pValue
100 T Steroid biosynthesis 1.31E-05
4940 9 Type | diabetes mellitus 0.000152123
4115 10 p53 signaling pathway 0.000694299
4110 13 Cell cycle 0.001737705
5332 T Graft-versus-host disease 0.00291058
4612 8 Antigen processing and presentation 0.019221823
4621 7 NOD-like receptor signaling pathway 0.019679004
5144 6 Malaria 0.034653329
5330 5 Allograft rejection 0.052163685
910 4 Nitrogen metabolism 0.052163685
4512 7 ECM-receptor interaction 0.103914882

B. The effect of IL-22 on gene sets by KEGG analysis pathway
2.0+
1.54 annnl

>

5

S 1.0

=

2
) |I|||‘|‘|\““I“‘ ““
0. 0- I I I I . 2 5 d‘ & ‘5{@7’ J d T T

N4 V‘-‘d‘é‘ «°¢?’ &B‘T&" éﬁ."@%\{g*{é‘é; RIS *’h:?‘ ""d) d’"é%‘:q#’ & °c£ &

Fig. 2. General suppression of transcripts by IL-22 stimulation in KEGG pathway. KEGG pathway analysis (A). Specific gene transcripts affected by IL-22 (B). Fold change indicates the

changes in expression levels of rIL-22 treated and untreated cells.
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were performed to examine the viability potential of IL-22 on HSG
cells. Results presented in Fig. 3A reveal that rIL-22 induced a significant
decreased in cell viability when treated at 10 (p = 0.0138), 50 (p =
0.0167), 100 (p = 0.0247), and 500 (p = 0.0092) ng/mL when com-
pared to untreated HSG cells. These results indicate a concentration-
dependent activity of IL-22 on cellular viability and proliferation.

To determine which phase of the cell cycle is affected by IL-22, cells
were treated with 100 ng/mL of IL-22, and then analyzed against un-
treated cells via flow cytometry. Analysis revealed that 17.7% of untreat-
ed cells were in the G2-M phase of the cell cycle compared to 25.8% of
IL-22 treated cells, whereas no significant changes in the percentage of
cells in G1 and S phase were observed between IL-22 treated and

T.N. Lavoie et al. / Genomics Data 7 (2016) 178-184

untreated cells (Figs. 3B-F). The signal transduction pathway of IL-22
is channeled via the Jak-STAT pathway inducing the phosphorylation
of STAT1, STAT3 and STAT5 [12,13,26]. As indicated in Fig. 4, stimulation
of HSG with rIL-22 activated STAT3 and pSTAT3 in a concentration-
dependent manner. No significant changes were observed with STAT1,
STATS5 and STAT6 or pSTAT1, pSTAT5 and pSTAT6 (data not shown).
These results indicate that treatment of HSG cells with IL-22 induces
cell proliferation arrest, which occurs at the G2-M phase of the cell
cycle. In addition, IL-22 signal transduction pathway in HSG cells is me-
diated via the activation of STAT3. Therefore, IL-22 has the potential to
reduce viability and proliferation by causing cell cycle arrest mainly at
the G2-M phase.

A. IL-22 concentration-dependent cell viability
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Fig. 3. The effect of IL-22 on cell viability and cell cycle. IL-22 reduces cell viability (A). Cells (2 x 10°) were incubated overnight in a 24-well plate. Cells in triplicate wells were treated with
0, 10, 50, 100 or 500 ng/mL of IL-22 for 48 h. At 4 h before time point, MTT solution was added. MTT solvent was added to dissolve purple MTT crystals. Contents from each well were
transferred to an ELISA plate and absorbance values were read using an ELISA plate reader at wavelength 570 nm, with background absorbance at 655 nm subtracted. IL-22 induces
cell cycle arrest at G2/M phase (B-F). Cells (2 x 10°) were either treated with 100 ng/mL of IL-22 for 72 h or left untreated. Analysis was performed upon treatment with Vybrant®
DyeCycle™ Ruby stain according to manufacturer's instructions. Representative cell cycle analysis of untreated (B) and (C) is presented. IL-22 treated and untreated cells are shown at
G1 (D), S (E) and G2/M (F) phases (n = 3). Each experiment was performed three times for consistency. Statistical significance was determined using Mann-Whitney U test. The two-

tailed p value <0.05 was considered significant. NS: not significant, *p < 0.05.
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4. Discussion

Previous studies have demonstrated that IL-22 levels are elevated in
the sera of patients with pSjS, and this correlated significantly
with lower saliva flow, anti-SSB, both anti-SSA and anti-SSB, RF, and
hypergammaglobulinemia. However, at present, the biological function
of [L-22 in salivary gland remains unknown. Using transcriptome anal-
ysis, we have explored the global transcriptional changes in HSG cells
mediated by IL-22. The present study demonstrates a systemic effect
of IL-22 on many major molecular functions. KEGG pathway analyses
showed that IL-22 contributes specifically to steroid biosynthesis, type
[ diabetes mellitus, p53 signaling pathway, cell cycle, graft-versus-host
disease, antigen processing and presentation, NOD-like receptor signal-
ing pathway and malaria. In addition, functional studies performed in-
vitro using HSG cells treated with IL-22 indicated the direct effect of
IL-22 on cell cycling, especially cell cycle arrest at the G2-M phase.
These results clearly indicate the importance of IL-22 expression in the
salivary glands.

IL-22 levels have been associated with many autoimmune and infec-
tious diseases. Production of IL-22 by Ty17 and Ty22 cells is found in a
number of autoimmune diseases such as rheumatoid arthritis and sys-
temic lupus erythematosus [7]. SjS is characterized by lymphocytic
foci in the salivary glands that can be correlated with disease progres-
sion and severity [27]. We have found high levels of IL-17 expressed
in sera and LSG of pSjS patients; however, there was a lack of correlation
with disease parameters [4]. The fact that IL-22 is found at high levels in
patents' sera with significant disease phenotype correlations together
with its high expression in the exocrine glands implicates its role in
the autoimmune process [5].

We have proposed that IL-17 directly contributes to the gross pa-
thology and clinical outcome of SjS, specifically the formation of LF in
the salivary glands and the decrease in saliva flow rates in animal
models and human patients with SjS [28,29]. However, until now,
there has been limited data presented on whether IL-22 also contributes
to the pathology observed in SjS. The current data further reveals a crit-
ical role of IL-22 in exerting potential changes on the infiltrating lym-
phocytic population and epithelial cells to elicit signals that could be
pathogenic or protective on the salivary/lacrimal glands depending on
the immunological or disease process. One important aspect is the pos-
sibility that IL-22 acts as a potential counter-balance to IL-17, providing
a possible protective role, as reported for some bacterial/viral infections,
inflammatory bowel disease, and hepatitis in experimental animal
models [30-32]. The protective nature of [L-22 is even more evident
by examining individual gene expressions by microarray. The up-
regulation of antimicrobial products (S100A9, DEF-p1) secreted in sali-
va is beneficial in maintaining and protecting the oral health, which is
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often compromised in SjS patients. Increase in HSPD1 or HSP60 upon
IL-22 stimulation provides supporting evidence for the protective
nature of IL-22 as demonstrated in an elegant study by Delaleu et al.
[33] in which the authors determined that immunization with Hsp60
in NOD mice, an animal model of SjS, could retain normal saliva
flow, lower focus score and systemic decrease in a majority of pro-
inflammatory cytokines. Furthermore, a number of immune-
modulating factors were found to be down-regulated in particular Ii-
1o, 1I-1B, 1I-8, Tgf-B1, chemokine ligand Ccl2, cadherin Cdh5, TNF-
related genes, and MHC complexes, thereby supporting a general sup-
pressive nature of [L-22. MMP-9 is shown to be the major indicator of
acinar cell destruction in salivary glands of SjS patients. A significant de-
crease in Mmp-9 following IL-22 stimulation could implicate the protec-
tive role of IL-22 in acinar cell integrity and homeostasis.

Biological and molecular function analyses with KEGG pathway sug-
gest an important role of IL-22 in cellular viability and cell cycle. Using
an in-vitro study to support the gene expression analysis, the present
study demonstrated that IL-22 has the propensity to arrest cell prolifer-
ation, targeting the cell cycle at the G2-M phase. It is likely that this oc-
curs by IL-22 down-regulating phosphorylation of the pro-proliferative
signaling mediators ERK1/2 and AKT. Ciccia et al. determined that IL-
22R and pSTAT3 are co-localized on mononuclear cells from salivary
glands mononuclear cells and peripheral blood cells [34]. Our data indi-
cated that IL-22-IL-22R is signaled via activation of STAT3/pSTAT3 with
little change in STAT1, STAT5, and STATS6. Biological pathway analysis
supports the anti-proliferative potential of IL-22 evidenced by 57
differentially down-regulated genes and only 11 genes up-regulated. A
number of critical genes associated with cellular proliferation and sig-
nificantly decreased upon IL-22 stimulation includes PCNA, INSIG1,
FGFBP1, CYR61, and CTGF. Concomitantly, CEBPB, CDC20, SECURIN, and
CDKN1C are up-regulated upon IL-22 activation. CEBPB and CDC20 ele-
vation indicates the inhibition of proliferation [35,36]. Interestingly, in-
creased CDC20 levels, which are counteracted by the similar increase in
anaphase inhibitor SECURIN, a molecule preventing cells from meta-
phase to anaphase transition [37]. CDKN1C regulates apoptosis, cell in-
vasion and metastasis is also highly increased to promote cellular
arrest [38]. Similarly, all the genes involved in p53 pathway are signifi-
cantly downregulated via the KEGG analysis. P53 is a major pathway
that contributes to many cellular processes including cell cycle arrest,
apoptosis, DNA repair and damage prevention and inhibition of mTOR
pathway [39]. The data suggest that IL-22 might have reduced viable
cells in part by activating cell death programs as well as by cell cycle ar-
rest. This observation is critical for the development of SjS since there is
a considerable hyperplasia observed in the ducts in LSG of pSjS patients
with concomitant loss of acinar cell mass [40]. Moreover, SjS is a
hyperproliferative disorder of B cells that can eventually transition to
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Fig. 4. Activation of STAT3 and pSTAT3 by IL-22 stimulation. HSG cells (2 x 10°) in serum-free media were stimulated without (NS: no stimulation) or with rIL-22 at 10, 50, 100, and 500 ng.
Cells lysates were obtained and separated by electrophoresis. The membranes were probed with specific primary antibodies, including anti-STAT3 and their anti-pSTAT3 (Cell Signaling,
1:1000 dilution for anti-STATs and -pSTATs) and anti-B-actin at 1:20,000 (Sigma). Membranes were probed with secondary antibody conjugated with IRDye infrared dye (1:20,000) for
1 h at RT. The signals were visualized using the Odyssey Dual-Mode Imaging System. Blots on each film were quantified by using Image] software (http://rsbweb.nih.gov/ij/index.htm)
with relative fold difference obtained by normalizing against respective 3-actin. Experiments were repeated twice for consistency. Statistical significance was determined using Mann-
Whitney U test. The two-tailed p value <0.05 was considered significant. *p < 0.05, **p < 0.01, and ***p < 0.001.
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non-Hodgkin's lymphoma [40,41]. Based on this result, IL-22 might
have a role in providing protection, attempting to compensate against
cellular hyperplasia and B cell hyperproliferation, especially in early
stage disease. Further study is needed to determine if infiltrating
immune cells are affected similarly by IL-22 activity.

In conclusion, these data suggest a critical role of IL-22 in modulating
the salivary epithelial cells. Limited information has been generated
dealing with the role of IL-22 in regard to critical biological processes
linked to the development of SjS, including glandular development, reg-
ulation of steroid hormone stimulation and apoptosis. While the current
studies have addressed some of these issues, and have shown a relation-
ship of IL-22 with cell cycle arrest that might be a counter-balance to the
high cell proliferation associated with onset of SjS, additional work is
needed to fully elucidate the role of IL-22 in autoimmunity.

The data sets supporting the results of this article are available in the
NCBI Gene Expression Omnibus repository, under Series accession
number GSE74389 http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE74389. Supplementary data associated with this article can
be found in the online version, at http://dx.doi.org/10.1016/j.gdata.
2015.11.014.
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