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Abstract: Sjögren’s syndrome (SS) is an inflammatory autoimmune disease primarily affecting
the exocrine glands; it has a major impact on patients’ lives. The Chinese herbal formula SS-1 is
composed of Gan Lu Yin, Sang Ju Yin, and Xuefu Zhuyu decoction, which exerts anti-inflammatory,
immunomodulatory, and antifibrotic effects. Our previous study demonstrated that SS-1 alleviates
clinical SS. This study aimed to evaluate the efficacy and mechanism of the Chinese herbal formula SS-
1 for salivary gland protein-induced experimental Sjögren’s syndrome (ESS). These results showed
that ESS treatment with the Chinese herbal formula SS-1 (1500 mg/kg) significantly alleviated
the severity of ESS. We found that SS-1 substantially improved saliva flow rates in SS mice and
ameliorated lymphocytic infiltrations in submandibular glands. In addition, salivary gland protein-
induced SS in mice treated with SS-1 significantly lowered proinflammatory cytokines (including
IFN-γ, IL-6, and IL-17A) in mouse salivary glands and decreased serum anti-M3R autoantibody
levels. In addition, we found that CD4+ T cells isolated from SS-1-treated SS mice significantly
reduced the percentages of IFN-γ-producing CD4+ T cells (Th1) and IL-17A-producing CD4+ T cells
(Th17). Our data show that SS-1 alleviates ESS through anti-inflammatory and immunomodulatory
effects, which provides new insight into the clinical treatment of SS.
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1. Introduction

Sjögren’s syndrome (SS) is an inflammatory autoimmune disease affecting primarily
the exocrine glands [1]. Lymphocytic infiltrates destroy the functional epithelium, leading
to decreased exocrine secretions (exocrinopathy) [2]. The hallmark symptoms of SS are dry
mouth and dry eyes, while some patients may also present with various organ manifesta-
tions, such as interstitial lung disease, peripheral neuropathy, cutaneous vasculitis, and
interstitial nephritis [3].

Currently, the therapeutic armamentarium for primary SS lacks a proven disease-
modifying drug [4]. Corticosteroids and other immunosuppressive drugs are often pre-
scribed for the treatment of organ-threatening extraglandular disease [5]; however, the
clinical responses are often limited. Some patients seek Chinese herbal medicine (CHM) to
relieve symptoms. However, to date, there is no scientific evidence that specific CHMs can
effectively treat SS. For this purpose, we conducted a randomized, double-blind, placebo-
controlled, clinical trial (Clinicaltrials.gov NCT02110446) and confirmed the therapeutic
efficacy of the Chinese herbal formula SS-1 in patients with Sjögren’s syndrome. The
Chinese herbal formula SS-1 is composed of Gan Lu Yin (GLY), Sang Ju Yin (SJY), and
Xuefu Zhuyu decoction (XZD), which exert anti-inflammatory [6], immunomodulatory [7],
and antifibrotic [8] effects, respectively. Recently, Lee et al. used murine T cell-based assays
to investigate the effect of SS-1 on T cell responses [9]. Researchers have concluded that
SS-1 inhibits T cell activation and abrogates TH responses in Sjögren’s syndrome [9].

Recently, an experimentally induced auto-immunized mouse model of SS was estab-
lished by Lin et al. [10]. Wild type C57BL/6 mice were immunized with submandibu-
lar gland (SG) proteins to induce experimental Sjögren’s syndrome (ESS). This auto-
immunization-induced model recapitulates the key features of human SS and may have
potential for studying the pathogenesis of human SS [11].

In this study, we examined the efficacy and mechanism of the Chinese herbal for-
mula SS-1 in experimental Sjögren’s syndrome. We evaluated the effects of SS-1 on saliva
amounts, cytokine production, histopathology of salivary glands, and serum autoantibod-
ies in ESS.

2. Materials and Methods
2.1. SS-1 Formula

SS-1 comprises extracts of Gan Lu Yin (GLY), Sang Ju Yin (SJY), and Xuefu Zhuyu
decoction (XZD) at a ratio of 2:1:1. The composition of the formula was described in detail
previously [12] and is briefly summarized as follows. GLY comprises Ju-Hua (Chrysanthe-
mum morifolium (Ramat.) Tzvel.), Gou-Qi (Lycium barbarum), Shou-Di-Huang (Rehmannia
glutinosa Libosch.), Shan-Zhu-Yu (Cornus officinalis Sieb. Et Zucc.), Shan-Yao (Dioscorea
opposita Thunb.), Ze-Xie (Alisma orientalis (Sam.) Juzep.), Fu-Ling (Poria cocos (Schw.) Wolff),
and Mu-Dan-Pi (Paeonia suffruticosa Andr.), for which the therapeutic actions and indica-
tions are “nourish the liver and brighten the eyes” for antioxidant stress [13]. SJY comprises
Sang-Ye (Morus alba L.), Ju-Hua (C. morifolium (Ramat.) Tzvel.), Lian-Qiao (Forsythia sus-
pense (Thunb.) Vahl), Bo-He (Mentha haplocalyx Briq.), Jie-Geng (Platycodon grandiflorum
(Jacq.) A. DC.), Zhi-Gan-Cao (Glycyrrhiza glabra L.), and Lu-Gen (Phragmites communis
Trinus), for which the therapeutic actions and indications are “course wind and discharge
heat” for anti-inflammation and immunomodulation [7,14]. XZD comprises Dang-Gui
(Angelica sinensis (Oliv.) Diels), Sheng-Di-Huang (raw R. glutinosa Libosch.), Tao-Ren
(Prunus persica (L.) Batsch), Hong-Hua (Carthamus tinctorius L.), Zhi- Ke (Citrus aurantium
L.), Chi-Shao (red Paeonia lactiflora Pall.), Chai-Hu (Bupleurum chinense DC.), Zhi-Gan-Cao
(G. glabra L.), Jie-Geng (P. grandiflorum (Jacq.) A. DC.), Chuan-Qiong (Ligusticum chuanxiong
Hortorum), and Niu-Xi (Achyranthes bidentata Blume), for which the therapeutic actions
and indications are “quicken the blood and dispel stasis” for immunomodulation and anti-
fibrosis [15,16]. Kaiser Pharmaceuticals Co., Ltd. (Taiwan), a well-known pharmaceutical
company that specializes in making traditional Chinese medicine (TCM), manufactured the
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powder and extract of SS-1 used in this study. All data, methods, locations, and collections
of the experimental SS-1 samples were authenticated by licenses.

2.2. Mice

All animal experimental procedures followed published guidelines approved by the
Institutional Animal Care and Use Committee (IACUC, NO.2020-155) of China Medical
University. Eight-week-old female C57BL/6 mice (20–22 g weight) were purchased from the
National Laboratory Animal Center (Taipei, Taiwan) and housed under specific pathogen-
free (SPF) conditions. Mice were randomly divided into three groups (n = 5 in each
group). One of the groups was fed water (naïve group) as control mice, and the other two
groups were fed water and SS-1 as SS mice (SS-water and SS-SS1 groups, respectively). To
investigate the effect of SS-1, the drug (1500 mg/kg bw) was administered orally twice a
day from day 14 to 63 after the first immunization. As a control, the same quantity of water
was administered.

2.3. Induction of SS Model

The SS model was induced by immunization with SG autoantigen as previously
described with some modifications [10,17,18]. Five C57BL/6 mice were sacrificed under
an overdose of pentobarbital. The bilateral SGs of the mice were immediately removed
under sterile conditions, dissected free from the surrounding fat and connective tissues and
weighed. The bilateral SG was homogenized in 2 mL of sterile saline solution per 100 mg
of SG and then centrifuged at 3000 g for 15 min at 4 ◦C. The supernatant was collected,
and the protein concentration of the supernatant was determined using the bicinchoninic
acid (BCA) assay (Sigma-Aldrich, Buchs, Switzerland), and then adjusted to 800 µg of
protein per 1 mL of PBS, and emulsified in an equal volume of complete Freund’s adjuvant
(CFA, Sigma–Aldrich, St. Louis, MO, USA) to a concentration of 400 µg of protein per
1 mL of solution. On day 0, each of the mice was injected subcutaneously with 0.1 mL
of the emulsion. On day 14, the booster injection was carried out with the same dose of
autoantigen emulsified in Freund’s incomplete adjuvant (IFA, Sigma–Aldrich, St. Louis,
MO, USA). Control mice (naïve group) were immunized with 0.1 mL of PBS per mouse on
days 0 and 14.

2.4. Saliva Flow Rate Measurement

Saliva flow rates were measured as described in a previous study [11]. Briefly, on days
28, 42, and 63 after immunization, mice were anesthetized and injected intraperitoneally
with pilocarpine (5 mg/kg bw). After pilocarpine injection for 10 min, saliva was collected
immediately from the oral cavity using a 20-µL pipet tip.

2.5. Histology

On day 63, the SG was removed. Formaldehyde-fixed paraffin-embedded SGs were
cut longitudinally to a thickness of 6 µm for hematoxylin and eosin staining. In addition,
the sections were pretreated using heat-mediated antigen retrieval with EDTA buffer (pH
9, epitope retrieval solution) for 20 min. The sections were incubated in 0.02% hydrogen
peroxide to block endogenous peroxidase activity and then incubated overnight at 4 ◦C with
primary rabbit antibodies against mouse CD3+ and CD19+ in PBS with 0.1% BSA. The next
day, the sections were immune-stained using HRP-conjugated goat anti-rabbit secondary
antibody in PBS with 0.1% BSA for 30 min at room temperature. Diaminobenzidine was
used for staining development, and the sections were counterstained with hematoxylin.
Sections were stained and analyzed independently by two observers in a blind fashion. For
the quantification of immune infiltrating cells, a light microscope with a 10× eyepiece and
a 40× objective lens (400×) was used.
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2.6. Quantitative Real-Time (RT)-PCR Analysis

Total RNA of SGs or cultured cells was extracted using TRIzol reagent (Life Technolo-
gies, Carlsbad, CA, USA) according to the manufacturer’s instructions and then reverse
transcribed (RT) into cDNA using a Transcriptor First Strand (Roche Diagnostics, Germany)
according to the manufacturer’s protocol. For further PCR amplification, an aliquot (1:10)
of the RT product was adjusted to contain 0.1 µg of each primer, and additional buffer was
added to a total volume of 20 µL. Real-time RT-PCR was performed using SYBR Green I
FastStart Master Mix (Roche Molecular Diagnostics, Germany) with an Eco Real-Time PCR
System (Illumina Inc. San Diego, CA. USA). To evaluate gene expression, real-time RT-PCR
was performed with five target genes (TNF-α, IFN-γ, IL-6, IL-17A, and IL-4) using cDNA
from SGs. β-actin GAPDH was used as an internal control.

2.7. Analysis of Anti-M3R and SSA IgG Antibody Production

Serum samples were collected on days 28, 42, and 63 after immunization. Serum
levels of IgG against Sjögren’s syndrome-related antigen A (SSA) and M3 muscarinic
receptor (M3R) were examined by a standard sandwich enzyme-linked immunosorbent
assay (ELISA, PeproTech EC, London, UK). Briefly, 96-well MaxiSorp plates were coated
with antigen peptides (5 µg/mL) at 4 ◦C overnight. Plates were washed and incubated
with blocking buffer (0.5% gelatin, 0.5% bovine serum albumin and 0.05% Tween 20 in PBS)
at room temperature for 1 h. Serum samples were diluted (1:100) and incubated in plates
for 2 h at room temperature, followed by incubation with biotin-conjugated anti-mouse
IgG (BioLegend, San Diego, CA, USA, 0.5 µg/mL) for 1 h. After washing, HRP streptavidin
(BioLegend, San Diego, CA, USA, 1:1000) was added, and the plates were incubated for
30 min. Then, plates were washed, and freshly prepared TMB substrate (BioLegend, San
Diego, CA, USA, 50 µL) was added. After 10 min, 20 µL of stop solution (3 M H2SO4) was
added, and the absorbance at 450 nm was measured using a Sunrise microplate reader
(Tecan, Männedorf, Switzerland). Antigenic peptides of SSA (AVALREYRKKMDIPA)
and M3R (VLVNTFCDSCIPKTYWNLGY) were synthesized chemically by a solid-phase
approach and purified by high-performance liquid chromatography (SBS Genetech Co.,
Ltd., Beijing, China).

2.8. Cell Proliferation and Cytokine Production Analysis

At day 63, spleens were isolated and stimulated with homogenized SG autoantigen
(50 µg/mL) in a flat-bottom 96-well plate (Corning Inc. Corning, NY, USA) for 96 h,
and then the cells were pulsed with [3H] thymidine for 18 h before harvesting. The
incorporation of radioactivity was measured in a beta-counter (Beckman Instruments). The
IFN-γ and IL-17A production in the cell supernatants was determined by ELISA.

For intracellular detection of cytokines, mouse spleen cells were incubated with SG
autoantigen for 48 h. GolgiStop (BD Biosciences, San Diego, CA, USA) solution was
added 6 h before harvesting the cultured cells. The cells were then washed twice in
FACS buffer and stained with phycoerythrin-conjugated anti-mouse CD4 (BioLegend, San
Diego, CA, USA). Splenocytes were fixed and subjected to intracellular staining using
the Cytofix/Cytoperm Plus Kit (BD Biosciences, San Diego, CA, USA) according to the
manufacturer’s instructions (BD Biosciences, San Diego, CA, USA). FITC-conjugated mAbs
specific to murine IFN-γ and IL-17A were purchased from BioLegend (San Diego, CA,
USA). All samples were detected on an Accuri C5 cytometer using C6 Accuri system
software (Accuri Cytometers Inc., Ann Arbor, MI, USA).

2.9. Assay of Dendritic Cell (DC) Maturation in Vivo

On day 63, the single-cell suspension from the spleen was pressed through sterile
stainless steel mesh. After lysis of red blood cells using commercial RBC lysis buffer
(Sigma-Aldrich), the cells were washed several times with RPMI 1640 medium and stained
with mAbs specific for mouse CD11C, CD80, and CD86 (BioLegend, San Diego, CA, USA),
as well as control isotype-matched antibody. Stained cells were subjected to an Accuri
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5 flow cytometer (BD Bioscience, San Jose, CA, USA), and the mean fluorescence intensity
was calculated using C6 Accuri system software (BD Bioscience, San Jose, CA, USA).
The cytokine mRNA expression levels of IL-12, IL-23, and IL-4 were examined using
real-time PCR.

2.10. Assay of Bone Marrow Derived DC Maturation in Vitro

Immature DCs were cultured in the presence or absence of SS-1 extract dilution (1:1000;
1:2000) for 1 h followed by stimulation with lipopolysaccharide (LPS, 100 ng/mL) for 16 h
and stained with mAbs specific for mouse CD11C, CD80, and CD86 (BioLegend, San Diego,
CA, USA). After mAb staining, the samples were detected on an Accuri 5 flow cytometer
(BD Bioscience, San Jose, CA, USA), and the mean fluorescence intensity was calculated us-
ing C6 Accuri system software (BD Bioscience, San Jose, CA, USA). The cytokines IL-12 and
IL-23 in culture supernatants were analyzed using ELISA kits (PeproTech, London, UK).

2.11. Statistical Analysis

Data are expressed as the mean ± standard deviation (n = 5). One-way ANOVA with
a post hoc Dunnett test was used to compare multiple experimental groups with GraphPad
Prism v5.0 software (La Jolla, CA, USA). A p-value of less than 0.05 was considered a
significant difference.

3. Result
3.1. The Effect of SS-1 on SS-like Symptoms in a Salivary Gland-Induced SS Mouse Model

We used a mouse model of SS-like symptoms induced by salivary glands to evaluate
the therapeutic effect of SS-1 on the progression of SS. The results showed that the saliva
flow rate in the SS-1-treated group was significantly increased compared to that in the water-
treated group (Figure 1A). Compared to water-treated mice, the lymphocytic infiltration, T
cells (CD3+) and B cells (CD19+) in the submandibular glands of the SS-1-treated group
were decreased (Figure 1B).

Life 2021, 11, x FOR PEER REVIEW 5 of 14 
 

 

2.9. Assay of Dendritic Cell (DC) Maturation in Vivo 
On day 63, the single-cell suspension from the spleen was pressed through sterile 

stainless steel mesh. After lysis of red blood cells using commercial RBC lysis buffer 
(Sigma-Aldrich), the cells were washed several times with RPMI 1640 medium and 
stained with mAbs specific for mouse CD11C, CD80, and CD86 (BioLegend, San Diego, 
CA, USA), as well as control isotype-matched antibody. Stained cells were subjected to an 
Accuri 5 flow cytometer (BD Bioscience, San Jose, CA, USA), and the mean fluorescence 
intensity was calculated using C6 Accuri system software (BD Bioscience, San Jose, CA, 
USA). The cytokine mRNA expression levels of IL-12, IL-23, and IL-4 were exam-
ined using real-time PCR. 

2.10. Assay of Bone Marrow Derived DC Maturation in Vitro 
Immature DCs were cultured in the presence or absence of SS-1 extract dilution 

(1:1000; 1:2000) for 1 h followed by stimulation with lipopolysaccharide (LPS, 100 ng/mL) 
for 16 h and stained with mAbs specific for mouse CD11C, CD80, and CD86 (BioLegend, 
San Diego, CA, USA). After mAb staining, the samples were detected on an Accuri 5 flow 
cytometer (BD Bioscience, San Jose, CA, USA), and the mean fluorescence intensity was 
calculated using C6 Accuri system software (BD Bioscience, San Jose, CA, USA). The cy-
tokines IL-12 and IL-23 in culture supernatants were analyzed using ELISA kits 
(PeproTech, London, UK). 

2.11. Statistical Analysis 
Data are expressed as the mean ± standard deviation (n = 5). One-way ANOVA with 

a post hoc Dunnett test was used to compare multiple experimental groups with 
GraphPad Prism v5.0 software (La Jolla, CA, USA). A p-value of less than 0.05 was con-
sidered a significant difference. 

3. Result 
3.1. The Effect of SS-1 on SS-like Symptoms in a Salivary Gland-Induced SS Mouse Model 

We used a mouse model of SS-like symptoms induced by salivary glands to evaluate 
the therapeutic effect of SS-1 on the progression of SS. The results showed that the saliva 
flow rate in the SS-1-treated group was significantly increased compared to that in the 
water-treated group (Figure 1A). Compared to water-treated mice, the lymphocytic infil-
tration, T cells (CD3+) and B cells (CD19+) in the submandibular glands of the SS-1-treated 
group were decreased (Figure 1B). 

 
Figure 1. SS-1 improved saliva flow rates in SS mice and ameliorated lymphocytic infiltrations in submandibular glands. 
(A) Saliva flow rates of mice at days 28, 42, and 63 after SS-1 treatment. Data are means ± SEMs (n = 5). The data presented 
Figure 1. SS-1 improved saliva flow rates in SS mice and ameliorated lymphocytic infiltrations in submandibular glands.
(A) Saliva flow rates of mice at days 28, 42, and 63 after SS-1 treatment. Data are means ± SEMs (n = 5). The data presented
are representative of three independent experiments with similar results. * p < 0.05 and *** p < 0.001 versus SS-water group.
(B) Representative histological patterns of submandibular glands determined by hematoxylin and eosin (H&E) staining and
immunostaining with anti-mouse CD3 antibody or anti-mouse CD19 antibody, original magnification ×100.

3.2. The Effect of SS-1 on the Production of Inflammatory Cytokines in a Mouse Salivary
Gland-induced SS Mouse Model

Excessive production of proinflammatory cytokines is one of the important patholog-
ical indications of SS. Therefore, we investigated the effect of SS-1 on the production of
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proinflammatory cytokines. On day 63, the salivary gland was removed and homogenized
at the end of the experiment. The mRNA levels of proinflammatory cytokines (TNF-α, IFN-
γ, IL-6, IL-17A, and IL-4) were determined by qRT-PCR. As shown in Figure 2, the TNF-α,
IFN-γ, IL-6, and IL-17A levels of SS mice were significantly increased relative to those of
the naïve group. However, the levels of proinflammatory cytokines (including IFN-γ, IL-6,
and IL-17A) in the salivary glands of SG immunization mice after SS-1 treatment were
significantly reduced.
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cytokines were measured by qRT-PCR. The data were normalized to GAPDH expression in each sample. Data are
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* p < 0.05 and ** p < 0.01 versus SS-water group.

3.3. The Effect of SS-1 on Anti-SSA and Anti-M3R Antibodies in a SG-Induced SS Mouse Model

The pathogenic mechanisms of SS involve the synergistic actions of anti-SSA and
anti-M3R antibodies. The results showed a significant increase in SSA and M3R-specific
IgG in the serum collected on days 28, 42, and 63 in all SS mice compared with naïve
mice (Figure 3). However, SS-1 treatment significantly reduced the level of anti-M3R IgG
(Figure 3) on day 63 but had no significant effect on anti-SSA.
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Figure 3. SS-1 decreased M3R-specific IgG antibody production in the serum of SS mice. The presence
of anti-SSA and anti-M3R antibodies in the serum of mice collected at days 21, 42, and 63 was detected
by ELISA. Data are means ± SEMs (n = 5). The data presented are representative of three independent
experiments with similar results. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus SS-water group.

3.4. The Effect of SS-1 on Th1 and Th17 Cell Expansion in the Spleen

To study the effect of SS-1 on salivary gland protein-specific T cell responses, spleen
cells were isolated from different experimental groups and incubated with salivary gland
extract for 72 h in vitro (Figure 4). Compared with cells isolated from the water-treated
group, salivary gland extract isolated from the SS-1-treated group significantly decreased
the stimulation of cell proliferation (Figure 4A). In addition, compared with the vehicle
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control mice, the levels of IFN-γ and IL-17A in the supernatants of the lymphocytes were
significantly lower in the SS-1-treated mice (Figure 4B,C). To further verify whether SS-1
can modulate populations of different T cells during SS, the distribution of CD4+ T cell
subsets in spleen cells was analyzed using flow cytometry. After stimulation with salivary
gland extract, flow cytometric analysis showed that CD4+ T cells isolated from SS-1-treated
SS mice significantly lowered the numbers of CD4+ IFN-γ+ Th1 and CD4+ IL-17A+ Th17
cells compared with water-treated SS mice (Figure 4D–F).
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Figure 4. SS-1 inhibited salivary gland extract-induced specific T cell proliferation and IFN-γ and
IL-17A expression in splenic CD4+ T cells from SS mice. (A) Spleens were harvested on day 63 and
cultured in the presence of salivary gland extracts for 96 h. After pulsing with 1 µCi of [3H]thymidine
per well for the last 18 h, proliferation was determined as radioactivity incorporation in counts per
minute (cpm). Regarding the in vitro cytokine analysis, the culture supernatants were collected, and
(B) IFN-γ and (C) IL-17A were measured by ELISA. (D) Representative flow cytometric dot plots of
intracellular staining of IFN-γ and IL-17A in CD4+ T cells for each group are shown. Bar graphs of
(E) IFN-γ and (F) IL-17A in CD4+ T cells represent the mean ± SEM (n = 5) from three independent
experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus SS-water group.
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3.5. The Effect of SS-1 on Splenic DC Maturation In Vivo

Owing to the extensive capability of DCs to activate naïve T cells, we further evaluated
the effect of SS-1 on DC maturation in vivo. On day 63, splenic DCs were purified and
analyzed for phenotypic maturation by flow cytometry. As shown in Figure 5A,B, SS-
1-treated mice significantly reduced CD80 and CD86 (maturation markers) expression
on gated CD11C+ splenic cells compared with vehicle control mice. Consistent with the
activated phenotype, DCs from the spleens of the SS-1-treated mice produced lower levels
of IL-12 and IL-23, which play critical roles in the induction of Th1 and Th17 immune
responses, than those from the vehicle control mice (Figure 5C), but there was no difference
in the levels of Th2 cytokine (IL-4) among all groups.
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Figure 5. SS-1 inhibited the expression of costimulatory molecules and cytokines on spleen DCs.
(A) The expression of CD80 and CD86 on spleen DCs was analyzed by flow cytometry. (B) The
expression levels of CD80 and CD86 are presented as the mean fluorescence intensity (MFI). (C) IL-12,
IL-23, and IL-4 mRNA was detected in purified CD11C+ DCs from the spleen using quantitative
real-time PCR. The data were normalized to HPRT expression in each sample and the mean ± SEM
(n = 5). * p < 0.05 and ** p < 0.01 versus SS-water group.

3.6. The Effect of SS-1 on Co-Stimulatory Molecules and Cytokine Production in Murine Bone
Marrow-Derived Dendritic Cells (BMDCs) Induced by LPS

Following the suppression of splenic DC maturation in Figure 5, we attempted to
characterize more changes in BMDCs affected by SS-1 in vitro. We activated and treated
immature BMDCs from naïve mice with LPS and SS-1 and then measured the expression
of costimulatory molecules. The expression levels of the costimulatory markers CD80 and
CD86, both of which enable DCs to prime downstream T cell differentiation, were detected.
Figure 6A,B show that SS-1 significantly reduced CD80 and CD86 under both treatment
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concentrations. DCs can produce inflammatory cytokines, and these cytokines can guide
the differentiation of naïve T cells [5,6]. Therefore, the DC cytokine profile stimulated by
LPS followed by treatment with or without SS-1 was evaluated. The results showed that
SS-1 treatment remarkably reduced Th1-biased cytokines (IL-12) and Th17-biased cytokines
(IL-23) compared with the levels in water-treated SS mice (Figure 6C).
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Figure 6. SS-1 reduced LPS-induced surface costimulatory markers and cytokine production in
BMDCs. (A) BMDCs from naïve mice were stimulated with LPS and treated with or without SS-1
at the indicated concentrations followed by evaluation of costimulatory marker expression (CD80
and CD86). (B) The mean fluorescence intensity (MFI) of cellular marker molecule expression (CD80
and CD86) was quantified after gating on CD11c+ cells. (C) IL-12 and IL-23 cytokine production
was detected by ELISA. Data are means ± SEMs (n = 5). The data presented are representative of
three independent experiments with similar results. * p < 0.05, *** p < 0.001 versus LPS + water-
treated control.

4. Discussions

In this study, we investigated the efficacy and mechanisms of the Chinese herbal
formula SS-1 in experimental Sjögren’s syndrome. In SS, the salivary glands are infiltrated
and destroyed by inflammatory cells, which further produce cytokines to enhance the
damage of glandular epithelium, resulting in reduced exocrine function and increased
autoantibody level [19,20]. In addition, damaged epithelial cells induce the release of
inflammatory factors by which the overactive immune response will be aggravated [20].
As a result, the destruction of exocrine glands, featured by lower saliva flow rate in SS,
is highly related to the continuous infiltration of lymphocytes [21]. Our data supports
the clinical signs of SS, such as saliva flow rate, could be improved by SS-1 treatment
(Figure 1A) in SS mice. It also confirms decreases in infiltrations of T (CD3) and B (CD19)
lymphocyte in SGs, as well as the expression of inflammatory factors, including IFN-γ, IL-6,
and IL-17A, in mouse salivary glands leads to the alleviation of SS symptoms (Figure 2).
Moreover, the serum anti-M3R autoantibody levels decreased. This therapeutic effect may
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be related to the ability of SS-1 to inhibit dendritic cell maturation, hence suppressing the
generation of Th1 and Th17 cells.

Most of the infiltrating cells are CD4+ T-cells and, to a lesser degree, antibody-secreting
B cells [22]. T cells that secrete IFN-γ and IL-17 have been detected in inflamed salivary
glands of patients with SS, suggesting a predominantly Th1- and Th17-driven response
in the pathogenesis of SS [23]. Dendritic cells are also found in proximity to the ductal
epithelium, where they secrete inflammatory cytokines such as TNF-α, IL-6, and IL-12 [24].
TNF-α, cooperating with IFN-γ, induces apoptosis of salivary gland cells [25]. IL-12
promotes the differentiation of IFN-γ-producing T cells [25], while IL-6 participates in the
generation of Th17 cells and fosters their proliferation [26]. In the presence of IL-6, Th17
cells also orchestrate the development of germinal centers (GCs) dominated by autoreactive
lymphocytes [27]. These GC-like structures provide an opportune environment for the
differentiation of antigen-driven B cell responses in the salivary glands [28]. Anti-SSA/Ro
and anti-La/SSB are the hallmark autoantibodies in SS, which play an important role in
disease diagnosis. Autoantibodies against muscarinic acetylcholine receptor M3 (M3R)
have also been shown to exist in the sera of SS patients [29] and may have a role in causing
glandular dysfunction [30].

Recently, an experimental SS mouse model was established by Lin et al. [11]. Upon
immunization with autoantigenic peptides derived from salivary glands, the mice dis-
played decreased saliva production, increased anti-SSA and anti-M3R autoantibodies,
and extensive glandular inflammation with the infiltration of both T and B cells, which
recapitulates the key features of human SS [10]. In this ESS model, Th17 cells also play a
critical role in disease pathogenesis [11]. Hence, several studies have been carried out to
investigate potential therapeutic drugs and molecular mechanisms against SS [31–33].

At present, no disease-modifying therapies are approved to treat SS [4]. Oral glucocor-
ticoids and immunosuppressive medications, including hydroxychloroquine, azathioprine,
cyclosporine, and methotrexate, are often prescribed; however, they have not been found to
improve glandular function in clinical trials [34,35]. Some patients seek traditional Chinese
medicines (TCMs) to relieve symptoms. Several TCMs have been reported to be beneficial
in treating autoimmune diseases [36]. In our previous network analysis, we identified
the core pattern prescription for treating SS [12]. This core pattern prescription contains
GLY, which exerts anti-inflammatory properties [6]. An in vitro human oral cancer cell
line study demonstrated that GLY suppresses TNF-α secretion through NF-κB-, AKT-, and
ERK-dependent pathways [6]. SJY is among the most commonly prescribed Chinese herbal
formulas for viral infections. One prospective cohort study suggests that SJY might have
immunomodulatory effects, including a decrease in the number of B-lymphocytes [37].
XZD is a common herbal formula that has been used to treat blood stasis syndrome. An-
imal studies demonstrate that XZD has antifibrotic properties [8]. Since tissue fibrosis
is a common consequence of chronic inflammation, and salivary gland fibrosis in SS is
elevated [38], we incorporated XZD in our innovative herbal combination, SS-1. The herbal
formula SS-1 is composed of GLY, SJY, and XZD. This combination is created to allow good
general acceptance to patients with different disease states. Moreover, we conducted a ran-
domized, double-blind, placebo-controlled, clinical trial (Clinicaltrials.gov NCT02110446)
and confirmed the therapeutic efficacy of the Chinese herbal formula SS-1 in patients with
Sjögren’s syndrome. Significant relief of sicca symptoms, as well as downregulation of
lymphocyte activities, were noted in our clinical trial.

T cells are known to play an important role in SS [39]. Our previous study pointed out
that SS-1 inhibits Th1 (CD4+ IFN-γ+ and CD4+ TNF-α+ cells) and Th2 (CD4+ IL-4+ c cells)
polarization of mouse spleen cells and T cell proliferation in Sjögren’s syndrome [9]. In this
study, we also found that SS-1 inhibited splenic T cell proliferation (Figure 4A), Th1 (CD4+
IFN-γ+) and Th17 (CD4+ IL-17+) cells (Figure 4C,D), and reduced the levels of cytokines
(IFN-γ and IL-17) in a salivary gland-induced SS-like symptom mouse model (Figure 4B).

Vogelsang et al. [40] also proposed the possible role of DCs in SS. However, previ-
ous studies lacked the regulatory mechanism of SS-1 with T cells and DCs. Therefore,
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we reviewed previous studies of GLY, SJY, and XZD. GLY exerts anti-inflammatory and
ameliorating effects on systemic lupus erythematosus [41]. Inagaki et al. pointed out that
a concentration of more than 0.05 mg/mL GLY significantly inhibited sRANKL-induced
osteoclast differentiation in RAW264.7 cells, thereby inhibiting bone resorption in an exper-
imental periodontitis model. GLY has a significant protective effect in traditional Chinese
medicine formulations commonly used in systemic lupus erythematosus patients [42]. SJY
has beneficial immunomodulatory effects for preventing viral infections [7]. Healthy peo-
ple, after taking two herbal formulas (SJY and Yu Ping Feng San), have a short-term increase
in their CD4/CD8 ratio, so herbal formulas can prevent viral infections, including SARS [7].
In addition, a previous study showed that XZD could act as an anti-inflammatory drug in a
rat model of traumatic brain injury by inhibiting the PI3K-AKT-mTOR pathway [43]. Xing
et al. also proposed that XZD has neuroprotection in a rat model of traumatic brain injury
through the neutralization of proinflammatory cytokines (such as TNF-α and IL-1β). These
findings support our findings that SS-1 can inhibit the production of proinflammatory
cytokines (TNF-α and IL-6) in SS mice.

A previous study showed that SS patients have higher IL-12 mRNA produced by
DCs and IL-12 expression in serum than healthy people. However, IL-12 levels in SS
patients were not related to anti-SSA or anti-SSB antibodies [44]. During the occurrence
of SS-like symptoms in non-obese diabetic (NOD) mice, mesenchymal stem cells (MSCTs)
enhanced salivary flow rates and decreased lymphocyte infiltrations in the salivary glands
of NOD mice and downregulated Th17 and Tfh cells, but upregulated regulatory T cells [44].
However, they had no effect on plasma cells, Th1, and Th2 cells [41]. The results of our
study on splenic DCs and BMDCs of SS-1-treated mice produced lower levels of IL-12 and
IL-23 than vehicle control mice, thereby reducing Th1 (CD4 + IFN-γ) and Th17 (CD4 +
IL-17) cells.

Recent data suggest that glandular hypofunction in SS could result from functional
suppression by anti-M3R autoantibodies [27,45,46]. SS-1 treatment significantly decreased
the levels of anti-M3R IgG (Figure 3); hence, improving the secretory function of the
salivary glands. Nevertheless, SS-1 treatment had no significant effect on the levels of
anti-SSA. This result is compatible with findings from previous studies showing that the
titers of anti-Ro/SSA antibodies do not change after treatment [47–49]. Even when B cell
depletion therapy with rituximab is used, the levels of anti-Ro/SSA antibodies remain
constant [47,50].

5. Conclusions

SS-1 treatment leads to beneficial therapeutic effects by improving saliva flow rates
and lymphocytic infiltration in SG protein-induced ESS due to the regulation of several
inflammatory mediators. These mediators include Th1-mediated cytokines and Th17-
mediated cytokines. These results indicate that SS-1 treatment may be an effective and
safe therapeutic strategy and can be used as an immunomodulator for T cell-mediated
autoimmune diseases, including SS.
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