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Abstract: In Sjögren’s disease (SjD), the salivary glandular epithelial cells can induce the chemotaxis of
B cells by secreting B-cell chemokines such as C-X-C motif chemokine ligand 13 (CXCL13). Syndecan-
1 (SDC-1) is a major transmembrane heparan sulfate proteoglycan (HSPG) predominantly expressed
on epithelial cells that binds to and regulates heparan sulfate (HS)-binding molecules, including
chemokines. We aimed to determine whether SDC-1 plays a role in the pathogenesis of SjD by acting
on the binding of HS to B-cell chemokines. To assess changes in glandular inflammation and SDC-1
concentrations in the submandibular gland (SMG) and blood, female NOD/ShiLtJ and sex- and
age-matched C57BL/10 mice were used. In the SMG of NOD/ShiLtJ mice, inflammatory responses
were identified at 8 weeks of age, but increased SDC-1 concentrations in the SMG and blood were
observed at 6 weeks of age, when inflammation had not yet started. As the inflammation of the
SMG worsened, the SDC-1 concentrations in the SMG and blood increased. The expression of the
CXCL13 and its receptor C-X-C chemokine receptor type 5 (CXCR5) began to increase in the SMG at
6 weeks of age and continued until 12 weeks of age. Immunofluorescence staining in SMG tissue
and normal murine mammary gland cells confirmed the co-localization of SDC-1 and CXCL13, and
SDC-1 formed a complex with CXCL13 in an immunoprecipitation assay. Furthermore, NOD/ShiLtJ
mice were treated with 5 mg/kg HS intraperitoneally thrice per week for 6–10 weeks of age, and the
therapeutic effects in the SMG were assessed at the end of 10 weeks of age. NOD/ShiLtJ mice treated
with HS showed attenuated salivary gland inflammation with reduced B-cell infiltration, germinal
center formation and CXCR5 expression. These findings suggest that SDC-1 plays a pivotal role in
the pathogenesis of SjD by binding to CXCL13 through the HS chain.
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1. Introduction

Sjögren’s disease (SjD) is a prototypical autoimmune disease characterized by chronic
lymphocytic infiltration in the exocrine glands, preferentially affecting the salivary and
lacrimal glands, although other organs can also be involved [1–3]. The complex interplay
between salivary gland epithelial cells (SGECs) and innate and adaptive immunity is critical
in the pathogenesis of SjD. B cells play a central role in this process, becoming overactivated
and functioning as cytokine-secreting, antigen-presenting cells or autoantibody produc-
ers [1,2]. C-X-C motif chemokine ligand 13 (CXCL13) is a strong chemokine for B cells and
is produced mainly by mesenchymal lymphoid tissue organizer cells, follicular dendritic
cells, and human T-follicular helper cells [4,5], in addition to non-immune cells resident in
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salivary glands, including ductal epithelial cells and endothelial cells in the salivary glands
of SjD [6]. By binding to C-X-C chemokine receptor type 5 (CXCR5), CXCL13 plays an
important role in lymphoid neogenesis, lymphoid organization, and immune responses [5]
and is associated with germinal center (GC)-like structures in patients with SjD [7].

SGECs are also major players in SjD pathogenesis as targets of disease and drivers
of the disease process that promote the overactivation of the immune system [2,4]. The
dysregulation of innate immune signaling pathways and consequent pro-inflammatory
cytokine and chemokine production by SGECs leads to salivary gland inflammation and
dysfunction [2,4].

Syndecan-1 (SDC-1) is the prototype cell surface heparan sulfate proteoglycan
(HSPG) [8] and is predominantly expressed on epithelial and plasma cells in adult tis-
sues [9–11]. It consists of an extracellular domain where heparan sulfate (HS) chains attach
distally to the plasma membrane, followed by the signature transmembrane and cytoplas-
mic domains, which are highly homologous among various SDCs and species [9–11]. On
the cell surface, SDC-1 binds to and regulates HS-binding molecules, including chemokines,
cytokines, growth factors, and extracellular matrix components, thereby allowing SDC-
1 to modulate multiple inflammatory responses by functioning as both pro- and anti-
inflammatory molecules [9–11]. SDC-1 can modulate several chemokine functions by induc-
ing oligomerization, which can potentiate chemokine activities, protecting chemokines from
degradation and serving as a direct internalization receptor for specific chemokines [10,12].
However, specific binding partners of SDC-1 for chemokines, including CXCL13, have not
been completely identified. SDC-1 also functions as a soluble HSPG in its extracellular
domain, replete with all its HS chains, and can be proteolytically released from the cell
surface through ectodomain shedding [9,10]. Shed HSPG ectodomains can also bind to and
block chemokine functions [13].

Previously, we demonstrated that SDC-1 expression increased on SGECs in inflamed
minor salivary glands of patients with SjD, and that the SDC-1 concentrations of saliva
and blood were higher in patients with SjD than in healthy participants [14]. Additionally,
the SDC-1 concentrations of saliva and blood reflect the salivary glandular function and
disease activity, respectively. However, the role of SDC-1 in the pathogenesis of SjD has not
been studied. In this study, we aimed to elucidate the role of SDC-1 in the pathogenesis of
SjD by examining the expression of SDC-1 in submandibular salivary glands (SMGs) in
NOD/ShiLtJ mice, a mouse model of SjD; the binding of CXCL13 to SDC-1; and the effects
of HS treatment on SMG inflammation and B-cell infiltration.

2. Results
2.1. Histopathological Changes in the Salivary Glands of NOD/ShiLtJ Mice

Initially, we examined the severity of inflammation in the SMGs of NOD/ShiLtJ mice.
Inflammatory cell infiltration was not observed in the salivary gland tissues of 6-week-old
mice; however, it tended to increase with age (Figure 1). The mean ratio indexes were
0.0, 0.7, 10.0, and 15.7 in the 6-, 8-, 10-, and 12-week-old NOD/ShiLtJ mice, respectively
(Figure 1B), and no significant difference was observed in salivary gland inflammation
between 6- and 8-week-old mice (p = 0.25). However, significant differences in the severity
of inflammation were observed between 8- and 10-week-old mice (p < 0.001) and between
10- and 12-week-old mice (p = 0.027). On examination of the incidence rate according to the
degree of ratio index in mice of different ages, an inflammatory change was observed in all
salivary gland tissues of 10- and 12-week-old mice and was more severe in 12-week-old
mice than in 10-week-old mice (Figure 1C).
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Figure 1. Histopathologic changes in the submandibular glands (SMGs) from NOD/ShiLtJ mice. 
(A,B) Hematoxylin and eosin-stained sections of the SMGs show focal inflammatory foci (indicated 
by black arrow heads). The severity of inflammation of the SMGs is assessed by ratio index ([area 
of inflammation/total glandular area of the section] × 100). (C) Both incidence rate and severity of 
inflammation in the SMGs show an increase with age. Inflammatory changes can be observed in all 
salivary gland tissues of 10- and 12-week-old mice and are more intense in 12-week-old mice than 
in 10-week-old mice. n in each group = 5. Bars show the mean and S.E.M for each group. ns = not 
significant; * = p < 0.05, *** = p < 0.001. Scale bar = 100 µm. 

2.2. Increased SDC-1 Expression in Blood and SMGs of NOD/ShiLtJ Mice 
To determine the changes in SDC-1 expression according to the degree of inflamma-

tion in SMGs, we identified SDC-1 expression in salivary gland tissues by immunofluo-
rescence (IF) staining and measured the concentration of SDC-1 in SMGs and blood using 
the dot-blotting method. The expression of SDC-1 in IF-stained tissues increased as tissue 
inflammation worsened and was mainly localized to the epithelial cells lining the salivary 
duct (Figure 2A). 

The SDC-1 concentrations in the blood (Figure 2B) and SMGs (Figure 2C) signifi-
cantly increased in NOD/ShiLtJ mice compared with those in controls, which tended to 
increase with the severity of inflammation in the salivary gland tissues. Moreover, the 
SDC-1 concentrations in the blood and SMGs of NOD/ShiLtJ mice started to increase sig-
nificantly at 6 weeks of age (blood, 9.6 ± 1.2 vs. 2.8 ± 0.6, p < 0.001; SMG, 4.6 ± 0.6 vs. 1.6 ± 
0.4, p = 0.002), during which no inflammatory response was detected in the SMGs of 
NOD/ShiLtJ mice. In the NOD/ShiLtJ mice, SDC-1 concentrations in the blood and SMG 
of 8-week-old mice tended to increase compared with those of 6-week-old mice, although 
the differences were not statistically significant. SDC-1 concentrations in the blood and 
SMGs started to show a significant increase at 10 weeks of age (8-week-old vs. 10-week-
old mice: blood, 9.2 ± 1.4 vs. 15.0 ± 1.6, p = 0.025; SMG, 6.8 ± 1.3 vs. 11.5 ± 1.3, p = 0.047). 

Figure 1. Histopathologic changes in the submandibular glands (SMGs) from NOD/ShiLtJ mice.
(A,B) Hematoxylin and eosin-stained sections of the SMGs show focal inflammatory foci (indicated
by black arrow heads). The severity of inflammation of the SMGs is assessed by ratio index ([area
of inflammation/total glandular area of the section] × 100). (C) Both incidence rate and severity of
inflammation in the SMGs show an increase with age. Inflammatory changes can be observed in all
salivary gland tissues of 10- and 12-week-old mice and are more intense in 12-week-old mice than
in 10-week-old mice. n in each group = 5. Bars show the mean and S.E.M for each group. ns = not
significant; * = p < 0.05, *** = p < 0.001. Scale bar = 100 µm.

2.2. Increased SDC-1 Expression in Blood and SMGs of NOD/ShiLtJ Mice

To determine the changes in SDC-1 expression according to the degree of inflammation
in SMGs, we identified SDC-1 expression in salivary gland tissues by immunofluorescence
(IF) staining and measured the concentration of SDC-1 in SMGs and blood using the
dot-blotting method. The expression of SDC-1 in IF-stained tissues increased as tissue
inflammation worsened and was mainly localized to the epithelial cells lining the salivary
duct (Figure 2A).

The SDC-1 concentrations in the blood (Figure 2B) and SMGs (Figure 2C) signifi-
cantly increased in NOD/ShiLtJ mice compared with those in controls, which tended to
increase with the severity of inflammation in the salivary gland tissues. Moreover, the
SDC-1 concentrations in the blood and SMGs of NOD/ShiLtJ mice started to increase
significantly at 6 weeks of age (blood, 9.6 ± 1.2 vs. 2.8 ± 0.6, p < 0.001; SMG, 4.6 ± 0.6 vs.
1.6 ± 0.4, p = 0.002), during which no inflammatory response was detected in the SMGs of
NOD/ShiLtJ mice. In the NOD/ShiLtJ mice, SDC-1 concentrations in the blood and SMG
of 8-week-old mice tended to increase compared with those of 6-week-old mice, although
the differences were not statistically significant. SDC-1 concentrations in the blood and
SMGs started to show a significant increase at 10 weeks of age (8-week-old vs. 10-week-old
mice: blood, 9.2 ± 1.4 vs. 15.0 ± 1.6, p = 0.025; SMG, 6.8 ± 1.3 vs. 11.5 ± 1.3, p = 0.047).
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Figure 2. Expression of syndecan-1 (SDC-1) in blood and submandibular gland (SMG) tissues of 
NOD/ShiLtJ mice. (A) Immunofluorescence (IF)-stained sections of the SMGs show that the expres-
sion of SDC-1 increases with the severity of inflammation in the ductal epithelium in the SMGs of 
NOD/ShiLtJ mice. Tissue sections were stained with anti-SDC-1 mAb (red) and counterstained with 
4′,6-dia-midino-2-phenylindole (DAPI, blue). Scale bar = 50 µm. (B,C) SDC-1 concentrations in the 
(B) blood and (C) SMG of NOD/ShiLtJ mice are significantly higher than in those of controls. SDC-
1 concentrations were measured using dot blotting. n in each group = 5. Bars show the mean and 
S.E.M for each group. ns = not significant; * = p < 0.05, ** = p < 0.01, *** = p < 0.001. ■ NOD/ShiLtJ 
mouse, □ C57BL/10 mouse. 
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3A). In 6-week-old NOD/ShiLtJ mice without SMG inflammation, the expressions of IL-7, 
CCL21, and CXCL13 were significantly upregulated, suggesting that SGECs begin to se-
crete inflammatory substances such as chemokines before inflammatory cell infiltration. 
The expression of CXCR4 and CXCR5 also increased in the SMGs of 6-week-old 
NOD/ShiLtJ mice, but the expression levels were not so high. In 8-week-old mice, a more 
pronounced increase in the expression of IL-7 and CXCL13 occurred, when salivary gland 
inflammation began to be observed. The expressions of CXCR4 and CXCR5 were evident 
from 8 weeks, which is considered to be related to the fact that B cell infiltration increases 
in earnest in the SMGs of 8-week-old NOD/ShiLtJ mice. Along with the changes in the 
expression of chemokines, we also identified changes in the expression of SDC-4. SDC-4 
was expressed to a similar extent in the SMGs from 6-week-old NOD/ShiLtJ mice as in 
those of control mice, but was barely detectable in the SMGs from 8-week-old mice, when 

Figure 2. Expression of syndecan-1 (SDC-1) in blood and submandibular gland (SMG) tissues
of NOD/ShiLtJ mice. (A) Immunofluorescence (IF)-stained sections of the SMGs show that the
expression of SDC-1 increases with the severity of inflammation in the ductal epithelium in the SMGs
of NOD/ShiLtJ mice. Tissue sections were stained with anti-SDC-1 mAb (red) and counterstained
with 4′,6-dia-midino-2-phenylindole (DAPI, blue). Scale bar = 50 µm. (B,C) SDC-1 concentrations
in the (B) blood and (C) SMG of NOD/ShiLtJ mice are significantly higher than in those of controls.
SDC-1 concentrations were measured using dot blotting. n in each group = 5. Bars show the mean
and S.E.M for each group. ns = not significant; * = p < 0.05, ** = p < 0.01, *** = p < 0.001. ■ NOD/ShiLtJ
mouse, □ C57BL/10 mouse.

2.3. Expression of B-Cell Chemokines and Their Receptors in SMG Tissues of NOD/ShiLtJ Mice

We performed a Western blotting assay for these chemokines to identify altered expres-
sions of chemokines in inflamed salivary gland tissues of NOD/ShiLtJ mice (Figure 3A). In
6-week-old NOD/ShiLtJ mice without SMG inflammation, the expressions of IL-7, CCL21,
and CXCL13 were significantly upregulated, suggesting that SGECs begin to secrete inflam-
matory substances such as chemokines before inflammatory cell infiltration. The expression
of CXCR4 and CXCR5 also increased in the SMGs of 6-week-old NOD/ShiLtJ mice, but
the expression levels were not so high. In 8-week-old mice, a more pronounced increase in
the expression of IL-7 and CXCL13 occurred, when salivary gland inflammation began to
be observed. The expressions of CXCR4 and CXCR5 were evident from 8 weeks, which is
considered to be related to the fact that B cell infiltration increases in earnest in the SMGs
of 8-week-old NOD/ShiLtJ mice. Along with the changes in the expression of chemokines,
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we also identified changes in the expression of SDC-4. SDC-4 was expressed to a similar
extent in the SMGs from 6-week-old NOD/ShiLtJ mice as in those of control mice, but was
barely detectable in the SMGs from 8-week-old mice, when the inflammatory responses
began to develop (Figure 3A). Additionally, infiltration of inflammatory cells, including B
cells, T cells, and macrophages, increased with age in the salivary glands of NOD/ShiLtJ
mice, along with increased concentrations of chemokines.
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Figure 3. Upregulated chemokine expression and inflammatory cell infiltration in submandibular
glands (SMGs) of NOD/ShiLtJ mice. (A) Western blotting assay for chemokines and chemokine
receptors. n in each group = 5. Bars show the mean and S.E.M for each group. ns = not significant;
* = p < 0.05, ** = p < 0.01, *** = p < 0.001. ■ NOD/ShiLtJ mouse, □ C57BL/10 mouse. (B) Representa-
tive histopathologic findings of SMGs. Upper panel: H&E-stained salivary glands. Lower panels:
immunohistochemical staining for CD4, B220, and F4/80 (brown). Scale bar = 50 µm.
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2.4. Identification of CXCL13 Binding to SDC-1

Although CXCL13 is shown to be functionally presented to its receptor in a HS-
bound form [15], whether CXCL13 binds to SDC-1 is not known. To determine whether
CXCL13 binds to SDC-1, we first performed co-IF staining with SMG tissues and epithelial
cells. The expression of CXCL13 and SDC-1 was upregulated in response to increased
inflammation, and CXCL13 and SDC-1 were detected together on the surface of ductal
epithelial cells (Figure 4A). Additionally, the co-localization of SDC-1 and CXCL13 was
confirmed through co-IF staining using normal murine mammary gland (NMuMG) cells,
which are epithelial cell lines derived from normal glandular tissue of mice and which
express SDC-1 abundantly on their cell surface (Figure 4B). Subsequently, we investigated
whether CXCL13 forms a complex with SDC-1 through an immunoprecipitation (IP) assay
using NMuMG cells (Figure 4C). SDC-1 formed a complex with CXCL13, suggesting that
CXCL13 binds to SDC-1 directly through the HS on the surface of ductal epithelial cells
and participates in the inflammatory pathway through B-cell chemotaxis (Figure 4C).
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immunofluorescent antibodies to determine the distribution of SDC-1 (CD138, red) and CXCL13
(green) on the epithelial cells. The sections were counterstained with 4′,6-diamidino-2-phenylindole
(DAPI, blue). The merged images obtained by confocal microscopy show the yellow co-localization
of both molecules. Magnified views of the boxed areas are shown in the right column. Scale bars = 50
and 25 µm. (B) Co-expression of SDC-1 and CXCL13 on normal murine mammary gland (NMuMG)
cells. NMuMG cells were double-stained with anti-CXCL13 mAb (green) and anti-SDC-1 mAb (red).
The sections were counterstained with DAPI (blue). Scale bar = 25 µm. (C) Association of SDC-1 with
CXCL13 at the cell surface of NMuMG cells. NMuMG cells were incubated with 0, 50, 100, and 150 nM
recombinant mouse CXCL13 for 18 h. The cell pellets of NMuMG cells were harvested following
the protocol outlined in the Pierce™ Classic Magnetic IP/Co-IP Kit. The cell lysates were incubated
with mouse anti-SDC-1 antibody, and anti-SDC-1 antibody binding complexes were analyzed by
Western blotting assay with antibody against CXCL13 (Novus Biologicals, Centennial, CO, USA) or
rat immunoglobulin G (control, Santacruz, Dallas, TX, USA).

2.5. Improvement of Salivary Gland Inflammation in an HS-Dependent Manner

We examined whether treatment with HS could attenuate inflammation in SMG tissues.
NOD/ShiLtJ mice aged 6–10 weeks were treated with HS at 5 mg/kg intraperitoneally
three times per week. The degree of tissue inflammation, intensity of inflammatory cell
infiltration, and GC formation were assessed in inflamed SMG tissues at the end of 10 weeks
of age. The mice that received HS exhibited significant improvement in the inflammation of
SMG tissues, as assessed by ratio index, compared with controls (p = 0.002, Figure 5A). The
formation of GCs decreased (p = 0.017, Figure 5B) after HS treatment, and the intensity of
B- (p = 0.007, Figure 5C) and T-cell (p < 0.001, Figure 5D) infiltrations significantly reduced
in the HS-treated group compared with controls.

As single cell sequencing or the immunophenotyping of lymphocytes using multicolor
flow cytometry could not be performed on salivary gland tissue due to tissue conditions, we
sought to identify the subtypes of B and T cells infiltrating the salivary gland tissue using
semi-quantitative RT-PCR for cell surface markers or intracellular markers (Figure S2). The
B-cell fractions that play an important role in SjD are known as marginal zone (MZ) B cells,
memory B cells, and plasma cells [16]. During B-cell differentiation, certain cell surface
molecules are observed at different stages of differentiation, making it difficult to define a
specific cell surface marker as a specific subtype of B cell using an RT-PCR assay [17]. There
are also cell surface markers that are expressed on cells other than B cells, such as CD1d,
which is easily observed in MZ B cells but can also be observed on other antigen presenting
cells. SDC-1 is predominantly expressed in plasma cells and epithelial cells in adult cells. To
identify B-cell subtypes, we used CD23 and CD1d as MZ B-cell markers, CD27 as memory
B-cell and plasma-cell markers [17–19], and SDC-1 and IRF4 [20] as plasma-cell markers.
After HS treatment, CD27 and IRF4 were significantly reduced and SDC-1 also tended to
decrease, suggesting a decrease in the infiltration of plasma cells and memory B cells. Both
CD23 and CD1d were significantly reduced, indicating that the MZ B-cell fraction was also
reduced after treatment. In conclusion, we found that all three B-cell subtypes, which are
important in the pathogenesis of SjD, were reduced.

Next, we used cell-specific intracellular markers for subtypes of T cells, including
Tbet in Th1 cells, GATA3 in Th2 cells, RAR-related orphan receptor alpha (RORα) in Th17
cells, and B-cell lymphoma-6 (Bcl-6) in follicular T helper (Tfh) cells, which were used
to identify changes in infiltrating T-cell subtypes after HS treatment. In this study, Th1
and Th2 subtypes were significantly decreased after HS treatment, but Th17 cells were
increased. In addition, Tfh cells tended to decrease, but there was no statistical significance.
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2024). GCs are indicated by white arrow heads. Scale bar = 50 µm. (C) Representative immunohisto-
chemical (IHC) staining for B cells (left panels) and measurement of B-cell infiltrates (right). Posi-
tivity is indicated by diaminobenzidine (DAB) precipitation (brown). Semiquantitative determina-
tion of B-cell infiltration was performed using Fiji (ImageJ). Scale bar, 50 µm. (D) Representative 

Figure 5. Therapeutic efficacy of heparan sulfate (HS) treatment on inflammatory cell infiltration
in the submandibular gland (SMG) of NOD/ShiLtJ mice. Female NOD/ShiLtJ mice were treated
with either a phosphate-buffer solution (n = 5) or HS (5 mg/kg, 3 times/week) (n = 5) for 5 weeks
beginning at 6 weeks of age. (A) Representative histopathologic findings (left panels) and histologic
scores (ratio index, right) of SMG sections from controls and HS-treated mice. Focal inflammatory
foci are indicated by black arrow heads. Scale bar = 100 µm. (B) Representative immunofluorescence
staining for germinal center (GC, left panels) and measurement of GC area (right) tissue sections
which were double-stained with anti-CXCR5 mAb (red) and anti-B220 mAb (green). The sections
were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, blue). Semiquantitative determi-
nation of T-cell infiltration was performed using Fiji (https://imagej.net/Fiji/Downloads, accessed
on 15 July 2024). GCs are indicated by white arrow heads. Scale bar = 50 µm. (C) Representative
immunohistochemical (IHC) staining for B cells (left panels) and measurement of B-cell infiltrates
(right). Positivity is indicated by diaminobenzidine (DAB) precipitation (brown). Semiquantitative
determination of B-cell infiltration was performed using Fiji (ImageJ). Scale bar, 50 µm. (D) Repre-
sentative IHC staining for helper T cells (left panels) and measurement of T-cell infiltrates (right).
Positivity indicated by DAB precipitation (brown). Semiquantitative determination of T-cell infiltra-
tion was performed using Fiji (ImageJ). Scale bar = 50 µm. (E) Western blotting assay for chemokines,
chemokine receptors, and syndecans 4 and SDC-1. n in each group = 4. Bars show the mean and
S.E.M for each group. ns = not significant; * = p < 0.05, ** = p < 0.01, *** = p < 0.001. □ placebo-treated
group, ■ HS-treated group.
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To verify and extend this result, we assessed the expression of chemokines and SDCs
in SMG tissues (Figure 5E). Whereas the expressions of IL-7, CCL21, and CXCL13 did
not differ before and after treatment, the expression of CXCR5 was significantly reduced
after HS treatment (p = 0.020). The significant decrease in CXCR5 in inflamed tissues was
considered to be associated with reduced infiltration of CXCR5-expressing B cells and
decreased GC formation. CXCL12 and CXCR4 showed a trend toward decreased levels,
but the differences were not statistically significant.

To further analyze the expressions of CXCL13 and CXCR5 in the SMG tissues, we
measured these molecules at messenger RNA (mRNA) levels (Figure S1). The transcript
expressions of CXCL13 and CXCR5 were significantly reduced in the HS treatment group
(CXCL13, p = 0.007; CXCR5, p = 0.032). The difference between the transcript and the
protein expression of CXCL13 is likely related to the fact that the production of CXCL13
decreased after HS treatment, but some of the produced CXCL13 bound to the injected HS
and remained in the salivary gland tissue.

After HS treatment, SDC-4 expression was significantly increased, which is consistent
with the finding that SDC-4 expression was significantly reduced in inflamed salivary gland
tissues compared to normal tissues. SDC-1 expression also tended to decrease after HS
treatment, but this was not statistically significant.

3. Discussion

In this study, we found that SDC-1 expression was upregulated in the inflamed SMG
tissues and blood of NOD/ShiLtJ mice. SDC-1 on the surface of SGECs was involved in the
mechanism of B-cell infiltration into salivary gland tissues by binding CXCL13 through the
HS chain. Additionally, treatment with HS attenuated salivary gland inflammation with
reduced B-cell infiltration, GC formation, and CXCR5 expression.

Cell surface HS influences a multitude of molecules, cell types, and processes relevant
to inflammation through binding to chemokines, cytokines, growth factors, morphogens,
enzymes, extracellular matrix proteins and glycoproteins, and cell–cell adhesion recep-
tors [9–11]. SDCs constitute a major family of cellular HS [9–11], and although some SDCs
also harbor chondroitin sulfate (CS) chains, the majority of SDCs’ ligand-binding activities
have been attributed to its HS moiety [10]. SDCs are expressed in a developmental and
cell-type-specific pattern [9–11]. SDC-1 is expressed primarily on the epithelial and plasma
cells in adult tissues and functions primarily as a co-receptor that catalyzes the interaction
between ligands and their respective signaling receptors.

Few studies have reported on the expression of SDC-1 on ductal epithelial cells in
normal salivary gland tissue, with one study reporting on HSPG expression in monkey
SMG [21]. In this study, HSPGs were expressed in the following order: SDC-4, SDC-1,
SDC-2, and glypican. Previously, we showed that SDC-1 was less expressed on the surface
of SGECs in normal salivary gland tissue, whereas its expression increased in inflamed
minor salivary glands of patients with SjD [14]. In the present study, NOD/ShiLtJ mice, a
mouse model of SjD, also had increased SDC-1 expression in salivary gland tissue compared
with control mice, suggesting that the inflammatory milieu regulates SDC-1 expression
in the pathogenesis of SjD. Activated SGECs in SjD show the dysregulation of the innate
immune signaling pathway, such as an increased activation of nuclear factor-ÎB (NF-
ÎB) [22]. NF-ÎB has been reported to participate in the upregulation of SDC-1 expression
at the transcriptional level in tumorous conditions [23], suggesting that the dysregulation
of the innate immune signaling pathway in SGECs drives SDC-1 expression in salivary
gland tissues. Additionally, the expression of all transforming growth factor beta (TGF-β)
isoforms is upregulated in ducts within the salivary glands of patients with SjD compared
with controls [24], and all three TGF-β isoforms are general inducers of epithelial SDC-1
expression [25].

SDC-1 shedding is a highly regulated process that is mediated by sheddases, in-
cluding matrix metalloproteinase-2 (MMP-2, gelatinase A) [26], MMP-3 [27], MMP-9
(gelatinase B) [28], MMP-14 (MT1-MMP) [29], and a disintegrin and metalloproteinase-17
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(AD-AM17) [30], and the expression of MMPs is regulated by cytokines, growth factors,
chemokines, and interactions with extracellular matrix proteins [31]. Overexpressed cy-
tokines, chemokines, and growth factors are observed in the inflamed salivary glands of
SjD [4] and can upregulate the expression and catalytic activity of SDC-1 sheddases, such
as MMP-3 [32,33], MMP-9 [34,35], and ADAM17 [36]. The most studied MMP in the patho-
genesis of SjD is MMP-9 [34,35], whose expression is increased by tumor necrosis factor
alpha (TNF-α) [37,38], and this increased MMP-9 promotes SDC-1 shedding in the salivary
glands of SjD. Additionally, ADAM17, formerly called TNF-α-converting enzyme (TACE),
processes precursor TNF-α to release soluble TNF-α and is involved in the pathogenesis of
SjD, especially angiogenesis [39,40]. Anti-Ro antibodies exert their pathogenic effects by
triggering the ADAM17 (TACE)/TNF-α/NF-κB axis [41], where an increased expression
of ADAM17 leads to the release of both SDC-1 ectodomain and TNF-α, which then causes
SDC-1 shedding. In series with our pervious study, demonstrating that the SDC-1 concen-
trations of saliva and blood were higher in patients with SjD than in healthy participants,
blood SDC-1 concentrations were elevated in NOD/ShiLtJ mice compared with control
mice. These results suggest that the increased shedding of SDC-1 from inflamed salivary
glands is a cause of elevated SDC-1 concentrations in the blood.

Epithelial cells are considered a main culprit in the pathogenesis of SjD. SGECs from
SjD regulate the infiltration of lymphocytes into the salivary glands and maintain the
niche in which lymphocytes are retained and become aggregated by secreting various
chemokines, such as CCL21, CCL22, CXCL9, CXCL10, CXCL12, CXCL13, and IL-7, which
facilitate infiltrations of T and B cells into salivary glands from blood and the early attrac-
tion of various inflammatory immune cell populations [4,42]. Among these chemokines,
CXCL9 and CXCL10 are involved in the infiltration of activated T cells by binding to
CXCR3 [43], whereas CXCL12 and CXCL13 contribute to the prominent accumulation of
CXCR4+ CXCR5+ memory B cells in the inflamed glands of patients with SjD [44]. CXCL13,
CCL21, and CXCL12 belong to the family of homeostatic chemokines [45] and the ectopic
expression of CXCL13 and CCL21 has been associated with the progressive acquisition of
lymphoid features by the inflammatory foci [46], although CXCL12 seems insufficient to
induce the formation of mature lymphoid tissue [47]. IL-7 is a key cytokine involved in
T-cell homeostasis and, in the mouse, B-cell homeostasis [48,49]; it exhibits strong chemoat-
traction for T cells and may be involved in the organization of ectopic lymphoid structures
within inflamed salivary glands in SjD [42].

All chemokines bind to the HS chain through positively charged domains, and HS
chain binding and the capability to oligomerize are crucial for the activity of several
chemokines in vivo [11,50]. The specific chemokines that bind to SDC-1 have not been
completely identified; eotaxin, RANTES, and KC bind to SDC-1 [10], whereas CXCL12 binds
to SDC-4, but does not form complexes with SDC-1 and SDC-2 [51]. We demonstrated that
SDC-1 binds to CXCL13, based on the following considerations. First, SDC-1 and CXCL13
were co-expressed on the surface of SGECs in the SMGs of NOD/ShiLtJ mice. Second, SDC-
1 and CXCL13 were detected together on the surface of NMuMG cells. Third, an IP study
using NMuMG cells demonstrated that SDC-1 directly binds to CXCL13. In this study, we
found that HS treatment improved tissue inflammation and was associated with improved
B-cell infiltration and reduced GC formation, suggesting that treatment with HS inhibited
B-cell infiltration by interfering with the binding of CXCL13 to SDC-1. T-cell infiltration also
significantly decreased after HS treatment, which may be due to HS treatment preventing
SDC-1 from binding to substances that can trigger T-cell chemotaxis and proliferation, such
as IL-7 [48]. The protein level of CXCL13 did not decrease after HS treatment, while the
transcript level was significantly reduced, suggesting that HS treatment reduced CXCL13
production but some of the CXCL13 remained in the salivary gland tissue after binding
to the injected HS. Furthermore, we observed that SDC-4 expression was reduced in
inflamed salivary gland tissue and then recovered after HS treatment. SDC-4 is expressed
ubiquitously, although it is expressed at lower levels than other co-expressed SDCs on
any given cell type [10] and acts as an anti-inflammatory [52] or pro-inflammatory [53]
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substances. Although the role of SDC-4 in the pathogenesis of SjD has not been reported,
these results suggest that SDC-4 may act as an anti-inflammatory agent in the salivary
gland inflammation of SjD.

This study has a few limitations. First, although SDCs are the primary physiolog-
ical form of HS on the cell surface, other cell surface HSPGs such as other SDCs and
glycosylphosphatidylinositol-anchored glypican may play a role in the mechanism of sali-
vary gland inflammation in SjD. We identified the expression of SDC-4 along with SDC-1,
but not other HSPGs. Glypicans are another typical family of cell surface HSPGs that are
expressed predominantly in the central nervous system, although except for glypican-2,
glypicans are also expressed in non-neural cells [8]. They differ from SDCs in the structure
of their core proteins, site of HS attachment, and ligands they bind to. These factors lead
to differences in their function as HSPGs [8,54]. A previous study on SMGs in monkeys
has shown that the expression levels of glypican were very low [21]. Additionally, no
studies have been reported on the role of glypican in SjD or the direct binding of glypican
to CXCL13. Therefore, the prediction of the extent to which glypican plays a role in salivary
gland inflammation in SjD is difficult, and further identification and comparative analysis
of the expression of other HSPGs in salivary gland tissues in mouse models of SjD will
help to clarify the role of SDC-1 in the pathogenesis of SD. Second, although the role of
the HS chain of SDC-1 in infectious, inflammatory, and neoplastic diseases have been the
most studied, studies have also reported the role of the core protein [55–57] and the CS
chain [58] in these diseases. However, this study did not investigate the binding of the
core protein or CS chain to chemokines or their roles in the pathogenesis of SjD. Further
studies of the core protein and CS chain are warranted. Third, we performed an IP assay
and co-IF staining using NMuMG cells, murine mammary cells that express abundant cell
surface SDC-1, rather than primary SGECs derived from NOD/ShiLtJ mice. However, we
confirmed that CXCL13 and SDC-1 are co-expressed on the cell surface in the inflamed
SMGs of NOD/ShiLtJ mice by double IF staining. Furthermore, using an IP assay, we
demonstrated that CXCL13 directly binds to SDC-1.

4. Materials and Methods
4.1. Reagents and Antibodies

The reagents and their resources were as follows: Immobilon®-Ny+ Membrane
(charged Nylon, 0.45 µm) was obtained from Millipore (Burlington, MA, USA), and HS
from bovine kidney was purchased from Sigma-Aldrich (St. Louis, MO, USA). Recombinant
mouse CXCL13 was purchased from R&D Systems (Minneapolis, MN, USA), and Pierce™
Classic Magnetic IP/Co-IP Kit was obtained from Thermo Fisher Scientific (Waltham, MA,
USA). The primary antibodies against SDC-1 ectodomain (BD Bioscience, San Jose, CA,
USA, and Thermo Fisher Scientific), SDC4 (Santacruz, Dallas, TX, USA), IL-7 (MyBiosource,
San Diego, CA, USA), CCL21 (R&D Systems), CXCL12 (Abcam, Cambridge, UK), CXCL13
(Novus Biologicals, Centennial, CO, USA), CXCR4 (Abcam), CXCR5 (ABclonal, Woburn,
MA, USA), SDC4 (Santa Cruz Biotechnology, Dallas, TX, USA), CD4 (Abcam), B220 (BD
Bioscience, San Jose, CA, USA), F4/80 (Bio-Rad Laboratories, Hercules, CA, USA), rat
immunoglobulin G (control; Santa Cruz Biotechnology), GAPDH (Abcam), and β-actin
(Sigma-Aldrich) were used.

4.2. Animal Experiments

Female NOD/ShiLtJ mice and female C57BL10 mice were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA). We used C57BL/10 mice, which have the same Igh1-b
allele as NOD/ShiLtJ mice [59] and do not show inflammation of salivary gland tissues
even after long-term observation [60], as control mice in this study. Animals were main-
tained under a conventional zone in a temperature-controlled environment and a 12/12
h light–dark cycle at the Institute of Fatima hospital of Korea and fed standard mouse
chow and water ad libitum. All experimental protocols were conducted following NIH
guidelines and approved by the Animal Care and Use Committee of Daegu Fatima Hospital
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(approval number: F-23-02). After completing the study, the mice were anesthetized with
0.25 g/kg avertin and sacrificed with CO2 with efforts made to minimize suffering. After
intraperitoneal anesthesia with 0.25 g/kg avertin, 0.4 mL of blood was collected via cardiac
puncture using a 1 mL syringe and transferred to a K2EDTA tube (BD Bioscience, San
Jose, CA, USA) with good shaking to prevent blood clotting. Fifteen minutes after blood
collection, plasma was separated by centrifugation at 800× g for 15 min at 4 ◦C, and the tube
was labeled with the date and sample name, and stored frozen at −80 ◦C. SMG tissues were
collected after euthanasia with CO2 gas and were fixed in 10% neutral-buffered formalin
or frozen in liquid nitrogen for further analytical studies. The observational study was
conducted in 6- to 12-week-old NOD/ShiLtJ mice and control mice, with SMG and blood
samples collected from 6-, 8-, 10-, and 12-week-old mice. For the HS treatment experiment,
NOD/ShiLtJ mice aged 6–10 weeks were treated with 5 mg/kg HS intraperitoneally thrice
per week, and the therapeutic effects on SMG tissue were evaluated at the end of 10 weeks
of age. The number of mice used in observational experiments was five in each of the
control and NOD/ShiLtJ mice groups at 6, 8, 10, and 12 weeks of age, and four NOD/ShiLtJ
mice each in the placebo and treatment groups in the HS treatment experiments.

4.3. Cell Culture

SDC-1 from epithelial and mesenchymal cells differs significantly in disaccharide
composition and in the size and frequency of iduronate-rich hypersulfated regions of
HS chains [11,61]. NMuMG cell is an epithelial cell that was isolated from the normal
mammary glands of mice and which expresses SDC-1 abundantly on the surface. NMuMG
cells were purchased from ATCC (American Type Culture Collection, Manassas, VA, USA)
and cultured in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine
serum (FBS) and antibiotics. The cells were starved for 4 h in DMEM containing 0.5% FBS
when they reached 80–90% confluency.

4.4. Histology and Immunohistochemistry (IHC) Staining

SMG tissues were harvested, fixed in 10% neutral-buffered formalin for 48 h, and
embedded in paraffin. Next, 3 µm thick sections of formalin-fixed and paraffin-embedded
SMG tissues were stained with hematoxylin and eosin (H&E). For the quantitation of
inflammation, H&E-stained slides were observed under the microscope, and image analysis
was performed using ImageJ. The intensity of inflammation was quantified using the ratio
index, as previously described [62]. An aggregate of >50 mononuclear cells within the
salivary gland parenchyma was identified as a lymphocytic focus. The total area of the
salivary gland and the regions occupied by lymphocytic foci were measured. Since none of
the sections showed fatty infiltration, no areas within the salivary glands were excluded
from the analysis. The results are expressed as the percentage of inflammation area,
calculated as (area of inflammation ÷ total glandular area of the section) × 100.

For IHC analysis, antigen retrieval was performed at 60 ◦C overnight in ethylenedi-
aminetetraacetic acid buffer (pH 9.0) for CD4 or with 10 mM sodium citrate (pH 6.0) for
F4/80. For B220, no antigen retrieval was needed. Endogenous peroxidase activity was
depleted by treating with 0.3% H2O2, and non-specific binding was blocked with 5% bovine
serum albumin. The sections were incubated with primary antibodies at appropriate dilu-
tions, followed by treatment with biotinylated secondary antibodies and Vectastain Elite
ABC reagents (Vector Laboratories, Burlingame, CA, USA). Semiquantitative analyses of B-
and T-cell infiltrations were performed after conducting deconvolution and downstream
analysis using Fiji (https://imagej.net/Fiji/Downloads, accessed on 15 July 2024).

4.5. IF Staining

Co-IF staining of SMG tissue was performed for SDC1 and CXCL13 or B220 and
CXCR5. Briefly, the sections were deparaffinized, rehydrated, retrieved with sodium citrate
buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0), and incubated with each primary
antibody (rabbit polyclonal antibodies against SDC1: #36-2900, goat polyclonal antibody
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for CXCL13: AF470, goat anti-mouse IgG (H + L) against B220: AF488, and goat anti-rabbit
IgG (H + L) against CXCR5: AF594). Bound antibodies were visualized using fluorescence-
conjugated secondary antibodies. For the semiquantitative analysis of GC, the area of
inflammatory areas with DAPI was measured using ImageJ. The area of the B220+CXCR5+

cells was obtained by measuring the number of cells using Plugins-analyse-cell counter
Fiji software (ImageJ). The GC area was then expressed as the percentage of B220+CXCR5+

area divided by the total inflamed area.

4.6. Western Blotting Analysis

SMG tissues were lysed in the T-PER™ Tissue Protein Extraction Reagent (Thermo, 1:20
w/v) and then centrifuged at 16,000× g for 20 min at 4 ◦C. The supernatant was collected
and the protein concentration was determined spectrophotometrically by Bradford’s protein
assay (Bio-Rad). Protein (15 µg per lane) and pre-stained standards (BioRad Laboratories,
Hercules, CA, USA) were loaded onto a 15% sodium dodecyl sulfate-polyacrylamide
gel and separated by electrophoresis. After electrophoresis, the resolved proteins were
transferred from gel to a polyvinylidene fluoride membrane [63]. A blot buffer [25 mM
Tris/192 mM glycine, pH 8, 20% (v/v) methanol] was used for gel and membrane saturation
and blotting. The blot conditions were the following: 400 mA (constant amperage), 100 V for
90 min. Blots were then blocked by Tris-buffered saline (TBS) buffer [20 mM Tris/150 mM
NaCl, pH 7.4] with 0.1% (v/v) Tween 20, 5% w/v non-fat dried milk at room temperature
for 1 h, and washed three times with 0.1% (v/v) Tween 20–TBS 1X. Membranes were
then incubated overnight at 4 ◦C with primary antibodies against IL-7, CCL21, CXCL12,
CXCL13, CXCR4, CXCR5, SDC4, GAPDH, and β-actin and were incubated with secondary
antibodies at room temperature for 1 h. Immunoreactivities were detected by enhanced
chemiluminescence (ECL) reagents. The protein-specific signals were measured using
Q9-Alliance software (version 18.16c; Uvitec, Cambridge, England, UK).

4.7. Dot-Blotting Analysis

Equal amounts of protein (5 µg per dot) and standards diluted in acetic acid buffered
saline-Tween 20 solution were placed in a dot blot apparatus and transferred to immo-
bilonNy+ membrane. By acidifying the samples, only highly anionic molecules, such
as SDC-1, were retained by the cationic ImmobilonNy+ membrane, while most proteins
passed through the membrane during dot blotting [25]. The membranes were incubated
with blocking buffer [50 mM Tris/150 mM NaCl, pH 7.5] with 0.1% (v/v) Tween 20, 10%
w/v non-fat dried milk at room temperature for 1 h and then incubated at 4 ◦C overnight
with rat anti-mouse SDC-1 ectodomain antibodies. The membranes were incubated with
secondary antibodies (normal rat immunoglobulin G) at room temperature for 2 h, and im-
munoreactivities were detected using ECL reagents. Protein-specific signals were measured
using Q9-Alliance software.

4.8. IP Assay

NMuMG cells were cultured in DMEM containing 10% FBS and antibiotics. The cells
were starved in DMEM containing 0.5% FBS for 4 h when they reached 80–90% confluency.
Then, cells were treated with 0, 50, 100, and 150 nM recombinant mouse CXCL13 for
18 h. The cell pellets of NMuMG cells were collected following the protocol outlined in
the Pierce™ Classic Magnetic IP/Co-IP Kit (Thermo, #88804). To combine the samples,
cell lysate (500 µg) and IP anti-SDC-1 antibody (5 µg) were added to an E-tube, diluted
with IP lysis/wash buffer, and incubated overnight at 4 ◦C for the immune complex. The
antigen–antibody mixture was added to an E-tube containing pre-washed protein A/G
magnetic beads, mixed, and incubated at room temperature for 1 h. Then, the beads with
a magnetic stand were collected and the unbound samples were removed and saved for
analysis. For alternative elution, lane marker sample buffer was added to the tube, and it
was incubated at room temperature with mixing for 10 min to magnetically separate the
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beads. The mouse anti-SDC-1-antibody binding complexes were analyzed using Western
blotting antibodies against CXCL13 or rat immunoglobulin G as the control.

4.9. Semi-Quantitative Reverse Transcription PCR (RT-PCR)

Total RNA was isolated from salivary gland tissues using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA), and the first-strand cDNA was synthesized using Superscript III
reverse transcriptase (Invitrogen). Real-time PCR was performed using a ViiA™ 7 Real-
Time PCR System (Applied Biosystems, Carlsbad, CA, USA) using SYBR® Green Master
Mix (Applied Biosystems). The oligonucleotides used are listed as follows: CXCL13: F
(GGCCACGGTATTCTGGAAGC), R (ACCGACAACAGTTGAAATCACTC), CXCR5: F
(GAATGACGA CAGAGGTTCCTG), R (GCCCAGGTTGGCTTCTTAT), CD27: F (AGAA-
GAAACCACGGGCCAAAT), R (CTCCTGGAT AGGGATAGCACTG), SDC-1: forward
(F) (TCAGAGCCTTTTGGACAGGAA), reverse (R) (CACCAGGCACACAGCAAAGA),
IRF4: F (AAAGGCAAGTTCCGAGAAGGG), R (CTCGACCAA TTCCTCAAAGTCA),
CD23: F (ATCTCAGCCGTGATCTTGTTCT), R (TCGACAGTAGAGTAGGGTA AGGA),
CD1d: F (CTGTCTGCGGGCTGTGAAAT), R (TCCCCAGAATCTCACGACATATT), CD3:
F (AAGCCTGTGACCCGAGGAA), R (TGCGGATGGGCTCATAGTCT), CD4: F (AAGT-
GACCTTCAG TCCGGGTA), R (GGGTTAGAGACCTTAGAGTTGCT), Th1 (T-bet): F (AAC-
CGCTTATATGTCCA CCCA), R (CTTGTTGTTGGTGAGCTTTAGC), Th2(GATA-3): F (CG-
GAAGAGGTGGACGTACTTTT), R (CGTAGCCCTGACGGAGTTTC), Th17(RORα): F
(CAGAGCAATGCCACCTACTCCT), R (CTG CTT CTTGGACATCCGACCA), Bcl-6: F
(CCGGCACGCTAGTGATGTT), R (GCACTGTCTTATGGGCTC TAAAC) and β-actin: F
(CTAAGGCCAACCGTGAAAAG), R (ACCAGAGGCATACAGGGACA). All the RT-qPCR
reactions were performed in triplicate. The expression levels of interested genes were
normalized to geometric means of β-actin as the internal control, and calculated using the
2−∆∆CT method.

4.10. Statistical Analysis

Data and statistical analyses adhered to recommendations on experimental design
and analysis. All quantitative values were expressed as mean ± standard error of the
mean. The statistical significance of differences between NOD/ShiLtJ and control mice was
analyzed by Student’s t-test. All statistical analyses were performed at two-sided α = 0.05
significance level using SPSS Statistics for Windows version 21.0 (IBM, Armonk, NY, USA).

5. Conclusions

We found that SDC-1 expression was upregulated in the inflamed SMG tissues and
blood of NOD/ShiLtJ mice. SDC-1 on the surface of SGECs was involved in the mechanism
of B-cell infiltration into salivary gland tissues by binding CXCL13 through the HS chain.
Additionally, treatment with HS attenuated salivary gland inflammation by reducing B-cell
infiltration, GC formation, and CXCR5 expression. Decreased CXCR5 expression after
HS treatment may be associated with decreased CXCR5-expressing inflammatory cells,
including CXCR5+ memory B cells. In conclusion, SDC-1 possibly plays an important
role in the pathogenesis of SjD by binding CXCL13 via the HS chain to induce B-cell
chemotaxis into salivary gland tissues. SDC-1 on the surface of SGECs was involved in the
mechanism of B-cell infiltration. Further studies with mouse models of SjD with a knockout
background of the SDC-1 gene may provide additional clues as to how SDC-1 plays a role
in the inflammatory mechanisms of SjD.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms25179375/s1.

Author Contributions: Conceptualization, E.J.N. and N.Y.L.; data curation, E.J.N., N.Y.L. and H.Y.T.;
formal analysis, E.J.N., E.J.L., J.A.J. and G.K.; methodology, E.J.L., J.A.J. and G.K.; supervision, E.J.N.;
writing and editing, E.J.N. and N.Y.L. All authors have read and agreed to the published version of
the manuscript.

https://www.mdpi.com/article/10.3390/ijms25179375/s1
https://www.mdpi.com/article/10.3390/ijms25179375/s1


Int. J. Mol. Sci. 2024, 25, 9375 15 of 17

Funding: This study was funded by the National Research Foundation of Korea, grant number
2022R1F1A1074842.

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Care and Use Committee of Daegu Fatima Hospital (approval number: F-23-02).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Goules, A.V.; Kapsogeorgou, E.K.; Tzioufas, A.G. Insight into pathogenesis of Sjogren’s syndrome: Dissection on autoimmune

infiltrates and epithelial cells. Clin. Immunol. 2017, 182, 30–40. [CrossRef]
2. Verstappen, G.M.; Pringle, S.; Bootsma, H.; Kroese, F.G.M. Epithelial-immune cell interplay in primary Sjogren syndrome salivary

gland pathogenesis. Nat. Rev. Rheumatol. 2021, 17, 333–348. [CrossRef]
3. Tzioufas, A.G.; Kapsogeorgou, E.K.; Moutsopoulos, H.M. Pathogenesis of Sjogren’s syndrome: What we know and what we

should learn. J. Autoimmun. 2012, 39, 4–8. [CrossRef]
4. Tang, Y.; Zhou, Y.; Wang, X.; Che, N.; Tian, J.; Man, K.; Rui, K.; Peng, N.; Lu, L. The role of epithelial cells in the immunopathogen-

esis of Sjogren’s syndrome. J. Leukoc. Biol. 2024, 115, 57–67. [CrossRef]
5. Pan, Z.; Zhu, T.; Liu, Y.; Zhang, N. Role of the CXCL13/CXCR5 Axis in Autoimmune Diseases. Front. Immunol. 2022, 13, 850998.

[CrossRef] [PubMed]
6. Bombardieri, M.; Lewis, M.; Pitzalis, C. Ectopic lymphoid neogenesis in rheumatic autoimmune diseases. Nat. Rev. Rheumatol.

2017, 13, 141–154. [CrossRef] [PubMed]
7. Kim, K.W.; Cho, M.L.; Kim, H.R.; Ju, J.H.; Park, M.K.; Oh, H.J.; Kim, J.S.; Park, S.H.; Lee, S.H.; Kim, H.Y. Up-regulation of stromal

cell-derived factor 1 (CXCL12) production in rheumatoid synovial fibroblasts through interactions with T lymphocytes: Role of
interleukin-17 and CD40L-CD40 interaction. Arthritis Rheum. 2007, 56, 1076–1086. [CrossRef] [PubMed]

8. Bernfield, M.; Gotte, M.; Park, P.W.; Reizes, O.; Fitzgerald, M.L.; Lincecum, J.; Zako, M. Functions of cell surface heparan sulfate
proteoglycans. Annu. Rev. Biochem. 1999, 68, 729–777. [CrossRef] [PubMed]

9. Teng, Y.H.; Aquino, R.S.; Park, P.W. Molecular functions of syndecan-1 in disease. Matrix Biol. 2012, 31, 3–16. [CrossRef]
10. Bartlett, A.H.; Hayashida, K.; Park, P.W. Molecular and cellular mechanisms of syndecans in tissue injury and inflammation. Mol.

Cells 2007, 24, 153–166. [CrossRef]
11. Gotte, M. Syndecans in inflammation. FASEB J. 2003, 17, 575–591. [CrossRef]
12. Middleton, J.; Neil, S.; Wintle, J.; Clark-Lewis, I.; Moore, H.; Lam, C.; Auer, M.; Hub, E.; Rot, A. Transcytosis and surface

presentation of IL-8 by venular endothelial cells. Cell 1997, 91, 385–395. [CrossRef]
13. Kuschert, G.S.; Coulin, F.; Power, C.A.; Proudfoot, A.E.; Hubbard, R.E.; Hoogewerf, A.J.; Wells, T.N. Glycosaminoglycans interact

selectively with chemokines and modulate receptor binding and cellular responses. Biochemistry 1999, 38, 12959–12968. [CrossRef]
14. Lee, N.Y.; Kim, N.R.; Kang, J.W.; Kim, G.; Han, M.S.; Jang, J.A.; Ahn, D.; Jeong, J.H.; Han, M.H.; Nam, E.J. Increased salivary

syndecan-1 level is associated with salivary gland function and inflammation in patients with Sjogren’s syndrome. Scand. J.
Rheumatol. 2022, 51, 220–229. [CrossRef]

15. Monneau, Y.R.; Luo, L.; Sankaranarayanan, N.V.; Nagarajan, B.; Vives, R.R.; Baleux, F.; Desai, U.R.; Arenzana-Seidedos, F.;
Lortat-Jacob, H. Solution structure of CXCL13 and heparan sulfate binding show that GAG binding site and cellular signalling
rely on distinct domains. Open Biol. 2017, 7, 170133. [CrossRef]

16. Witas, R.; Gupta, S.; Nguyen, C.Q. Contributions of Major Cell Populations to Sjogren’s Syndrome. J. Clin. Med. 2020, 9, 3057.
[CrossRef]

17. Edwards, J.C.; Cambridge, G. B-cell targeting in rheumatoid arthritis and other autoimmune diseases. Nat. Rev. Immunol. 2006, 6,
394–403. [CrossRef]

18. Klein, U.; Rajewsky, K.; Kuppers, R. Human immunoglobulin (Ig)M+IgD+ peripheral blood B cells expressing the CD27 cell
surface antigen carry somatically mutated variable region genes: CD27 as a general marker for somatically mutated (memory) B
cells. J. Exp. Med. 1998, 188, 1679–1689. [CrossRef]

19. Agematsu, K.; Nagumo, H.; Yang, F.C.; Nakazawa, T.; Fukushima, K.; Ito, S.; Sugita, K.; Mori, T.; Kobata, T.; Morimoto, C.;
et al. B cell subpopulations separated by CD27 and crucial collaboration of CD27+ B cells and helper T cells in immunoglobulin
production. Eur. J. Immunol. 1997, 27, 2073–2079. [CrossRef]

20. Klein, U.; Casola, S.; Cattoretti, G.; Shen, Q.; Lia, M.; Mo, T.; Ludwig, T.; Rajewsky, K.; Dalla-Favera, R. Transcription factor IRF4
controls plasma cell differentiation and class-switch recombination. Nat. Immunol. 2006, 7, 773–782. [CrossRef] [PubMed]

21. Yamagata, E.; Kamada, A. Expression of the cell-surface heparan sulfate proteoglycan mRNA in monkey submandibular gland. J.
Osaka Dent. Univ. 1999, 33, 83–87.

https://doi.org/10.1016/j.clim.2017.03.007
https://doi.org/10.1038/s41584-021-00605-2
https://doi.org/10.1016/j.jaut.2012.01.002
https://doi.org/10.1093/jleuko/qiad049
https://doi.org/10.3389/fimmu.2022.1061939
https://www.ncbi.nlm.nih.gov/pubmed/36341329
https://doi.org/10.1038/nrrheum.2016.217
https://www.ncbi.nlm.nih.gov/pubmed/28202919
https://doi.org/10.1002/art.22439
https://www.ncbi.nlm.nih.gov/pubmed/17393416
https://doi.org/10.1146/annurev.biochem.68.1.729
https://www.ncbi.nlm.nih.gov/pubmed/10872465
https://doi.org/10.1016/j.matbio.2011.10.001
https://doi.org/10.1016/S1016-8478(23)07324-7
https://doi.org/10.1096/fj.02-0739rev
https://doi.org/10.1016/S0092-8674(00)80422-5
https://doi.org/10.1021/bi990711d
https://doi.org/10.1080/03009742.2021.1923162
https://doi.org/10.1098/rsob.170133
https://doi.org/10.3390/jcm9093057
https://doi.org/10.1038/nri1838
https://doi.org/10.1084/jem.188.9.1679
https://doi.org/10.1002/eji.1830270835
https://doi.org/10.1038/ni1357
https://www.ncbi.nlm.nih.gov/pubmed/16767092


Int. J. Mol. Sci. 2024, 25, 9375 16 of 17

22. Chen, W.; Lin, J.; Cao, H.; Xu, D.; Xu, B.; Xu, L.; Yue, L.; Sun, C.; Wu, G.; Qian, W. Local and Systemic IKKepsilon and NF-kappaB
Signaling Associated with Sjogren’s Syndrome Immunopathogenesis. J. Immunol. Res. 2015, 2015, 534648. [CrossRef] [PubMed]

23. Watanabe, A.; Mabuchi, T.; Satoh, E.; Furuya, K.; Zhang, L.; Maeda, S.; Naganuma, H. Expression of syndecans, a heparan
sulfate proteoglycan, in malignant gliomas: Participation of nuclear factor-kappaB in upregulation of syndecan-1 expression. J.
Neurooncol. 2006, 77, 25–32. [CrossRef]

24. Mason, G.I.; Hamburger, J.; Bowman, S.; Matthews, J.B. Salivary gland expression of transforming growth factor beta isoforms in
Sjogren’s syndrome and benign lymphoepithelial lesions. Mol. Pathol. 2003, 56, 52–59. [CrossRef] [PubMed]

25. Hayashida, K.; Johnston, D.R.; Goldberger, O.; Park, P.W. Syndecan-1 expression in epithelial cells is induced by transforming
growth factor beta through a PKA-dependent pathway. J. Biol. Chem. 2006, 281, 24365–24374. [CrossRef]

26. Fears, C.Y.; Woods, A. The role of syndecans in disease and wound healing. Matrix Biol. 2006, 25, 443–456. [CrossRef] [PubMed]
27. Manon-Jensen, T.; Multhaupt, H.A.; Couchman, J.R. Mapping of matrix metalloproteinase cleavage sites on syndecan-1 and

syndecan-4 ectodomains. FEBS J. 2013, 280, 2320–2331. [CrossRef]
28. Brule, S.; Charnaux, N.; Sutton, A.; Ledoux, D.; Chaigneau, T.; Saffar, L.; Gattegno, L. The shedding of syndecan-4 and

syndecan-1 from HeLa cells and human primary macrophages is accelerated by SDF-1/CXCL12 and mediated by the matrix
metalloproteinase-9. Glycobiology 2006, 16, 488–501. [CrossRef]

29. Endo, K.; Takino, T.; Miyamori, H.; Kinsen, H.; Yoshizaki, T.; Furukawa, M.; Sato, H. Cleavage of syndecan-1 by membrane type
matrix metalloproteinase-1 stimulates cell migration. J. Biol. Chem. 2003, 278, 40764–40770. [CrossRef]

30. Pruessmeyer, J.; Martin, C.; Hess, F.M.; Schwarz, N.; Schmidt, S.; Kogel, T.; Hoettecke, N.; Schmidt, B.; Sechi, A.; Uhlig, S.; et al.
A disintegrin and metalloproteinase 17 (ADAM17) mediates inflammation-induced shedding of syndecan-1 and -4 by lung
epithelial cells. J. Biol. Chem. 2010, 285, 555–564. [CrossRef]

31. Sternlicht, M.D.; Werb, Z. How matrix metalloproteinases regulate cell behavior. Annu. Rev. Cell Dev. Biol. 2001, 17, 463–516.
[CrossRef] [PubMed]

32. Pérez, P.; Goicovich, E.; Alliende, C.; Aguilera, S.; Leyton, C.; Molina, C.; Pinto, R.; Romo, R.; Martinez, B.; Gonzalez, M.J.
Differential expression of matrix metalloproteinases in labial salivary glands of patients with primary Sjogren’s syndrome.
Arthritis Rheum. 2000, 43, 2807–2817. [CrossRef]

33. Chen, W.S.; Lin, K.C.; Chen, C.H.; Liao, H.T.; Wang, H.P.; Li, W.Y.; Lee, H.T.; Tsai, C.Y.; Chou, C.T. Autoantibody and biopsy
grading are associated with expression of ICAM-1, MMP-3, and TRAIL in salivary gland mononuclear cells of Chinese patients
with Sjogren’s syndrome. J. Rheumatol. 2009, 36, 989–996. [CrossRef] [PubMed]

34. Konttinen, Y.T.; Halinen, S.; Hanemaaijer, R.; Sorsa, T.; Hietanen, J.; Ceponis, A.; Xu, J.W.; Manthorpe, R.; Whittington, J.; Larsson,
A.; et al. Matrix metalloproteinase (MMP)-9 type IV collagenase/gelatinase implicated in the pathogenesis of Sjogren’s syndrome.
Matrix Biol. 1998, 17, 335–347. [CrossRef] [PubMed]

35. Ram, M.; Sherer, Y.; Shoenfeld, Y. Matrix metalloproteinase-9 and autoimmune diseases. J. Clin. Immunol. 2006, 26, 299–307.
[CrossRef] [PubMed]

36. Lisi, S.; Sisto, M.; Lofrumento, D.D.; D’Amore, M.; De Lucro, R.; Ribatti, D. GRO-alpha/CXCR2 system and ADAM17 correlated
expression in Sjogren’s syndrome. Inflammation 2013, 36, 759–766. [CrossRef]

37. Azuma, M.; Aota, K.; Tamatani, T.; Motegi, K.; Yamashita, T.; Ashida, Y.; Hayashi, Y.; Sato, M. Suppression of tumor necrosis
factor alpha-induced matrix metalloproteinase 9 production in human salivary gland acinar cells by cepharanthine occurs via
down-regulation of nuclear factor kappaB: A possible therapeutic agent for preventing the destruction of the acinar structure in
the salivary glands of Sjogren’s syndrome patients. Arthritis Rheum. 2002, 46, 1585–1594. [CrossRef]

38. Okada, Y.; Tsuchiya, H.; Shimizu, H.; Tomita, K.; Nakanishi, I.; Sato, H.; Seiki, M.; Yamashita, K.; Hayakawa, T. Induction and
stimulation of 92-kDa gelatinase/type IV collagenase production in osteosarcoma and fibrosarcoma cell lines by tumor necrosis
factor alpha. Biochem. Biophys. Res. Commun. 1990, 171, 610–617. [CrossRef]

39. Lisi, S.; D’Amore, M.; Sisto, M. ADAM17 at the interface between inflammation and autoimmunity. Immunol. Lett. 2014, 162,
159–169. [CrossRef]

40. Sisto, M.; Lisi, S.; Lofrumento, D.D.; D’Amore, M.; Frassanito, M.A.; Ribatti, D. Sjogren’s syndrome pathological neovasculariza-
tion is regulated by VEGF-A-stimulated TACE-dependent crosstalk between VEGFR2 and NF-kappaB. Genes Immun. 2012, 13,
411–420. [CrossRef]

41. Lisi, S.; Sisto, M.; Lofrumento, D.D.; D’Amore, M. Sjogren’s syndrome autoantibodies provoke changes in gene expression
profiles of inflammatory cytokines triggering a pathway involving TACE/NF-kappaB. Lab. Investig. 2012, 92, 615–624. [CrossRef]
[PubMed]

42. Rivière, E.; Pascaud, J.; Virone, A.; Dupre, A.; Ly, B.; Paoletti, A.; Seror, R.; Tchitchek, N.; Mingueneau, M.; Smith, N.; et al.
Interleukin-7/Interferon Axis Drives T Cell and Salivary Gland Epithelial Cell Interactions in Sjogren’s Syndrome. Arthritis
Rheumatol. 2021, 73, 631–640. [CrossRef]

43. Ogawa, N.; Ping, L.; Zhenjun, L.; Takada, Y.; Sugai, S. Involvement of the interferon-gamma-induced T cell-attracting chemokines,
interferon-gamma-inducible 10-kd protein (CXCL10) and monokine induced by interferon-gamma (CXCL9), in the salivary gland
lesions of patients with Sjogren’s syndrome. Arthritis Rheum. 2002, 46, 2730–2741. [CrossRef] [PubMed]

44. Hansen, A.; Lipsky, P.E.; Dorner, T. B cells in Sjogren’s syndrome: Indications for disturbed selection and differentiation in ectopic
lymphoid tissue. Arthritis Res. Ther. 2007, 9, 218. [CrossRef]

45. Gatto, D.; Brink, R. The germinal center reaction. J. Allergy Clin. Immunol. 2010, 126, 898–907; quiz 908–899. [CrossRef] [PubMed]

https://doi.org/10.1155/2015/534648
https://www.ncbi.nlm.nih.gov/pubmed/26380323
https://doi.org/10.1007/s11060-005-9010-3
https://doi.org/10.1136/mp.56.1.52
https://www.ncbi.nlm.nih.gov/pubmed/12560464
https://doi.org/10.1074/jbc.M509320200
https://doi.org/10.1016/j.matbio.2006.07.003
https://www.ncbi.nlm.nih.gov/pubmed/16934444
https://doi.org/10.1111/febs.12174
https://doi.org/10.1093/glycob/cwj098
https://doi.org/10.1074/jbc.M306736200
https://doi.org/10.1074/jbc.M109.059394
https://doi.org/10.1146/annurev.cellbio.17.1.463
https://www.ncbi.nlm.nih.gov/pubmed/11687497
https://doi.org/10.1002/1529-0131(200012)43:12%3C2807::AID-ANR22%3E3.0.CO;2-M
https://doi.org/10.3899/jrheum.080733
https://www.ncbi.nlm.nih.gov/pubmed/19332626
https://doi.org/10.1016/S0945-053X(98)90086-5
https://www.ncbi.nlm.nih.gov/pubmed/9822200
https://doi.org/10.1007/s10875-006-9022-6
https://www.ncbi.nlm.nih.gov/pubmed/16652230
https://doi.org/10.1007/s10753-013-9602-6
https://doi.org/10.1002/art.10315
https://doi.org/10.1016/0006-291X(90)91190-4
https://doi.org/10.1016/j.imlet.2014.08.008
https://doi.org/10.1038/gene.2012.9
https://doi.org/10.1038/labinvest.2011.190
https://www.ncbi.nlm.nih.gov/pubmed/22157716
https://doi.org/10.1002/art.41558
https://doi.org/10.1002/art.10577
https://www.ncbi.nlm.nih.gov/pubmed/12384933
https://doi.org/10.1186/ar2210
https://doi.org/10.1016/j.jaci.2010.09.007
https://www.ncbi.nlm.nih.gov/pubmed/21050940


Int. J. Mol. Sci. 2024, 25, 9375 17 of 17

46. Aloisi, F.; Pujol-Borrell, R. Lymphoid neogenesis in chronic inflammatory diseases. Nat. Rev. Immunol. 2006, 6, 205–217. [CrossRef]
[PubMed]

47. Luther, S.A.; Bidgol, A.; Hargreaves, D.C.; Schmidt, A.; Xu, Y.; Paniyadi, J.; Matloubian, M.; Cyster, J.G. Differing activities of
homeostatic chemokines CCL19, CCL21, and CXCL12 in lymphocyte and dendritic cell recruitment and lymphoid neogenesis. J.
Immunol. 2002, 169, 424–433. [CrossRef] [PubMed]

48. Barata, J.T.; Durum, S.K.; Seddon, B. Flip the coin: IL-7 and IL-7R in health and disease. Nat. Immunol. 2019, 20, 1584–1593.
[CrossRef]

49. Borghesi, L.A.; Yamashita, Y.; Kincade, P.W. Heparan sulfate proteoglycans mediate interleukin-7-dependent B lymphopoiesis.
Blood 1999, 93, 140–148. [CrossRef]

50. Proudfoot, A.E.; Handel, T.M.; Johnson, Z.; Lau, E.K.; LiWang, P.; Clark-Lewis, I.; Borlat, F.; Wells, T.N.; Kosco-Vilbois, M.H.
Glycosaminoglycan binding and oligomerization are essential for the in vivo activity of certain chemokines. Proc. Natl. Acad. Sci.
USA 2003, 100, 1885–1890. [CrossRef]

51. Hamon, M.; Mbemba, E.; Charnaux, N.; Slimani, H.; Brule, S.; Saffar, L.; Vassy, R.; Prost, C.; Lievre, N.; Starzec, A.; et al. A
syndecan-4/CXCR4 complex expressed on human primary lymphocytes and macrophages and HeLa cell line binds the CXC
chemokine stromal cell-derived factor-1 (SDF-1). Glycobiology 2004, 14, 311–323. [CrossRef] [PubMed]

52. Tanino, Y.; Wang, X.; Nikaido, T.; Misa, K.; Sato, Y.; Togawa, R.; Kawamata, T.; Kikuchi, M.; Frevert, C.W.; Tanino, M.; et al.
Syndecan-4 Inhibits the Development of Pulmonary Fibrosis by Attenuating TGF-beta Signaling. Int. J. Mol. Sci. 2019, 20, 4989.
[CrossRef] [PubMed]

53. Polte, T.; Petzold, S.; Bertrand, J.; Schutze, N.; Hinz, D.; Simon, J.C.; Lehmann, I.; Echtermeyer, F.; Pap, T.; Averbeck, M. Critical
role for syndecan-4 in dendritic cell migration during development of allergic airway inflammation. Nat. Commun. 2015, 6, 7554.
[CrossRef] [PubMed]

54. Liu, W.; Litwack, E.D.; Stanley, M.J.; Langford, J.K.; Lander, A.D.; Sanderson, R.D. Heparan sulfate proteoglycans as adhesive and
anti-invasive molecules. Syndecans and glypican have distinct functions. J. Biol. Chem. 1998, 273, 22825–22832. [CrossRef]

55. Langford, J.K.; Yang, Y.; Kieber-Emmons, T.; Sanderson, R.D. Identification of an invasion regulatory domain within the core
protein of syndecan-1. J. Biol. Chem. 2005, 280, 3467–3473. [CrossRef]

56. Bacsa, S.; Karasneh, G.; Dosa, S.; Liu, J.; Valyi-Nagy, T.; Shukla, D. Syndecan-1 and syndecan-2 play key roles in herpes simplex
virus type-1 infection. J. Gen. Virol. 2011, 92, 733–743. [CrossRef]

57. McQuade, K.J.; Beauvais, D.M.; Burbach, B.J.; Rapraeger, A.C. Syndecan-1 regulates alphavbeta5 integrin activity in B82L
fibroblasts. J. Cell Sci. 2006, 119, 2445–2456. [CrossRef]

58. Iida, J.; Dorchak, J.; Clancy, R.; Slavik, J.; Ellsworth, R.; Katagiri, Y.; Pugacheva, E.N.; van Kuppevelt, T.H.; Mural, R.J.; Cutler,
M.L.; et al. Role for chondroitin sulfate glycosaminoglycan in NEDD9-mediated breast cancer cell growth. Exp. Cell Res. 2015,
330, 358–370. [CrossRef]

59. Martin, R.; Brady, J.; Lew, A. The need for IgG2c specific antiserum when isotyping antibodies from C57BL/6 and NOD mice. J.
Immunol. Methods 1998, 212, 187–192. [CrossRef]

60. Kiripolsky, J.; Shen, L.; Liang, Y.; Li, A.; Suresh, L.; Lian, Y.; Li, Q.Z.; Gaile, D.P.; Kramer, J.M. Systemic manifestations of primary
Sjögren’s syndrome in the NOD.B10Sn-H2b/J mouse model. Clin. Immunol. 2017, 183, 225–232. [CrossRef]

61. Kato, M.; Wang, H.; Bernfield, M.; Gallagher, J.T.; Turnbull, J.E. Cell surface syndecan-1 on distinct cell types differs in fine
structure and ligand binding of its heparan sulfate chains. J. Biol. Chem. 1994, 269, 18881–18890. [CrossRef] [PubMed]

62. Allushi, B.; Bagavant, H.; Papinska, J.; Deshmukh, U.S. Hyperglycemia and Salivary Gland Dysfunction in the Non-obese Diabetic
Mouse: Caveats for Preclinical Studies in Sjögren’s Syndrome. Sci. Rep. 2019, 9, 17969. [CrossRef] [PubMed]

63. Kurien, B.T.; Scofield, R.H. Western blotting. Methods 2006, 38, 283–293. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/nri1786
https://www.ncbi.nlm.nih.gov/pubmed/16498451
https://doi.org/10.4049/jimmunol.169.1.424
https://www.ncbi.nlm.nih.gov/pubmed/12077273
https://doi.org/10.1038/s41590-019-0479-x
https://doi.org/10.1182/blood.V93.1.140
https://doi.org/10.1073/pnas.0334864100
https://doi.org/10.1093/glycob/cwh038
https://www.ncbi.nlm.nih.gov/pubmed/15033938
https://doi.org/10.3390/ijms20204989
https://www.ncbi.nlm.nih.gov/pubmed/31600983
https://doi.org/10.1038/ncomms8554
https://www.ncbi.nlm.nih.gov/pubmed/26165408
https://doi.org/10.1074/jbc.273.35.22825
https://doi.org/10.1074/jbc.M412451200
https://doi.org/10.1099/vir.0.027052-0
https://doi.org/10.1242/jcs.02970
https://doi.org/10.1016/j.yexcr.2014.11.002
https://doi.org/10.1016/S0022-1759(98)00015-5
https://doi.org/10.1016/j.clim.2017.04.009
https://doi.org/10.1016/S0021-9258(17)32250-0
https://www.ncbi.nlm.nih.gov/pubmed/8034644
https://doi.org/10.1038/s41598-019-54410-9
https://www.ncbi.nlm.nih.gov/pubmed/31784615
https://doi.org/10.1016/j.ymeth.2005.11.007
https://www.ncbi.nlm.nih.gov/pubmed/16483794

	Introduction 
	Results 
	Histopathological Changes in the Salivary Glands of NOD/ShiLtJ Mice 
	Increased SDC-1 Expression in Blood and SMGs of NOD/ShiLtJ Mice 
	Expression of B-Cell Chemokines and Their Receptors in SMG Tissues of NOD/ShiLtJ Mice 
	Identification of CXCL13 Binding to SDC-1 
	Improvement of Salivary Gland Inflammation in an HS-Dependent Manner 

	Discussion 
	Materials and Methods 
	Reagents and Antibodies 
	Animal Experiments 
	Cell Culture 
	Histology and Immunohistochemistry (IHC) Staining 
	IF Staining 
	Western Blotting Analysis 
	Dot-Blotting Analysis 
	IP Assay 
	Semi-Quantitative Reverse Transcription PCR (RT-PCR) 
	Statistical Analysis 

	Conclusions 
	References

