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Objective. IgG4-related sialadenitis (IgG4-RS) is a chronic fibroinflammatory disease characterized by glandular
fibrosis and hyposalivation. This study was undertaken to explore the role of cellular senescence in the pathogenesis
of IgG4-RS-related fibrosis.

Methods. The expression of senescence markers and proinflammatory cytokines in the submandibular glands
(SMGs) of IgG4-RS patients (n = 18) and controls (n = 14) was determined by proteomics, real-time polymerase chain
reaction, Western blotting, and immunohistochemistry. After interleukin-4 (IL-4) treatment, high-throughput RNA
sequencing was performed to identify the differentially expressed genes in SMG-C6 cells. A glandular fibrosis model
was established by the intraglandular injection of IL-4 into mouse SMGs (n = 8 per group).

Results. Salivary acinar and ductal epithelial cells underwent senescence in IgG4-RS patients, as indicated by the
elevated activity of senescence-associated B-galactosidase, lipofuscin accumulation, enhanced expression of senes-
cence markers (p53 and p16™K*4), and up-regulation of senescence-associated secretory phenotype factors. More-
over, there was a significant increase in IL-4 levels in SMGs from 1gG4-RS patients (P < 0.01), which positively
correlated with p16™¥** expression and the fibrosis score. Incubation with IL-4 exacerbated salivary epithelial
cell senescence by increasing the expression of p16™%** through the reactive oxygen species (ROS)/p38 MAPK path-
way. Supernatant collected from IL-4-induced senescent SMG-C6 cells enhanced fibroblast activation and matrix pro-
tein production (P < 0.05). Furthermore, injecting mice with IL-4 promoted fibrosis and senescence phenotypes in
SMGs in vivo.

Conclusion. The cellular senescence induced by IL-4 through the ROS/p38 MAPK-p16™¢** pathway promotes
fibrogenesis in IgG4-RS. Our data suggest that cellular senescence could serve as a novel therapeutic target for treat-

ing 1I9G4-RS.

INTRODUCTION

IlgG4-related disease (IgG4-RD) is a systemic fibroinflamma-
tory disorder characterized by increased IgG4+ plasma cell infil-
tration and storiform fibrosis in multiple organs, such as the
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salivary glands, pancreas, lacrimal glands, and kidney (1). Salivary
glands were found to be affected in nearly 27-58% of IgG4-RD
patients, and this condition is referred to as “lgG4-related sialad-
enitis (I9G4-RS)” (2-4). IgG4-RS patients exhibit persistent and
painless unilateral or bilateral enlargement of the salivary glands,
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which is accompanied by different degrees of hyposecretion due
to progressive fibrosis (5).

In a cohort of 235 consecutive IgG4-RD patients in Japan,
nine-tenths of the cases were diagnosed in 50-70-year-old indi-
viduals, suggesting that IgG4-RD mainly occurs in middle-aged
and elderly individuals (6). The onset of this disease was more
likely to be associated with strong lymphocytic activation in elderly
patients (ages >70 years) than in younger patients (7). Recent
studies have shown that serum interleukin-15 (IL-15) levels are
increased in IgG4-RS patients. Furthermore, the number of mem-
ory CD28-CD4+ T cells, which proliferate in response to IL-15,
also increased with age (8-10). Given that many chronic inflam-
matory diseases are considered to be aging-related disorders, it
is notable that some features associated with aging, such as inter-
stitial fiorosis, acinar atrophy, persistent inflammation, and loss of
regenerative capability in salivary gland epithelial cells, are
observed in IgG4-RS (5). These findings suggest that aging might
be a contributing factor to the initiation and progression of
lgG4-RS.

Accumulation of cellular senescence is a main feature of
aged organisms, and refers to a state of irreversible growth arrest,
which is triggered by pathogenic factors, such as inflammation
caused by diverse inflammatory cytokines (e.g., interleukins, inter-
ferons, and chemokines), oxidative stress, oncogene activation,
and DNA damage (11,12). The characteristics of senescent cells
include growth arrest, increased lysosomal content, resistance
to apoptosis, an enlarged and flattened morphology, and
enhanced expression of cyclin-dependent kinase (CDK) inhibitor
genes, such as p16™K*A p21, and p15 (13). Accumulation of
senescent cells can further promote the release of proinflamma-
tory cytokines, chemokines, growth factors, and proteases that
are known as senescence-associated secretory phenotype
(SASP) factors. SASP factors secreted by senescent cells rein-
force and propagate senescence in an autocrine and paracrine
manner; in addition, they attract immune cells and promote tissue
repair (14).

Several studies have indicated that many proinflammatory
cytokines, such as IL-18, transforming growth factor B (TGFB),
and IL-22, can induce cellular senescence and participate in
various fibrotic diseases, such as idiopathic pulmonary fibrosis,
liver fibrosis, and kidney fibrosis (15-17). Furthermore, cellular
senescence has been observed and is related to the loss of sal-
ivary gland function in mice that received radiation in the head
and neck, in primary Sjogren’s syndrome, and in the
senescence-accelerated mouse prone 1 line (18-22). However,
whether the infiltrating lymphocytes and their secreted proin-
flammatory cytokines trigger cellular senescence in the salivary
glands of patients with 1gG4-RS remains unexplored. In this
study, we aimed to understand the presence and role of cellular
senescence in the pathogenesis of fibrosis in the salivary glands
of patients with IgG4-RS, and further elucidate the underlying
mechanism.

MATERIALS AND METHODS

Cell culture, animal models, Sudan Black B staining,
senescence-associated (SA) B-galactosidase (B-gal) staining,
TUNEL staining, Masson’s trichrome staining, sirius red
staining, lactate dehydrogenase (LDH) assay, cell cycle and pro-
liferation assays, 5-ethynyl-2’-deoxyuridine assay, measure-
ment of reactive oxygen species (ROS), migration assay,
proteomics analysis, RNA sequencing, cytokine array, etc. are
described in detail in the Supplementary Methods, available on
the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42052. All animal research has been
reported according to Animals in Research: Reporting In Vivo
Experiments guidelines (23).

Patients and samples. Submandibular gland (SMG)
biopsy specimens were obtained from 18 patients who were
diagnosed as having IgG4-RS according to the comprehensive
diagnostic criteria (24) and had not been treated with steroids or
immunosuppressants. SMG tissues from 4 patients with chronic
sialadenitis (mean 4+ SD age 57.00 + 8.29 years) were included
for comparison. Control SMG tissues, confirmed to be normal
on pathologic examination, were obtained from 14 individuals
(mean + SD age 62.50 + 6.37 years) undergoing surgery for
head or neck carcinoma. Immediately after surgery, a part of the
specimen was frozen in liquid nitrogen for RNA and protein
extraction, and the remainder was used for histochemical stain-
ing. Blood samples were obtained from 1gG4-RS patients and
healthy donors after an overnight fast. Following sample collec-
tion, serum was immediately separated by centrifugation and
stored at —80°C. All patients signed an informed consent form.
The study protocol was approved by the Ethics Committee of
Peking University School and Hospital of Stomatology
(No. PKUSSORB-2013008). The clinical characteristics and sero-
logic features of the IgG4-RS patients are summarized in Supple-
mentary Table 1, available on the Arthritis & Rheumatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art.42052.

Statistical analysis. Data were normalized and are
expressed as the mean + SEM. The significance of differences
between groups was analyzed by Student’s unpaired t-test or
analysis of variance followed by Bonferroni test or Tukey’s test
using GraphPad software. Correlation was analyzed by Pearson’s
correlation coefficient analysis. P values less than 0.05 were con-
sidered significant.

RESULTS

Altered expression profile of aging-related proteins
in the SMGs of patients with IgG4-RS. The protein profiles
of SMG samples from 1gG4-RS patients and controls were
screened using proteomics. A total of 894 differentially expressed
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Figure 1. Cellular senescence in the submandibular glands (SMGs) of patients with IgG4-related sialadenitis (IgG4-RS). A, Volcano plot display-
ing differential expression of 894 proteins in IgG4-RS patients and controls (n = 3 per group). Proteins up-regulated (ratio of fold change [FC] >1.3)
in IgG4-RS are shown in orange; proteins down-regulated (ratio of fold change <0.77) in IgG-RS are shown in blue. NS = not significant. B, The
50 most enriched KEGG pathways for the differentially expressed proteins in SMGs from 1gG4-RS patients and controls. Pathways shown in
red are related to aging and inflammatory processes. ECM = extracellular matrix; TCA = tricarboxylic acid. C, Heatmap depicting differentially
expressed proteins in the Gene Ontology term “aging” in controls and IgG4-RS patients. Several aging-related proteins, such as B-galactosidase
(B-gal), histone H2AX, and CDK inhibitor 1B were abnormally expressed in SMGs from IgG4-RS patients. Red text indicates B-gal, a cellular senes-
cence marker. D, Left, Sudan Black B staining for lipofuscins in SMGs from 4 representative controls (n = 7) and 4 representative IgG4-RS patients
(n = 7). Bottom panels show higher-magnification views (bars = 25 um) of the boxed areas in the top panels (bars = 50 um). Arrows indicate
positive staining. Right, Quantitative analysis of Sudan Black B staining. Symbols represent individual subjects; bars show the mean + SEM.
E, Representative transmission electron microscopy images showing an accumulation of lipofuscins in the SMG from an IgG4-RS patient. Right
panels (bars = 500 nm) show higher-magnification views of the boxed areas in the left panels (bars =2 pm). F, Senescence-associated
(SA) B-gal staining in SMGs from controls and IgG4-RS patients (n = 4 per group). Bars = 100 um. G, Western blot (top) and quantification (bot-
tom) of B-gal expression in SMGs from controls and IgG4-RS patients (n = 6 per group). Symbols represent individual subjects; bars show the
mean + SEM. * = P < 0.05; * =P < 0.01.
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proteins were identified (ratio of fold change >1.3 or <0.77;
P < 0.05), of which 578 were up-regulated and 316 were down-
regulated in 1gG4-RS (Figure 1A). KEGG pathway enrichment
analysis revealed that the differentially expressed proteins were
enriched in 84 pathways. The top 50 pathways followed a pattern
similar to the aging process and included metabolic pathways,
oxidative phosphorylation, and regulation of actin cytoskeleton,
as well as pathways related to inflammatory processes
(Figure 1B). Accordingly, we further analyzed the term “Aging” in
Gene Ontology (GO)—enriched categories. Several aging-related
proteins, such as B-gal, histone H2AX, and CDK inhibitor 1B were
abnormally expressed in the SMGs of IgG4-RS patients
(Figure 1C). These results implied that aging might be involved in
the pathogenesis of IgG4-RS.

Epithelial cell senescence in the SMGs of patients
with 1gG4-RS. Sudan Black B and SA B-gal staining are 2 fre-
quently used methods to evaluate cellular senescence. SA B-gal
staining measures the activity of the lysosomal enzyme B-gal, a
well-known marker of cellular senescence, whereas Sudan Black
B staining directly detects the cellular aging process via the waste
product lipofuscin, a hallmark of senescent cells (25,26). We
observed more Sudan Black B-stained granules in the ductal
cells in SMGs from IgG4-RS patients than in those from controls
(Figure 1D). The accumulation of lipofuscins in the ductal cells in
SMGs from 1gG4-RS patients was further confirmed using elec-
tron microscopy (Figure 1E). SA B-gal staining indicated a signifi-
cant increase in SA B-gal activity in SMGs from IgG4-RS patients
compared with those from controls (Figure 1F). The increased
B-gal protein expression was further validated by Western blotting
(Figure 1G).

The expression of multiple senescence markers, such as
p14°7F 053, and p16™K*, and SASP factors, such as IL-6 and
TGFB1, was higher in SMGs from IgG4-RS patients than in those
from controls. In contrast, the levels of messenger RNA (MRNA)
for p21 were unchanged (Figure 2A). The p53 and p16™<* pro-
tein levels were significantly elevated in SMGs from IgG4-RS
patients; however, only a slight, although significant, increase in
the expression of p21 protein was detected (Figure 2B). Further-
more, increased intensities of p53 and p16™K** were seen in the
residual acinar and ductal cells of SMGs from IgG4-RS patients.
Additionally, sporadic expression of p21 was observed
(Figure 2C).

Since p21 signal was not activated, we did not further examine
the expression and localization of its upstream molecule p14°7F,
However, there was no significant increase in lipofuscin or p16™K4#4
expression in SMGs from patients with chronic sialadenitis, a
nonspecific inflammatory and fibrotic disease (Supplementary
Figures 1A and B, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.42052),
indicating that cellular senescence might be specific to IgG4-RS.
Both the proportion of apoptotic cells and the expression of

cleaved caspase 3 were unchanged among IgG4-RS patients
and controls (Supplementary Figures 2A and B, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.42052), suggesting that apoptosis might not be
the major pathologic process in IgG4-RS. These results indicate
that both acinar and ductal epithelial cells undergo cellular senes-
cence in IgG4-RS.

Elevated IL-4 expression in the SMGs of patients
with 1gG4-RS. The infiltration of lymphocytes plays a crucial role
in the progression of IgG4-RS (27,28). CD20+ B cells were pri-
marily located within the germinal centers, whereas CD3+ T lym-
phocytes were organized around germinal centers. Among
CD3+ T lymphocytes, CD4+ T cells were the dominant population
in SMGs from 1gG4-RS patients (Figure 2D). The levels of CD4+
T cell-associated cytokines, such as IL-2, interferon-y (IFNy),
IL-4, IL-13, and IL-10, were significantly higher in IgG4-RS
patients than in controls. IL-4 in particular was one of the proin-
flammatory cytokines that was most up-regulated (Figure 2E).
The increase in IL-4 protein expression, together with the increase
in IL-4 receptor (IL-4R) mRNA, in SMGs from IgG4-RS patients
was further validated by Western blotting and real-time polymer-
ase chain reaction, respectively (Figures 2F and G).

We then costained SMGs with IL-4 and zonula occludens 1,
a tight junction molecule expressed in epithelial cells. Expression
of IL-4 was not found in controls and was slightly detected in
SMGs from patients with chronic sialadenitis (Supplementary
Figure 3A, available on the Arthritis & Rheumatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art.42052). In con-
trast, strong IL-4 staining was detectable in the inflammatory infil-
tration foci of SMGs from IgG4-RS patients (Figure 2H). Notably,
IL-4 was partially colocalized with or accumulated surrounding
CD4+ lymphocytes in SMGs from 1gG4-RS patients, whereas
IL-4 and CD4 staining was hardly observed in controls
(Supplementary Figure 3B, available on the Arthritis & Rheuma-
tology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42052), indicating that a portion of IL-4 was produced or
secreted from Th2 cells. Furthermore, a cytokine antibody array
was performed to determine the cytokine profiles in the serum of
IgG4-RS patients and controls. The levels of multiple cytokines,
such as granulocyte-macrophage colony stimulating factor,
IL-283, TGFB, and tumor necrosis factor a, were higher among
lgG4-RS patients (Supplementary Figure 4, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42052). In contrast, serum IL-4 levels were
unchanged, suggesting that local IL-4 might play an important
role in IgG4-RS.

To further study the relationship between IL-4 and cellular
senescence, correlation analysis was performed. IL-4 mRNA
expression positively correlated with the senescence marker
p16™N<A but not with p53 or p21, in SMGs from IgG4-RS
patients (Figure 2l). These results suggest that an association
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Figure 2. Relationship between elevated interleukin-4 (IL-4) expression and senescence in submandibular glands (SMGs) from patients with
lgG4-related sialadenitis (IgG4-RS). A, Expression of mRNA for p1427F, p53, p21, p16™N“A |L-6, and transforming growth factor B1 (TGFB1) in
SMGs from controls (n = 11-14) and IgG4-RS patients (n = 13-16). B, Western blot (top) and quantification (bottom) of p53, p21, and p16™<“A pro-
tein expression in SMGs from controls (n = 12) and IgG4-RS patients (n = 14). C, Left, Immunostaining for p53, p21, and p16™<“*in SMGs from a
control and an 1gG4-RS patient. Bottom panels (bars = 20 um) show higher-magnification views of the boxed areas in the top panels (bars = 50
um). Arrows indicate positive staining. Right, Relative staining intensity in SMGs from controls (n = 5) and IgG4-RS patients (n = 6). D, Immunostain-
ing for CD20, CD3, CD4, and CD8 in SMGs from a control and an IgG4-RS patient. Asterisks indicate lymphoid follicles. Bars = 200 um. E, Levels of
mRNA for IL-2, IL-12, interferon-y (IFNy), IL-4, IL-5, IL-13, IL-17, IL-10, and FoxP3 in SMGs from controls (n = 8-14) and IgG4-RS patients (n = 12—
18). F, Western blot (top) and quantification (bottom) of IL-4 protein levels in SMGs from controls and IgG4-RS patients (n = 7 per group). G, Levels of
mRNA for IL-4 receptor (IL-4R) in SMGs from controls and IgG4-RS patients (n = 14 per group). H, Left, Immunostaining for IL-4 and zonula occlu-
dens 1 (ZO-1) in SMGs from a control and an IgG4-RS patient. Bottom panels (bars = 25 um) show higher-magnification views of the boxed areas in
the top panels (bars = 50 pum). Right, Relative staining intensity in SMGs from controls and 1gG4-RS patients (n = 4 per group). I, Correlations
between the levels of IL-4 mRNA and senescence markers in SMGs from IgG4-RS patients (n = 16), determined by Spearman’s test. In A-C and
E-H, symbols represent individual subjects; bars show the mean + SEM. * = P < 0.05; ** = P < 0.01. A = acini; D = ductal cells; IC = inflammatory
cells; F = fibrosis. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42052/abstract.

10.1002/art.42052, respectively. Notably, the down-regulated
genes related to the regulation of cell proliferation were screened,
while the up-regulated genes were enriched in positive regulation
of cell migration and localization.

exists between augmented IL-4 and cellular senescence in SMG
lesions in 1IgG4-RS patients.

IL-4-induced cellular senescence in SMG-C6 cells.

Considering that there is not a commonly accepted salivary gland
ductal cell line, we chose to use SMG-C6 cells, a rat submandib-
ular epithelial cell line with characteristics of acinar cells, for the
in vitro studies. First, high-throughput RNA sequencing was per-
formed in SMG-CB6 cells with or without recombinant IL-4 stimula-
tion. A total of 654 genes with significant differential expression
were identified (ratios of fold change >2 or <0.5; P < 0.05), of
which 434 were up-regulated and 220 were down-regulated
(Figure 3A). The 20 most enriched biologic processes for signifi-
cantly down-regulated and up-regulated genes are shown in
Figure 3B and Supplementary Figure 5, available on the Arthritis
& Rheumatology website at http://onlinelibrary.wiley.com/doi/

Since low proliferation is one of the characteristics of senescent
cells, we speculated that IL-4 could induce salivary gland cell senes-
cence. Treating SMG-C6 cells with IL-4 for 48 hours led to inhibition
of the proliferative capacity (Figures 3C and D). Cells exposed to IL-4
were arrested in the S phase (Figure 3E). Furthermore, IL-4 treat-
ment significantly increased the activity of SA B-gal and caused a flat-
tening and enlargement of cell morphology (Figure 3F). However,
IL-4 neutralizing antibody significantly eliminated the IL-4-induced

increase in SA B-gal activity and growth inhibition (Supplementary

Figures 6A and B, available on the Arthritis & Rheunatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art.42052), again sug-
gesting a direct relationship between IL-4 and senescence.

85UB01 SUOWILLIOD @A Fe. 3|qeolidde 8y Aq peusenob ae sajonse O ‘SN o Sa|nJ Joj Aig)8ulUQ /8|1 UO (SUORIPUOD-PUe-SWLIB}W0D" AB | 1M AReiq 1 jeu Uo//SdRY) SUORIPUOD Pue SWd L 8y} 88S *[¢202/2T/TT] uo Ariqiauliuo Ajim ‘Aiseaun Buped Ad Z50zy 1#e/200T OT/I0p/wod A8 |IMArelq Ul juo//Sdny woj papeojumod ‘9 ‘Z20Z ‘S02592E2


https://doi.org/10.1002/art.42052
https://doi.org/10.1002/art.42052
https://doi.org/10.1002/art.42052
http://onlinelibrary.wiley.com/doi/10.1002/art.42052/abstract

ROLE OF IL-4-INDUCED CELL SENESCENCE IN IgG4-RELATED SIALADENITIS 1075
A IL-4 vs Ctrl B IL-4 vs Ctrl
(top 20 biological p )
50 —
' ! - Up System development ®
220 H 434 . NS Response to molecule of bacterial origin .
[ . Reponse to lipopolysaccharide .
40 R ‘ - Down Response to cytokine .
v Regulation of signal transduction ° Sanebiumbior
10 Regulation of response to stimulus ° &l %
1! E ion of i signal i ° e«
HE o Regulation of cell proliferation ° @«
[ = Positive regulation of signal transduction | ® )
N o Positive regualtion of signaling .
: : Positive regulation of response to stimulus ° pualue
[ Positive regulation of intracellular signal transduction .
' ! Positive regualtion of cellular protein metabolic process ° I poee
ot Positive regulation of cell proliferation e | @S
'L Positive regulation of cell communication ° 25e-0
) Multicellular organism development o
Granulocyte chemotaxis
Cytokine mediated signaling pathway .
Cell proliferation °
Animal organ development °
2.5e-05 5.0e-05 7.5e-05
Rich Factor
C CCKS8 D EdU EdU/DAPI E
-
;\? 80 * m 48 h
< *k ~ 0.6 *% —_ oo
2120 = = o ® L]
[ o (8] X = 601 [,
< 100 = = - *
o 3 0.4 N S -
] 80 -4 3 40
g 60 £ 02 =
= @ V- T
¥ \ e 1| Al An
2 20 = 0.0 0 r r T
g o0 Cul 4 G1 s G2/M
e 0 10 20 50 (ng/ml) Phase
F G P i e0h
© 6 °
Ctrl IL-4 3 3
< <
=4 Z
— x 74
g - £ E
< x 22 2
< w = =
” © )
(&) x 0 o
50 um 50 ym IL-6 TGF-g1
—_ IL-4
2 40 % H ° e 0h
= 0 24 48 (h) E 3 i ®24h
§ - = p53 [== == —=|53KD 5 R * A48h
2 . p21 | == == = |21KD Pol _* ==
‘@ 20 E < | M,
8 1 P16MNKA | e e = | 16 KD =y = o=
— 5 1] A H > 4
101 = p-Rb | ~J1oko g [ I i I i I i
& 2
< [ . Rb [ #% ww|110KD & I .IH
7]
@ Ctrl IL-4 GAPDH | == wse w== | 36 KD 14 p53 p21 p16'"NKA p-Rb

Figure 3. Direct induction of cellular senescence by interleukin-4 (IL-4). A, Volcano plot of RNA sequencing in SMG-C6 cells treated with IL-4 (20 ng/ml)
for 48 hours (n = 3). Up-regulated genes (ratio of fold change [FC] >2) are shown in orange; down-regulated genes (ratio of fold change <0.5) are shown in
blue. NS = not significant. B, The 20 most significantly enriched Gene Ontology (GO) terms for the down-regulated genes. C, Changes in proliferative
capacity of SMG-C8 cells exposed to different concentrations of IL-4 for 48 hours, quantitated with Cell Counting Kit 8 (CCK8) (n = 5). D, Fluorescence
images (left) and quantification of positive cells (right) showing changes in proliferative capacity of SMG-C6 cells exposed to IL-4, measured by 5-ethynyl-
2'-deoxyuridine (EdU) assay (n = 3). Proliferative nuclei are green; cell nuclei were stained with DAPI. Bars = 50 um. E, Cell cycle analysis for SMG-C6 cells
treated with IL-4 (n = 5). F, Staining for (top) and quantification of (bottom) senescence-associated (SA) B-galactosidase (3-gal) in SMG-C6 cells treated
with IL-4 (n = 6). Arrows indicate positive staining. Bars = 50 um. G, Levels of mRNA for p53, p21, p16™<** p15, IL-6, and transforming growth factor
B1 (TGFR1) in SMG-CB6 cells treated with IL-4 (n = 5-8). H, Western blot (left) and quantification (right) of p53, p21, p16™<*, p-retinoblastoma (p-Rb),
and Rb protein expression in SMG-C6 cells (n = 4-6). In C-H, symbols represent individual samples; bars show the mean + SEM. * = P < 0.05;
** =P < 0.01. Color figure can be viewed in the online issue, which is available at http://onlineliorary.wiley.com/doi/10.1002/art.42052/abstract.

IL-4 had no effect on LDH activity, the proportion of
apoptotic cells, or the ratio of Bax to Bcl-2 proteins
(Supplementary Figures 7A-C, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/

10.1002/art.42052). The senescence markers p53/p21 and
p16™NK4 gre the 2 major mediators that modulate the cell cycle
by inhibiting the activity of CDK, which phosphorylates and
inactivates the retinoblastoma (Rb) protein. There was an
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Figure 4. Mediation of interleukin-4 (IL-4)-induced cellular senescence by reactive oxygen species (ROS)/p38 MAPK (p38). A, Western blot
(left) and quantification (right) of changes in the phosphorylation of STAT6, ERK1/2, protein kinase B (Akt), p38, and mechanistic target of rapa-
mycin (MTOR) after treatment with IL-4 (20 ng/ml) for the indicated time periods (n = 3-6). B, Immunostaining for p-STAT6 and p-p38 in SMG-C6
cells stimulated with IL-4. F-actin was stained to show cell outlines. Bars = 75 um. C and D, Changes in the proliferative capacity of SMG-C6 cells
(C) and p53 and p16™K* protein expression (D) in SMG-C6 cells left untreated or pretreated with the STAT6 inhibitor AS1517499 or the p38
MAPK inhibitor SB203580, before IL-4 treatment (n = 7). E, Phosphorylation of p38 and STATS6 in submandibular glands (SMGs) from controls
and patients with IgG4-related sialadenitis (IgG4-RS). F, Changes in intracellular ROS levels in SMG-C6 cells treated with IL-4 for the indicated
time periods, determined by flow cytometry (n = 5). G, Western blot (top) and quantification (bottom) of the phosphorylation of p38 and STAT6
in SMG-C6 cells pretreated with N-acetyl-L-cysteine (NAC; 5 mM) before IL-4 treatment (n = 4-7). H, ROS staining in SMGs from controls and
IgG4-RS patients. Bars =75 um. In A and C, F, and G, symbols represent individual samples; bars show the mean + SEM. * = P < 0.05;
** =P < 0.01. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42052/abstract.

increase in the expression of MRNA for p53 and p16™K** and IFNy, a characteristic cytokine secreted by Th1 lymphocytes,

the SASP factor IL-6, but not p21 (Figure 3G). Western blotting caused a reduction in the expression of p53 and p21 mRNA
also confirmed that treatment with IL-4 led to an increase in (Supplementary Figure 7D). These results suggest that IL-4

p53 and p16™<* expression and a decrease in the phosphor-
ylation levels of Rb (Figure 3H). In contrast, stimulation with

could directly induce senescence and lead to growth inhibition
in SMG-C6 cells.
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Mediation of IL-4-induced cellular senescence by
the ROS/p38 MAPK pathway. There are at least 2 distinct sig-
naling pathways triggered by IL-4 that involve STAT6 and the
insulin receptor substrate 1/2 (29,30). To investigate the mecha-
nism underlying IL-4-induced cellular senescence, we next exam-
ined potential intracellular kinases, including STAT6, ERK1/2, and
protein kinase B (Akt), and the potential signals that are thought to
induce cellular senescence according to recent studies, such as
p38 MAPK and mechanistic target of rapamycin (mTOR) (31).

IL-4 stimulation caused up-regulation of p-STAT6, whereas the
levels of p-ERK1/2 or p-Akt were unaffected (Figure 4A). More-
over, treatment with IL-4 led to a significant increase in the levels
of p-p38 MAPK, but not p-mTOR (Figure 4A and Supplementary
Figure 8A, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42052). Immuno-
fluorescence staining further showed an increase in the intranuc-
lear expression of both p-STAT6 and p-p38 MAPK after
stimulation with IL-4 (Figure 4B). Preincubation with the p38
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Figure 5. Promotion of fibrosis by interleukin-4 (IL-4)-induced epithelial cell senescence. A, Masson’s trichrome staining of submandibular gland (SMG)
samples from a control and a patient with IgG4-related sialadentitis (IgG4-RS). Middle panels (bars = 250 um) show higher-magnification views of the
boxed areas in the left panels (bars = 1 mm); right panels (bars = 100 um) show higher-magnification views of the boxed areas in the middle panels.
A = acini; D = ductal cells; IC = inflammatory cells. B, Light microscopy (top) and polarized microscopy (bottom) images of sirius red staining in SMG sam-
ples from controls and IgG4-RS patients. Bars = 50 um. C, Levels of mMRNA for type | collagen, type lll collagen, and connective tissue growth factor
(CTGF) in controls (n = 12-14) and IgG4-RS patients (n = 11-12). D, Correlation between IL-4 mRNA level and fibrosis score in SMGs from IgG4-RS
patients (n = 14). E, Western blot (left) and quantification (right) of type | collagen, a-smooth muscle actin (a-SMA), and SM22a protein expression in rat
fibroblasts after IL-4 stimulation (n = 4-7). F, Proliferative capacity of rat fioroblasts treated with IL-4 (n = 4). FBS = fetal bovine serum. G, llustration of
the procedure for collecting IL-4 conditioned medium. H, Proliferative capacity of rat fibroblasts treated with control or IL-4 conditioned medium, measured
by Cell Counting Kit 8 (n = 6). I, Type | collagen, p-STATB, a-SMA, and SM22a protein expression in rat fibroblasts incubated in control or IL-4 conditioned
medium with or without IL-4 neutralizing antibody (n = 7-8). J, Relative expression of cytokines in control and IL-4 conditioned medium. In C, E, F, and H,
symbols represent individual samples; bars show the mean + SEM. * = P < 0.05, " = P < 0.01. CINC-1 = cytokine-induced neutrophil chemoattractant
1; IL-1Ra = IL-1 receptor antagonist; IP-10 = interferon-y—-inducible 10-kd protein; LIX = lipopolysaccharide-induced CXC chemokine; MIG = monokine
induced by interferon-y; MIP-1a = macrophage inflammatory protein 1a; TNF = tumor necrosis factor; VEGF = vascular endothelial growth factor. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42052/abstract.
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MAPK inhibitor, SB203580, but not the STAT6 inhibitor,
AS1517499, abolished IL-4-induced growth inhibition as well
as p16™K*A protein up-regulation (Figure 4C and D). However,
the IL-4-induced up-regulation of p53 was unchanged. Consis-
tent with the in vitro studies, there was a significant increase in
total and p-p38 MAPK levels, but not STAT6 levels, in SMG
lesions from IgG4-RS patients (Figure 4E). These findings sug-
gest that p88 MAPK is an important mediator of IL-4-induced
salivary gland epithelial cell senescence.

Oxidative stresses, such as ROS, are thought to cause many
age-related chronic diseases (13). In SMG-C6 cells, IL-4 treat-
ment significantly increased intracellular ROS levels (Figure 4F).
Preincubation with N-acetyl-L-cysteine, a ROS scavenger, inhib-
ited the IL-4-induced phosphorylation of p38 MAPK, whereas
the phosphorylation of STAT6 was unaffected (Figure 4G). To
determine if intracellular ROS were involved in the progression of
lgG4-RS, we detected the level and localization of ROS and found
only a few sporadic ROS-positive foci in the SMGs from controls,
whereas excessive accumulation of ROS was observed in the
cytoplasm of residual epithelial cells in SMG lesions from
IgG4-RS patients (Figure 4H and Supplementary Figure 8B).
These results indicate that IL-4 induced cellular senescence
through the generation of ROS and by subsequently activating
the p38 MAPK signal.

IL-4-induced epithelial cell senescence promotes
fibrosis by activating fibroblasts both directly and indi-
rectly. Storiform fibrosis is a characteristic feature of the salivary
glands in IgG4-RS patients. We observed dense collagen deposi-
tion, which mainly consisted of type | collagen and appeared as
yellow/orange birefringence under polarized light microscopy,
inside the interlobular areas and around the residual epithelial cells
in SMGs from IgG4-RS patients (Figures 5A and B). The expres-
sion of MRNA for type | collagen, but not type Ill collagen or con-
nective tissue growth factor, was significantly higher in SMGs
from 1gG4-RS patients than in SMGs from controls (Figure 5C).
We also observed a positive correlation between IL-4 and fibrosis
score (Figure 5D).

To further understand the effect of IL-4 on SMG fibrosis, pri-
mary rat SMG fibroblasts were isolated and identified by vimentin
staining (Supplementary Figure 8C). Stimulation with IL-4
increased the expression of type | collagen, and the myofibroblast
markers a-smooth muscle actin (a-SMA) and smooth muscle 22a
(SM22q), but had no effect on the proliferative or migration capac-
ity of SMG fibroblasts (Figures 5E and F and Supplementary
Figures 8D and E). Additionally, we investigated whether IL-4—
induced senescent cells could influence the characteristics of
fioroblasts. We collected supernatants from IL-4—treated SMG-
C6 cells as conditioned medium (Figure 5G), and then incubated
fibroblasts with IL-4 conditioned medium in the presence or
absence of IL-4 neutralizing antibodies to eliminate the effect of
exogenous IL-4. Incubation with IL-4 conditioned medium

significantly enhanced the proliferation of fibroblasts and
increased the expression of type | collagen, p-STAT6, a-SMA,
and SM22a (Figures 5H and | and Supplementary Figures 9A-C,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42052). However, IL-4
conditioned medium did not affect the migration capacity
(Supplementary Figures 10A and B, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42052). Moreover, the elimination of IL-4 by neutral-
izing antibody did not affect the IL-4 conditioned medium-
induced up-regulation of type | collagen, a-SMA, and SM22a,
whereas |L-4-dependent p-STAT6 activation was abolished
(Figure 5I). These data suggest that the senescent epithelial cells
that were induced by IL-4 could promote the proliferation and
phenotype transition of fibroblasts by secreting SASP factors.

To identify potential inducers in the supernatants of IL-4—-induced
senescent epithelial cells, a cytokine array was performed in IL-4
conditioned medium. The results showed elevated levels of various
inflammatory and profibrotic factors, such as IL-1a and IL-1B, as
well as chemokines, such as macrophage inflammatory protein
3a and fractalkkine (Figure 5J). These findings indicate that IL-4 is
an important driver of fiborogenesis that affects fibroblasts both
directly and indirectly via the interaction between senescent epithe-
lial cells and fibroblasts in the SMGs of IgG4-RS patients.

IL-4-induced SMG fibrosis and cellular senescence
in a mouse model. To further confirm the role of IL-4 in salivary
gland epithelial cell senescence and fibrosis, we established a
mouse model by injection of murine IL-4 into SMG tissues at mul-
tiple sites (Figure 6A). Administering IL-4 did not cause a signifi-
cant change in body weight, SMG weight, or stimulated salivary
flow rate (Figure 6B). Notably, the IL-4-treated glands showed
significant atrophy of acinar and ductal cells and collagen deposi-
tion with thickened basement lumen compared with the controls
(Figure 6C). Masson’s trichrome staining revealed that the exoge-
nous IL-4 led to fibrotic lesions in SMGs (Figure 6D). In addition to
the fibrotic markers type | collagen and a-SMA, exogenous IL-4
also promoted the expression of p16™<* put not that of p53. A
p38 MAPK activation signal was detected in the IL-4 injection
group (Figure BE). These in vivo studies provide additional evi-
dence regarding the profibrotic effect of IL-4, which may be
closely related to the induction of epithelial cell senescence.

DISCUSSION

Fibrosis is the main pathologic feature of IgG4-RS; however,
its pathogenic mechanism is unclear. In the present study, we
demonstrated that both acinar and ductal cells in the SMGs of
lgG4-RS patients exhibit many phenotypic features of senes-
cence. Elevated IL-4 levels in SMG lesions activated the ROS/p38
MAPK-p16™NK4A signaling pathway and led to the accumulation of
senescent cells. We further showed that IL-4 induces SMG
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Figure 6. Effects of interleukin-4 (IL-4) on fibrosis and cellular senescence in vivo. A, Experimental design of an IL-4-injected mouse model. IL-4 or saline
(control) was injected into the submandibular gland (SMG) tissues. B, Body weight, SMG weight, and stimulated salivary flow rate in mice injected with saline
orIL-4 (n = 8 per group). Symbols indicate individual mice; bars show the mean + SEM. C and D, Hematoxylin and eosin (H&E)-stained (C) and Masson’s
trichrome—stained (D) sections of SMGs from mice injected with saline or IL-4. Bottom panels (bars = 50 um) show higher-magnification views of the boxed
areas in the top panels (bars = 250 um). Arrows indicate atrophic acini. E, Protein expression of the fibrotic markers type | collagen and a-smooth muscle
actin (@-SMA), and the senescence markers p53, p16™<*A, and p-p38 MAPK (p38), in SMGs from mice injected with saline or IL-4 (n = 4 per group). F,
Schematic model of the role of IL-4 in the fibrogenesis of IgG4-related sialadenitis (IgG4-RS). The elevation of IL-4 in the SMGs of IgG4-RS patients is an
important driver of fibrogenesis through both direct and indirect mechanisms, including 1) production of collagenous proteins by promoting fibroblast differ-
entiation directly, and 2) induction of salivary gland epithelial cell senescence through the reactive oxygen species (ROS)/p38 MAPK-p16N<“A pathway,
thereby producing senescence-associated secretory phenotype (SASP) factors to promote fibroblast proliferation and differentiation. p-Rb = p-retinoblas-
toma. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42052/abstract.

fiborosis directly by promoting myofibroblast differentiation and exhibits increased p16™<* and p21 expression and greater SA
indirectly by inducing senescent epithelial cells that produce B-gal activity in idiopathic pulmonary fibrosis patients and in a
SASP factors to activate fibroblasts (Figure 6F). mouse model of bleomycin-induced lung injury (32,33). In models

Storiform fibrosis is a prominent feature of IgG4-RS that of acute kidney injury, G2/M-arrested proximal tubular cell num-
leads to the enlargement and dysfunction of salivary glands. bers increase and activate c-Jun NH2-terminal kinase signaling,
Recent studies have demonstrated an accumulation of senescent which causes fibrosis by up-regulating profibrotic cytokine pro-
cells in a number of fibrotic diseases. The lung alveolar epithelium duction (34). Epidemiologic studies revealed that the incidence
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and mortality of fibrotic diseases increases with an aging popula-
tion, reinforcing the notion that the accumulation of senescent
cells might contribute to the onset of organ fibrosis (35,36). How-
ever, some studies have shown contrasting results. Senescent
hepatic stellate cells reduce the levels of extracellular matrix pro-
teins, enhance the secretion of degrading enzymes, and restrict
liver fibrosis (17,37).

To date, it is still unknown whether senescence is present
and involved in the fibrosis of IgG4-RS. Through liquid chroma-
tography mass spectrometry/mass spectrometry screening, mul-
tiple molecules related to aging were found to be aberrantly
expressed in the SMGs of patients with IgG4-RS. In addition, we
observed increased lipofuscin accumulation, SA B-gal activity,
SASP levels, and enhanced expression of senescence markers
(53 and p16™<“*Y in IgG4-RS. These findings indicate that sali-
vary acinar and ductal cells undergo senescence during
lgG4-RS. Anti-aging compounds or senolytics, which selectively
eliminate senescent cells by targeting p16™<*4, antiapoptotic pro-
teins, or SASP factors without affecting their normal counterparts,
have been shown to efficiently attenuate several age-dependent
disorders including fibrosis (14). Although a combination of gluco-
corticoids and steroid-sparing agents are widely used to treat
lgG4-RS, relapses and complications in some patients remain
major challenges (38). The present study suggests that targeting
cellular senescence might be a potential effective approach for
treating IgG4-RS.

The Th2-derived cytokine IL-4 is pleiotropic and may be
involved in differentiation, proliferation, or apoptosis depending
on the cell type (39,40). A recent study showed that IL-4 induces
senescence in human renal carcinoma cell lines by up-regulating
p21 through STAT6 and p38 MAPK signals (41). IL-4 serves as
a marker of inflammation in cardiac aging, as evidenced by its ele-
vated level in the left ventricle of senescent mice (42). In the pres-
ent study, we found higher IL-4 expression in local SMG tissues
from patients with 1gG4-RS, whereas serum IL-4 levels were
unchanged, suggesting that IL-4 primarily originates from the infil-
trated Th2 lymphocytes and contributes to the local lesions.
Moreover, the levels of IL-4 positively correlated with those of
p16™<4 and with the degree of fibrosis in IgG4-RS SMG lesions.
In vitro, RNA sequencing analysis showed that most of the down-
regulated and up-regulated genes were closely related to the reg-
ulation of cell proliferation and cell migration, respectively. Since
low proliferation is a characteristic of senescent cells, we focused
more attention on the down-regulated genes, which indicated
that IL-4 might induce senescence in salivary gland epithelial cells.

IL-4 significantly up-regulated SA B-gal activity, changed the
morphology of the cells into a senescence phenotype, induced
cycle arrest and growth inhibition, caused resistance to apopto-
sis, and further increased the expression of senescence markers
and SASP factors in SMG-C6 cells. In particular, IL-4 induced cel-
lular senescence mainly through p16™“** and subsequent Rb
signal, and not via p53 or p21. The profibrotic role of IL-4 was

further proven by the appearance of SMG fibrosis and increased
senescence marker expression in mice injected with IL-4, a path-
ologic phenomenon similar to IgG4-RS. These data demonstrate
a causal and direct role of increased IL-4 levels in local lesions in
generating salivary gland epithelial cell senescence and fibrosis.

We then explored signal transduction pathways that potentially
mediated IL-4-induced epithelial cell senescence. Although STAT6
was significantly activated by IL-4, the inhibition of STAT6 did not
affect IL-4-induced senescence. A member of the MAPK family,
p38 MAPK mediates numerous cellular processes, such as cellular
senescence (31). Partial inactivation of p38 MAPK in p38AF/+ mice,
which have mutations in the phosphorylation sites required for acti-
vation, led to the attenuation of age-induced up-regulation in the
expression of p16™<“A p19, p15, and p21 in multiple tissues.
Furthermore, it enhanced the proliferation and regeneration of islets,
supporting the notion of an important role of p38 MAPK in the
regulation of the cell cycle and senescence (43). In the present
study, we found that IL-4 significantly activated p38 MAPK but
not ERK1/2, and inhibitihg p38 MAPK signaling prevented the
IL-4-induced up-regulation of p16™<“* and growth arrest.

We further explored the molecule that linked IL-4 to p38
MAPK. ROS are regarded as the hallmarks of senescence (13).
Intracellular ROS generation can serve as a secondary messenger
and is responsible for the activation of p38 MAPK in response to
cytokines (44). We found that intracellular ROS levels rapidly
increased after IL-4 exposure, while treatment with antioxidants
abrogated IL-4-induced p38 MAPK activation, suggesting that
ROS act as sensors of IL-4 that activate p38 MAPK during the
senescence process. In addition, this signaling pathway was
detectable in the SMGs from IgG4-RS patients and in the mouse
model, thereby supporting the notion of involvement of ROS/p38
MAPK in the development of IgG4-RS.

The transition into SASP makes senescent cells exert benefi-
cial or detrimental effects on the microenvironment by inducing
the secretion of cytokines, chemokines, proteases, and growth
factors. These SASP factors play important roles in both tissue
repair and fibrotic diseases (45). It is well known that fibroblasts
are the key effectors that proliferate and differentiate into myofi-
broblasts in response to injury or inflammation, and lead to the
excessive accumulation of extracellular matrix proteins and fibro-
sis (46). Thus, we investigated both the direct and indirect effects
of IL-4 on SMG fibroblasts. IL-4 alone increased collagen synthe-
sis and myofibroblast differentiation but had no effect on prolifera-
tion, suggesting that direct IL-4 stimulation only partially activated
the fibroblasts. In contrast to this finding, the supernatants col-
lected from IL-4—induced senescent SMG-C6 cells facilitated pro-
liferation, collagen synthesis, and myofibroblast differentiation.
Moreover, IL-4 neutralizing antibodies did not eliminate the fibro-
blast activation induced by IL-4 conditioned medium, which indi-
cated that these effects did not depend on IL-4 but instead on
the SASP factors that were secreted by senescent epithelial cells.
The secretome of the IL-4-induced senescent cells includes
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cytokines and chemokines, which might be important mediators
of fibrosis and chronic inflammation in IgG4-RS. The above data
show that IL-4 can have a direct and a novel indirect effect,
through the interaction between senescent epithelial cells and
fibroblasts, in driving the fibrogenesis of IgG4-RS.

In summary, we demonstrate that senescence in salivary epi-
thelial cells is a novel mechanism of fibrogenesis in IgG4-RS. The
elevated levels of IL-4 in lesions were responsible for the induction
of senescence through the ROS/p38 MAPK-p16™“* signaling
pathway. Moreover, both local IL-4 and the SASP factors derived
from IL-4-induced senescent epithelial cells contributed to fibro-
blast activation, resulting in fibrosis. These findings not only
expand our understanding of the pathogenesis of IgG4-RS, but
also present a potential intervention strategy for treating
IgG4-RS by targeting senescent cells.
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