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Abstract
The etiology of primary Sjögren’s syndrome (pSS) remains unknown, and there is no complete curative drug. In this study,
we treated a mouse model of the submandibular gland (SG) protein-immunized experimental Sjögren’s syndrome (ESS)
with paeoniflorin-6′-O-benzene sulfonate (termed CP-25) to evaluate the potential therapeutic effects of CP-25. Through
in vivo experiments, we found that CP-25 increased saliva flow, alleviated the salivary gland indexes, and improved tissue
integrity in the ESS model. The viability of splenocytes and B-lymphocyte migration from spleen were reduced in ESS mice.
Furthermore, CP-25 decreased the expression of IgG antibodies, anti-SSA and anti-SSB antibodies and modulated the levels
of cytokines in the serum of SS mice. The numbers of total B lymphocytes, plasma cells (PCs), and memory B cells
diminished in the salivary gland. Increased expression of the JAK1-STAT1-CXCL13 axis and IFNα was found in human
tissue isolated from pSS patients. In vitro, after stimulation with IFNα, the levels of CXCL13 mRNA and CXCL13 in human
salivary gland epithelial cells (HSGEC) increased, while CP-25 counteracted the secretion of CXCL13 and downregulated
the expression of CXCL13. IFN-α activated the JAK1-STAT1/2-CXCL13 signaling pathway in HSGEC, which was
negatively regulated by additional CP-25. As a consequence, B-cell migration was downregulated in coculture with IFN-α-
stimulated HSGEC. Taken together, this study demonstrated that the therapeutic effects of CP-25 were associated with the
inhibition of the JAK1-STAT1/2-CXCL13 signaling pathway in HSGEC, which impedes the migration of B cells into the
salivary gland. We identified the underlying mechanisms of the therapeutic effect of CP-25 and provided an experimental
foundation for CP-25 as a potential drug in the treatment of the human autoimmune disorder pSS.

Introduction

Primary Sjogren’s syndrome (pSS) is a systemic autoimmune
disease, the main pathological feature of which is the infil-
tration of exocrine glandular lymphocytes. It mainly manifests
as dry mouth and dry eyes [1, 2]. The primary mechanism of
pSS development is thought to be the damage of the exocrine
gland epithelium mediated by an abnormal response of
immunocytes to the autoantigens [3, 4].

pSS is an autoimmune epithelitis in which salivary gland
epithelial cells (SGECs), also known as immunocytes, play a
key pathogenic role [5] by contributing to the recruitment and
activation of T and B cells by secreting chemokines and
cytokines upon stimulation by viral exposure or IFNα [6].
Glandular inflammatory infiltrates, comprising B cells, T cells,
natural killer cells, and other immune cells, along with cyto-
kines, are critical drivers of autoimmunity. Primarily, in
addition to producing autoantibodies, B cells are also involved
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in the synthesis of various proinflammatory cytokines and
antigen (Ag) presentation [7]. The pSS is characterized by
abnormal pathological B-cell overproduction, such as abnor-
mal distribution of peripheral B-cell subsets, such as abnormal
distribution of peripheral B-cell subsets, hyperglobulinemia,
etc. [8, 9]. CXCL13 and its receptor CXCR5 are vital for
migration, infiltration, and secretion of autoantibodies by B
lymphocytes [10]. Some studies have shown that B-cell sub-
sets play a vital role in the immune pathogenesis of pSS,
especially memory B cells and plasma cells (PCs) [11, 12].

At present, there is no ideal drug for the specific treatment
of pSS. Symptomatic treatment and system therapy are
commonly used to relieve the symptoms and delay the
development of the disease. However, systemic therapy,
including glucocorticoids or immunosuppressive treatment,
has adverse reactions, including gastrointestinal ulcers,
immunosuppression, and even tumor development [13, 14].
Thus, finding safe and effective therapeutic drugs against pSS
is an important research direction. The main active ingredient
of total glucosides of peony is paeoniflorin (Pae), which has
been used clinically to treat autoimmune diseases [15, 16].
However, Pae is poorly absorbed and takes a long time to
exert its effect because of poor permeation. To improve this
characteristic, after esterification of Pae, Paeoniflorin-6′-O-
benzene sulfonate (termed CP-25) with better fat solubility
and bioavailability was obtained [17]. Our research shows
that after CP-25 treatment, the lymphocyte infiltration in the
salivary glands is reduced, and the salivary flow in NOD/Ltj
experimental Sjogren’s syndrome mice (ESS) is also
improved [18]. The NOD mouse model has similar symptoms
as pSS but lacks its longitudinal stability [19]. At present,
many SS-like disease mouse models have been used for
exploring SS pathophysiology. Earlier studies have shown
that salivary gland inflammation in SMA mice can be induced
by repeated immunization of salivary glands with Klebsiella
O3 lipopolysaccharide [20]. In addition, after immunizing a
mixture of saliva and salivary gland extracts, symptoms of
SS-like dry keratoconjunctivitis were also observed, sug-
gesting that saliva-gland-derived proteins may induce SS-like
symptoms as autoantigens [21]. The self-Ag that triggers SS
in C57BL/6 mice also includes salivary gland proteins [22].

In our study, we successfully built an SS-like disease
model in submandibular gland (SG) autoantigen-immunized
C57BL/6 mice, which allows us to investigate the ESS
physiopathological mechanism in a mouse strain without
genetic susceptibility. This model allows us to address the
effect of CP-25 on the SG protein-immunized ESS mice and
B lymphocytes and to study the mechanism associated with
modulating the human submandibular gland epithelial cell
(HSGEC) secretion of chemokines, which affects the
migration of B-lymphocyte subsets. To this end, SG mice
immunized with SG protein were treated with CP-25.
The therapeutic effect of CP-25 was observed, and the

mechanism related to the regulation of SGECs signaling
pathway was analyzed, especially the JAK1-STAT1/2-
CXCL13 axis. The study revealed the therapeutic effect and
mechanism of CP-25 and provided an experimental basis
for its clinical treatment for pSS in the future.

Materials and methods

Animals

C57BL/6 mice (female, 6–7 weeks, 18 ± 2 g) were pur-
chased from the Institute of Biomedical Research, Nanjing
University (Certificate No. SCXK(SU)2015-0001). The
mice were raised in the SPF laboratory of the Experimental
Animal Center of Anhui Medical University. Animal-
related experiments were approved by the Ethics Committee
for Animal Experimentation of Anhui Medical University
(No. 20140186, China).

Reagents and drugs

For details see Table 1.

Induction and treatment of ESS in mice

The ESS model was built using a modified method with SG
protein immunization. For the preparation of SG protein,
8-week-old C57BL/6 mice were harvested with bilateral
SG, homogenized in PBS, and centrifuged at 12,000 × g for
5 min at 4 °C. The protein concentration of the supernatant
was measured by BCA, added to the same volume of
Freund’s complete adjuvant and emulsified to 2.5 mg/mL.
On day 0, the emulsion was intradermally injected into the
tail and back of the 8-week-old mice, and this operation was
repeated on day 7. On the 14th day, an equal volume of
Freund’s incomplete adjuvant was mixed with SG to form
an emulsion of the same concentration to boost immunity
and injected in the same way (Fig. 1).

ESS mice were screened for salivary flow in our study on
the 6th week after induction. Successfully immunized ESS
mice were divided into five groups, at least eight in each
group. Another normal group was set up. CP-25 with a
concentration of 17.5, 35, or 70 mg/kg and HCQ with a
concentration of 80 mg/kg were consecutively administered
intragastrically for 2 weeks.

Salivary flow

The mice were anesthetized by intraperitoneal injection of
2.4% pentobarbital sodium at a dose of 5 ml/kg followed by
subsequent intraperitoneal injection of 5 mg/kg pilocarpine
to induce saliva secretion. After 5 min, a weighed dry cotton
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ball was placed in the mouse’s mouth to collect saliva, and
the cotton ball was weighed after 10 min. The difference in
weight of the cotton ball was considered the saliva flow
every 10 min.

Indexes for organs

After the mice were sacrificed, the thymus, salivary glands,
and spleen were removed under aseptic conditions and

weighed. The index of these organs was calculated
according to the following formula: organ index (mg/g)=
organ weight (mg)/body weight (g).

H&E staining analysis

The mouse SG tissue was collected for H&E staining ana-
lysis. The grade of the score was determined according to
the severity of lymphocyte infiltration in the tissue. The

Table 1 Reagents and suppliers.

Reagents and drugs Supplier

Freund’s incomplete adjuvant, Freund’s complete adjuvant, the bicinchoninic acid assay
(BCA), concanavalin A (ConA), lipopolysaccharides (LPS), sodium pentobarbital and
pilocarpine

Sigma Chemical Co. (St. Louis, USA)

ELISA kits for mouse anti-SSA/Ro and anti-SSB/La antibodies Alpha Diagnostic Intl., Inc (USA)

Cell counting kit-8 (CCK8) Dojindo Laboratories (Japan).

ELISA kits for human CXCL13/BLC/BCA-1 (FMS-ELH141) and mouse CXCL13/BLC/
BCA-1 (FMS-ELM100)

Nanjing Formace Biotechnology (Nanjing, China)

The lymphocyte separation fluid Dakewe Biotechnology Co., Ltd

Mouse IgG ELISA kit Abcam Co. (Cambridge, England)

BD cytometric bead array (CBA) Mouse cytokine kits for IL-2, IL-4, IL-6, IL-17A, and IFN-
γ

Becton Dickinson Co. (USA)

IFN-α (NBP2-26551) and rabbit polyclonal CXCL13/BLC/BCA-1 (NBP2-16041) antibody Novus Biologicals (CO, USA)

Human CXCL13/BLC/BCA-1 (MAB801-SP) antibody RD Systems

JAK1 (3344), phospho-JAK1 (3331), phospho-STAT1 (9167), and phospho-STAT2 (4441)
antibodies

Cell Signaling Technology (Beverly, MA, USA)

STAT1(sc-464), STAT2 (sc-514193), IFN-α (sc-373757), and amylase (sc-46657) antibody Santa Cruz Biotechnology (Santa Cruz,
CA, USA)

β-actin (T0022) primary antibody Affinity Biosciences

Tofacitinib Jiangsu Hengrui Medicine Co., Ltd
(Jiangsu, China)

CD19-FITC, PDCA1-APC, CD27-PE BD Biosciences (NJ, USA)

Alexa Fluor 594-conjugated goat anti-rabbit IgG(H+ L) (SA00006-4) and Alexa Fluor 488-
conjugated goat anti-mouse IgG(H+ L) (SA00013-1)

Protein Tech Group (USA)

Alexa Fluor 647 AffiniPure goat anti-mouse IgG (H+ L) (FMS-Msaf64701) Fcmacs

Hydroxychloroquine (HCQ) Shanghai Zhongxi Pharmaceutical (Group) Co.,
Ltd (Shanghai, China)

CP-25 Institute of Clinical Pharmacology, Anhui
Medical University (Hefei, China)

Fig. 1 The ESS model was built using a modified method with submandibular gland (SG) protein immunization on day 0, 7, 14. ESS mice
were screened for salivary flow on the 6th week after induction.
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presence of more than 50 lymphocytes per 4 mm2 was
defined as a lymphocytic focus.

The scores were graded as 0= no lymphocytic infiltration;
1= slight lymphocytic infiltration; 2=moderate lymphocytic
infiltration but <1 lymphocytic focus; 3= one lymphocytic
focus; and 4=more than one lymphocytic focus.

Detection of thymocyte and splenocyte viability

After 2 weeks of treatment, the thymus and spleen were
sterilely obtained. The lymphocyte separation fluid was
used to isolate thymocytes and splenocytes. Then, 50 μl
thymocytes (1 × 107/mL) and 50 μl of ConA (10 µg/ml) or
50 μl splenocytes (1 × 107/mL) and 50 μl of 10 µg/ml LPS
were added to a 96-well culture plate and incubated for
48 h. Four hours before the end of the culturing, 10 µL of
CCK8 was added to each well. The absorbance (A) was
measured at 450 nm.

Flow cytometric analysis

Flow cytometry (FCM) detection of splenic lymphocytes
and SG lymphocytes was performed. Splenocytes were
collected using erythrocyte lysate and a lymphocyte
separation fluid. Lymphocytes of the SG were separated
with lymphocyte separation fluid. The cell suspension was
collected, and antibodies were added to CD19-FITC,
PDCA1-APC, and CD27-PE or CD19-FITC and CD4-PE in
the polystyrene tube. After incubation at 37 °C in the dark
for 40 min, analysis was performed by FCM (Beckman
USA) using FlowJo Quest software.

Detection of serum autoantibodies and cytokines

The serum samples were collected from mice. The
expression of anti-SSA/Ro, anti-SSB/La, IgG, and
CXCL13 in serum was detected by an ELISA kit. IFN-α
(10 ng/ml) was used to stimulate HSGECs for 24 and 48 h.
The expression of CXCL13 in the cell supernatant was
detected by an ELISA kit. The optical density was detected
at 450 nm.

The concentrations of IL-2, IL-4, IL-6, IL-17A, TNF-α,
and IFN-γ were detected by FCM using CBA mouse
cytokine kits.

Human tissue samples

Human labial gland specimens were collected by biopsy
from 13 suspected SS patients who were evaluated at the
First Affiliated Hospital of Anhui Medical University.
According to 2016 ACR/EULAR criteria, 10 pSS patients
(all women) were finally diagnosed. Three individuals (all
women) who had normal labial biopsy were used as the

control group. The patients provided informed consent. The
Ethics Committee approved the research at the Anhui
Medical University (No.: 20190399).

Immunofluorescence microscopy

For the Leica immunofluorescence microscopy (SP8), fro-
zen sections were incubated with primary anti-mouse or
anti-human anti-amylase, anti-CXCL13, and anti-mouse or
anti-human JAK1, STAT1, p-JAK1, and p-STAT1. Then,
the sections were incubated in the dark with Alexa Fluor
594-conjugated goat anti-rabbit IgG (H+ L), and Alexa
Fluor 488-conjugated goat anti-mouse IgG (H+ L) or
Alexa Fluor 647 AffiniPure goat anti-mouse IgG (H+ L)
fluorescent secondary antibody. ImageJ software was used
for the data analysis.

Cell culture

HSGECs and human Maver-1 cells (B-lymphocyte
line) were purchased from the European Certified
Cell Culture Collection. The HSGECs were cultured in
DMEM containing 10% FBS and penicillin/streptomycin
(1%) under normal culture conditions, and the human
Maver-1 cells were maintained in RPMI-1640 containing
10% FBS.

The HSGECs were stimulated with 10 ng/ml IFN-α with
or without tofacitinib (0.1, 1, and 10 μM) for 48 h. Proteins
were then extracted from the cells for WB.

B-lymphocyte migration

To determine the migration ability of Maver-1 cells to
CXCL13, we used Transwell 24-well plates with 6.5 mm
polycarbonate filters. In brief, the HSGECs were stimu-
lated with IFN-α (10 ng/ml) with or without CP-25 (0.1, 1,
and 10 μM), tofacitinib (10 μM), and CXCL13-
neutralizing antibody (300 ng/ml) placed in the lower
part of the well. Next, RPMI-1640 containing 5 × 105

Maver-1 cells was seeded on the inner chamber. After
48 h of incubation, migrating cells were collected for
counting by a hemocytometer and protein extraction
for WB.

Real-time PCR

IFN-α (10 ng/ml) was used to stimulate the HSGECs
for 24 and 48 h. The total RNA of the HSGECs was
extracted with TRIzol reagent. The total RNA was
reverse transcribed to cDNA by an Advantage cDNA
PCR Kit. After quantifying the expression levels of
mRNAs for CXCL13 and GAPDH, we maintained
HSGECs at 95 °C for 10 min and then performed 40
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cycles of 15 s at 95 °C and 60 s at 60 °C. The sequences
used were CXCL13: GCTTGAGGTGTAGATGTGTCC
and CCCACGGGGCAAGATTTGAA; GAPDH: GGTG
AAGGTCGGAGTCAACG and CAAAGTTGTCAT
GGATGHACC.

Western blot analysis

RIPA lysis buffer was used to lyse HSGEC to obtain
protein, including protease inhibitors and phosphatase
inhibitors. The quantified protein was mixed with the
loading buffer (Beyotime, China) at a ratio of 4:1 and then
heated. The samples were electrophoresed by 8% SDS-
PAGE and then transferred to a PVDF membrane (Mil-
lipore, Bedford, MA, USA). The membrane was blocked
in 5% skim milk and then overnight with primary
antibodies p-JAK1 (1:500), JAK1, p-STAT1, STAT1,
p-STAT2, STAT2, and β-actin (1:1000) at 4 °C. Then, the
secondary antibody was added. Protein bands could be
detected by chemiluminescence (Pierce, Rockford, IL,
USA) and scanned by an ImageQuant LAS 4000 Mini
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The
protein quantification results were normalized to the cor-
responding β-actin.

Statistical analysis

The results were expressed as the means ± SD. The data
analysis used a one-way ANOVA, Mann–Whitney
U test, or Dunnett’s multiple comparison test to compare
the differences between groups. P < 0.05 was regarded
as significant. The calculation was performed using
SPSS 16.0. The figures were constructed by GraphPad
Prism.

Results

CP-25 can increase saliva flow, reduce the SG index,
and improve the histological evaluation of SS mice

After C57BL/6 mice were immunized with SG protein, the
disease characteristics of SS appeared. Six weeks after
immunization (prior treatment), the saliva flow of the SS
model was significantly lower than that of the control
group. Following CP-25 (70 mg/kg) treatment for a week,
the first positive effects could be detected. After 2 weeks of
treatment, CP-25 at a concentration of 35 and 70 mg/kg and
HCQ at a concentration of 80 mg/kg significantly increased
saliva secretion (Fig. 2a).

In the untreated control group, the indexes for the thy-
mus, salivary glands, and spleen of the treated groups

increased significantly, while treatment with CP-25 at
concentrations of 35 and 70 mg/kg reduced the salivary
gland. Meanwhile, the spleen indexes were reduced only in
the group treated with 70 mg/kg CP-25. There were no
effects of CP-25 treatment on the thymus indexes (Fig. 2b).

After 2 weeks of treatment, the histological assessment
for the salivary glands showed noticeable differences
between the treated and untreated groups. SG protein-
immunized mice exhibited tissue damage with lymphocytic
infiltration and lymphocytic foci. Compared with the
untreated model group, CP-25 at a concentration of 70 mg/
kg protected the salivary gland against cell infiltration
(Fig. 2c). According to a previously described graduation
standard, we assessed the scores based on the lymphocytic
foci in every group. CP-25 at a concentration of 70 mg/kg
reduced the histological score of the salivary glands
(Fig. 2d).

CP-25 inhibits splenocyte viability and regulates the
proportion of B-lymphocyte subsets in the spleen of
SS mice

Lymphocytes, especially B lymphocytes, are essential for
the pathophysiologic mechanism of pSS. Therefore, we
confirmed whether the suppression of lymphocyte viability
was related to the treatment of CP-25. Lymphocyte viability
here means the number of live cells, which further reflects
the reactivity of lymphocyte cells. We collected thymocytes
and splenocytes from mice after 2 weeks of treatment and
analyzed the thymocyte viability (ConA stimulation) and
splenocyte viability (LPS stimulation). While there was no
significant change in thymocyte viability after ConA-
activation in each group, LPS-induced activation of sple-
nocytes significantly increased their viability in ESS model
mice compared with the control group. Both CP-25 and
HCQ inhibited splenocyte viability after 2 weeks of treat-
ment (Fig. 3a, b).

Memory B cells and PCs constitute the two vital cellular
subpopulations generated in germinal center responses that
together facilitate long-term humoral immunity. Therefore,
we examined the percentage of defined memory B cell
(CD19+CD27+) and PC (CD19+PDCA1+) subsets in the
spleen of mice via FCM. The rate of memory B cells was
markedly reduced from 4.08% in the untreated group to
2.71% in the model group. After treatment with CP-25 at a
concentration of 70 mg/kg and HCQ at a concentration of
80 mg/kg, the proportion of memory B cell subsets can be
upregulated (Fig. 3c, d). The PC function was hyperactive
in ESS, and the percentage of PCs increased in the untreated
model group. The percentage of PC subpopulations
decreased after treatment with 70 mg/kg CP-25 and 80 mg/
kg HCQ at (Fig. 3e, f).
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CP-25 decreases anti-SSA/SSB and IgG antibodies
and modulates the level of cytokines from serum in
SS mice

CP-25 modulated the percentage of the PC subset. There-
fore, we analyzed the effect of CP-25 on the secretory
antibodies by PCs. We determined the level of anti-SSA/
SSB and IgG antibodies in the serum. These autoantibody
levels significantly increased in the SS model group,
including anti-SSA/SSB and IgG antibodies. CP-25 and

HCQ treatment downregulated the level of anti-SSB, and
CP-25 at a concentration of 70 mg/kg reduced the level of
anti-SSA and IgG antibody expression (Fig. 4a).

We further measured the levels of inflammatory cyto-
kines (IL-2, IL-4, IL-6, IL-17A, IFN-γ, and TNF-α) in the
serum using the CBA mouse cytokine kit by FCM. Com-
pared with the unimmunized control group, the expression
levels of IL-4, IL-6, IL-17A, IFN-γ, and TNF-α in the ESS
model group were significantly increased. CP-25 (70 mg/
kg) downregulated IL-4 and IL-17A and had significant

Fig. 2 The effects of CP-25 on saliva flow, the salivary gland
indexes, and histological assessment in SS mice. C57BL/6 mice
were immunized with SG protein, which was emulsified in Freund’s
complete adjuvant (injected intradermally on days 0, 7) or Freund’s
incomplete adjuvant (injected intradermally on day 14). a CP-25 (35,
70 mg/kg) increased saliva flow in SS mice after a 2-week treatment

(x ± s, n= 8). b CP-25 reduced the salivary gland indexes in SS mice
(x ± s, n= 4–6). c, d CP-25 attenuated lymphocytic infiltration in the
salivary gland and significantly improved histological scores in
SS mice. #P < 0.05, ##P < 0.01 compared with the control; *P < 0.05,
**P < 0.01 compared with the model.
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Fig. 3 The effects of CP-25 on splenocyte viability and
B-lymphocyte subset from spleen in SS mice. a The effects of CP-25
on thymocyte viability in SS mice (x ± s, n= 4–6). b CP-25 inhibited
splenocyte viability in SS mice (x ± s, n= 4). c CD19+CD27+ memory
B cells were analyzed by flow cytometry in SS mice. d CP-25

increased memory B cells from splenocytes in SS mice (x ± s, n=
3–5). e CD19+PDCA1+ plasma B cells were analyzed by flow cyto-
metry in SS mice. f CP-25 decreased plasma B cells from splenocytes
in SS mice (x ± s, n= 3). #P < 0.05, ##P < 0.01 compared with the
control; *P < 0.05, **P < 0.01 compared with the model.
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effects (35 and 70 mg/kg) on IL-6 and TNF-α (17.5, 35, and
70 mg/kg) (Fig. 4b, c).

CP-25 decreases total B lymphocytes, memory B
cells, and PCs in the salivary gland

The main tissue affected by lymphocyte infiltration and
lymphocytic foci is the salivary glands. Therefore, we
analyzed the lymphocyte subsets, including total T and B
lymphocytes, memory B cells, and PCs. In the model ESS
group, the proportion of total B lymphocytes increased
significantly, while treatment with CP-25 at a concentration

of 70 mg/kg inhibited the infiltration of B lymphocytes into
the glands. There were no obvious abnormalities in total T
lymphocytes in the model group salivary glands (Fig. 5a).

B lymphocytes are the main infiltrating cells in ESS
model mice salivary glands. We further determined the
proportion of CD19+CD27+ memory B cells and CD19
+PDCA1+ PCs in the salivary glands. The percentage of
PCs and memory B cells was markedly upregulated from an
average of 0.508% and 0.49% in the control group to 1.61%
and 0.93% in the immunized model group, respectively, and
the percentage of PC and memory B cell subsets in the
salivary glands was reduced by CP-25 (Fig. 5b, c).

Fig. 4 The effects of CP-25 on the autoantibodies and cytokines
from serum in SS mice. a CP-25 decreased anti-SSA, anti-SSB, and
IgG antibodies in SS mice (x ± s, n= 3–4). b Immune-inflammatory
cytokine (IL-2, IL-4, IL-6, IFNγ, TNF-α, and IL-17A) levels were

measured using a CBA Mouse Cytokine Kit. c Bar graph illustrating
the levels of inflammatory cytokines (x ± s, n= 3–4). #P < 0.05, ##P <
0.01 compared with the control; *P < 0.05, **P < 0.01 compared with
the model.
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These results suggested that large numbers of B lym-
phocytes (memory B cells and PCs) migrated to and infil-
trated the salivary glands, and CP-25 inhibited the migration
and infiltration of B lymphocytes.

HSGEC can secrete the chemokine CXCL13 upon
stimulation by IFNα, which is inhibited by CP-25

CXCL13 is the essential chemokine that can regulate the
migration and infiltration of B lymphocytes into inflam-
matory glands of pSS. First, we detected the expression of
CXCL13 in the serum of ESS mice by CP-25. CXCL13
expression increased in ESS mice, while CP-25 decreased
CXCL13 levels (Fig. 6a). We further determined the

expression of CXCL13 in the SGECs (labeled by α-amy-
lase) of mouse salivary glands by immunofluorescence. The
results indicated that the expression of CXCL13 on SGECs
markedly increased in the ESS group. CP-25 decreased the
CXCL13 levels in salivary gland SGECs (Fig. 6b).

Next, we analyzed the expression of CXCL13 and IFNα
in human labial gland specimens. There were significant
lymphocytic infiltrations and lymphocytic foci in the glands
from pSS patients. The expression of CXCL13 in SGEC
(labeled by α-amylase) and IFNα was markedly increased in
pSS patients (Fig. 7a–c).

Furthermore, we cultured HSGEC and stimulated the
cells with IFNα. We detected the CXCL13 mRNA by qPCR
and the CXCL13 level by ELISA. The CXCL13 mRNA

Fig. 5 The effects of CP-25 on total B lymphocytes, memory B
cells, and PCs in the salivary gland in SS mice. a CP-25 decreases
total B lymphocytes in the salivary gland. b CP-25 decreases memory
B cells in the salivary gland. c CP-25 decreases PCs in the salivary

gland (x ± s, n= 3). The proportion of T and B lymphocytes among
total live immune cells. ##P < 0.01 compared with the control; *P <
0.05, **P < 0.01 compared with the model.
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and CXCL13 levels were significantly increased in
HSGECs stimulated by IFNα and inhibited by CP-25 (10−5

M) (Fig. 7d, e).

IFNα activated the JAK1-STAT1/2-CXCL13 signaling
pathway in HSGECs, and CP-25 can inhibit the
signaling pathway and reduce the secretion of
CXCL13

HSGEC can secrete chemokines CXCL13 upon stimulation
by IFNα. We explored which signaling pathways are
involved in secreting chemokines CXCL13. To this end, we
analyzed the activation of the JAK1-STAT1 signaling
pathway in the labial gland specimens of pSS patients by
immunofluorescence (Fig. 8a).

Furthermore, we determined the signaling of JAK1-
STAT1/2 in vitro. The pathway was activated in HSGECs
stimulated by IFNα. Tofacitinib, as an inhibitor of JAK, can
significantly inhibit the activation of the JAK1-STAT1/
2 signaling pathway stimulated by IFNα (Fig. 8b). The
results were similar to the labial gland specimens of pSS
patients.

To observe the effect of CP-25, the JAK inhibitor, and
the CXCL13 inhibitor on B-cell migration, we cocultivated
a human B-lymphocyte line (Maver-1) and HSGECs acti-
vated by IFNα together with inhibitors and determined the
migration of B cells. B-cell migration significantly
increased in the coculture with SGECs stimulated by IFNα.
Both the JAK inhibitor and the CXCL13 inhibitor could
inhibit B-cell migration. The results proved that IFNα
activated the JAK1-STAT1/2-CXCL13 signaling pathway
in SGEC, promoting B-cell migration (Fig. 8c). CP-25
could inhibit B-cell migration in the coculture with
HSGECs stimulated by IFNα. In addition, we detected that
CP-25 (10−5 M) significantly inhibited the activation of the
JAK1-STAT1/2 signaling pathway stimulated by IFNα
(Fig. 8d).

Discussion

pSS is a systemic autoimmune disease, and its clinical
manifestations are mainly dry mouth and dry eyes. In the
present study, we successfully implemented an SS-like
disease model.

Saliva flow and salivary gland biopsy are valuable tools in
pSS diagnostics. The lymphocytic focus score plays an
important role in pSS classification criteria as a routine clin-
ical diagnostic [23]. Extrinsic triggers are also important
factors involved in SS pathogenesis. Immunization with
specific autoantigens can induce the breakdown of immune-
tolerance and result in glandular inflammation and dysfunc-
tion, resembling the symptoms of SS patients. Currently, SS-
inducing Ags include Ro peptide, M3R peptide, carbonic
anhydrase 2 (CA2), and SG protein extract [24]. Most models
use the clinical manifestations of SS patients to produce
autoantibodies against Ro, M3R, and CA2 peptides as indi-
cators; meanwhile, information on the progress or onset of
pSS is limited, and pSS requires a long time to be established
in a mouse model. In our study, after immunization with SG
protein, C57BL/6 mice developed pSS symptoms, such as
decreased saliva volume, damaged SG tissue with lympho-
cytic infiltration, and increased autoantibody levels in serum.
Treatment with CP-25 increased saliva secretion, attenuated
lymphocytic infiltration, and reduced histological scores
according to the lymphocytic foci. These results indicate that
CP-25 could relieve the symptoms of ESS.

Anti-SSA/SSB antibodies are signs of pSS disease [25].
However, the exact role of these autoantibodies in the
pathogenesis is unclear. The absence of anti-SSA/SSB in
pSS is associated with a lower prevalence of B cells [26]. In
our mouse model CP-25 decreased anti-SSA/SSB and IgG
antibodies, which can be associated with modulating
B cells. B-cell overactivity and lymph node hyperplasia are
unique features of pSS; thus, B cells play a vital role in the
pathogenesis of this disease [27]. In addition, we detected

Fig. 6 The expression of CXCL13 in mice serum and salivary
gland. a CP-25 reduces the expression of CXCL13 in mice serum (x ±
s, n= 5). b 70 mg/kg CP-25 reduces the expression of CXCL13

(green) in SGEC in the mouse’s salivary gland in vivo by immuno-
fluorescence. SGEC can be labeled by α-amylase (red). The nucleus is
labeled by DAPI (blue).
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the proinflammatory cytokines in serum, including IL-2, IL-
4, IL-6, IL-17A, IFNγ, and TNF-α, which can disturb the
secretory function of salivary glands and affect the function
of B cells. These proinflammatory cytokines were increased
in ESS, and CP-25 reduced the secretion of these cytokines.
In this study, LPS-induced splenocyte viability was

upregulated in the ESS model, and CP-25 inhibited sple-
nocyte viability after 2 weeks of treatment. This indicates
that CP-25 modulates autoantibody secretion and the cell
viability of B cells.

The germinal center can produce “classic” memory
B cells, express surface CD27, and undergo isotype switch

Fig. 7 The effects of chemokines CXCL13 in SGEC stimulated by
IFNa, and the expression of CXCL13 and IFNa in the human
labial gland. a Histopathological HE is the staining of human labial
gland specimens from pSS patients. b The expression of CXCL13
(green) in SGEC(red) of human labial gland specimens from pSS
patients by immunofluorescence. c The expression of IFNa in SGEC
of human labial gland specimens from pSS patients by

immunohistochemical. d The effect of IFNa (10 ng/ml) on CXCL13
mRNA by RT-PCR and CXCL13 in SGECs by ELISA for 24 and 48 h
(x ± s, n= 3). *P < 0.05, **P < 0.01 compared with the control. e CP-
25 reduces the expression of CXCL13 (red) in SGEC stimulated by
IFNa for 48 h in vitro by immunofluorescence. The nucleus is labeled
by DAPI (blue).The nucleus is labeled by DAPI (blue).
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[28]. When memory B cells encounter lower levels of
immune Ag again, they can quickly differentiate into high-
affinity PCs [29]. Memory B cells (CD19+ and CD27+)
secrete a large number of proinflammatory cytokines related
to the pathogenic factors that occur during autoimmunity
[30, 31]. We detected the proportion of memory B cells and
PCs from the spleen, and the results showed that CD27+

memory B cells were markedly reduced while PCs
increased, which caused an increase in autoantibodies. The
reason for the lower CD27+ memory B cells is still elusive.
The lower proportion of memory B cells was related to the
length and severity of the disease, which indicates that
memory B cells may be potential prognostic markers [10].
Our results share similarities with previous publications
[32], which described the decrease in memory B cells in
pSS. In this work, CD27+ memory B cells in the peripheral
blood of patients with pSS were significantly reduced, while
memory B cells accumulated in inflamed SG [33, 34]. The
accumulation of memory B cells in the SG of SS patients
reduces the proportion of peripheral blood cells [35]. We
further detected memory B cells and PCs from mice salivary
glands. The results were similar to a previous study that
showed that the percentage of memory B cells was
increased in the SG of ESS mice. These results suggested

that memory B cells migrate slowly to salivary glands in
pSS. CP-25 could downregulate the proportion of memory
B cells in the SG by modulating the migration of B cells.

Dysregulated interactions of B cells with CXCL13 may
be closely related to the inflammatory immune response, the
progress of ectopic germinal center structures [36, 37] and
peripheral memory B cell irregularities. CXCL13 binding to
CXCR5, a specific chemoattractant for B cell, is an
important response factor for B-cell migration into the
inflammatory site. CXCL13 plays a key role in lymphoid
organ formation. Indeed, lymph node organogenesis was
partially blocked in transgenic mice lacking CXCL13 and
its receptor CXCR5 [38]. Abnormal SGEC-generated
CXCL13 mediates progressive B-cell aggregation in sali-
vary glands [39]. In a tissue biopsy of pSS patients, sti-
mulation by virus or IFNα could induce SGECs to secrete
some cytokines in vitro, such as BAFF, IL-6, and CXCL13
[40–42]. IFNα was strongly expressed in the peripheral
blood of pSS patients, which was related to high disease
activity, the presence of autoantibodies and hypergamma-
globulinemia [43]. Our results confirmed the increased
expression of CXCL13 and increased IFNα in human labial
gland specimens. IFNα can stimulate HSGECs to produce
the chemoattractant CXCL13 in vitro. A CXCL13 inhibitor

Fig. 8 The effect of CP-25 on the JAK1-STAT1/2-
CXCL13 signaling pathway in SGECs stimulated by IFNa. a The
effect of the JAK inhibitor, tofacitinib, on the JAK1-STAT1/2 signal-
ing pathway in SGEC stimulated by IFNa. SGECs were treated with
IFNa (10 ng/ml) in the presence or absence of tofacitinib (0.1, 1, and
10 μM) or SHR0302 (0.1, 1, and 10 μM) for 48 h (x ± s, n= 3), *P <
0.05, **P < 0.01 compared with the control group. #P < 0.05, ##P <
0.01 compared with the IFNa group. b Activation of the JAK1-STAT1
signaling pathway in human labial gland specimens by

immunofluorescence. c The effect of CP-25, the JAK inhibitor, and the
CXCL13 inhibitor (300 ng/ml CXCL13-neutralizing antibody) on
Maver-1 cell (b lymphocyte line) migration (x ± s, n= 3), **P < 0.01
compared with the control group. #P < 0.05, ##P < 0.01 compared with
the IFNa group. d The effect of CP-25 on the JAK1-STAT1/2 sig-
naling pathway in SGEC stimulated by IFNa. SGEC were treated with
IFNa (10 ng/ml) in the presence or absence of CP-25 (0.1, 1, and 10
μM) (x ± s, n= 3). **P < 0.01 compared with the control group. #P <
0.05 compared with the IFNa group.
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(CXCL13-neutralizing antibody) can inhibit B-lymphocyte
migration, demonstrating the role of CXCL13 in B-
lymphocyte migration. CP-25 has a similar effect and
inhibits B-cell migration. Furthermore, high expression of
CXCL13 promotes migration of B cells into the salivary
gland, which explains why memory B cells decrease in
peripheral blood and spleen and increase in salivary glands.

Viral RNA, DNA, or protein initiate the production of
IFNs, which activate downstream signaling cascades,
exerting their physiological effects, and the JAK/STAT
signaling cascade is the key pathway of IFNα [44]. IFNα
increases JAK kinase activity, thereby phosphorylating
tyrosine residues [45]. The formation of the binding sites of
STAT1 and STAT2 is promoted by this phosphorylation,
which is subsequently phosphorylated by JAK. Tofacitinib
can be used as a JAK inhibitor [46]. We found that the
JAK1-STAT1 signaling pathway was activated in the
human labial gland specimens. Our results further demon-
strated that IFNα activated the JAK1-STAT1/2 signaling
pathway in HSGEC, and the JAK inhibitor tofacitinib
inhibited the activation of the JAK1-STAT1/2 signaling
pathway in HSGECs stimulated by IFNα and thus inhibited
the migration of B lymphocytes. A CXCL13 inhibitor has
similar effects and inhibits B-lymphocyte migration. The
results demonstrated that IFNα-activated JAK1-STAT1/2-
CXCL13 signaling promoted the migration of B lympho-
cytes. CP-25 inhibited JAK1-STAT1/2-CXCL13 signaling
and reduced the migration of B lymphocyte.

In summary, we successfully established the SS model in
C57BL/6 mice using SG protein and confirmed that CP-25
treatment increased saliva secretion, attenuated lymphocytic
infiltration, and reduced the histopathology scores of sali-
vary glands. Furthermore, CP-25 inhibits the autoantibody
secretion and cell viability of inflammatory B cells in the
salivary glands and reduces its memory B cells and PCs.
The therapeutic effects of CP-25 probably are associated
with inhibiting the JAK1-STAT1/2-CXCL13 signaling
pathway in SGECs, and this signaling pathway is related to
the migration of B cells to salivary glands. The study
identified the therapeutic effects of CP-25 and provided the
experimental foundation for CP-25 to become a potential
drug for the treatment of pSS.
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