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symptoms by modulating Tim-3 expression 

Tian Sun a, Shanshan Liu a, Guangxia Yang b, Rujie Zhu c, Zutong Li a, Genhong Yao a, 
Hongwei Chen a,*, Lingyun Sun a,* 

a Department of Rheumatology and Immunology, The Affiliated Drum Tower Hospital of Nanjing University Medical School, 321 Zhongshan Road, Nanjing 210008, 
Jiangsu, China 
b Nanjing Drum Tower Hospital, Clinical College of Traditional Chinese and Western Medicine, Nanjing University of Chinese Medicine, China 
c Department of Rheumatology and Immunology, Nanjing Drum Tower Hospital Clinical College of Nanjing Medical University, China   

A R T I C L E  I N F O   

Keywords: 
MSC transplantation 
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A B S T R A C T   

Mesenchymal stem cell (MSC) transplantation has been proven to be an effective treatment for Sjögren’s syn
drome (SS) to improve salivary gland pathology and exocrine function, but the mechanism remains unclear. A 
recently reported inhibitory receptor, Tim-3, also appears to be closely related to autoimmune diseases. Here, we 
aimed to explore the roles of Tim-3 in the pathogenesis of SS and MSC treatment. The results showed that Tim-3 
was downregulated in T cells of SS patients and nonobese diabetic (NOD) mice, which is correlated with SS 
pathogenesis. MSC transplantation ameliorated SS-like symptoms and pathological changes in the submandib
ular glands with modulated Tim-3 expression, resulting in attenuation of localized inflammation, fibrosis, and 
epithelial-mesenchymal transition. Furthermore, Tim-3 is crucial for the inhibitory effect of MSCs on PBMC 
proliferation in vitro. Therefore, our work has demonstrated that MSC transplantation effectively mitigates the 
pathological changes of SS by regulating Tim-3 expression, which provides a novel mechanism of MSC treatment 
and indicates a brand-new perspective of the combination of inhibitory-receptor-targeted treatment and MSC 
therapy in SS.   

1. Introduction 

Sjögren’s syndrome (SS) is a systemic autoimmune disease charac
terized by progressive sicca symptoms, lymphocytic infiltration to 
exocrine glands, the presence of autoantibodies, systemic involvement, 
and an increased risk of lymphoma [1]. Primary SS (pSS) does not 
combine with another systemic autoimmune disease, while complica
tions in secondary SS include rheumatoid arthritis (RA), systemic lupus 
erythematosus (SLE), or systemic sclerosis. The incidence rate of pri
mary SS was 6.92 (95 % CI 4.98 to 8.86) per 10,000 person-years, and 
the female/male ratio was 9.15 (95 % CI 3.35 to 13.18). Meanwhile, the 
prevalence rate in the total population was 60.82 (95 % CI 43.69 to 
77.94) cases per 100,000 inhabitants, and the female/male ratio in the 
prevalence data was 10.72 (95 % CI 7.35 to 15.62) [2]. Similar to other 
autoimmune diseases, the pathogenesis of SS is complicated and still not 
well understood. The pathogenesis of SS includes the excessive prolif
eration of T-helper 1 (Th1) cells and sustained B-cell activation, the 
progression of organ damage, and the dysfunction of epithelial cells 

caused by the inflammatory microenvironment [3,4]. Clinically, 
although glucocorticoids combined with synthetic disease-modifying 
antirheumatic drugs were used for SS treatment, the function of the 
exocrine gland fails to be restored in patients, which requires the 
development of immunosuppressive therapies for SS treatment. 

Mesenchymal stem/stromal cells (MSCs) affect the proliferation and 
function of immune cells [5] and the differentiation and function of 
autologous myeloid-derived suppressor cells [6]. Therefore, MSCs have 
been extensively used to treat graft versus host disease, musculoskeletal 
tissue damage, autoimmune diseases, chronic degenerative diseases, 
genetic diseases, and infectious diseases in the clinic [7]. MSC trans
plantation has also been proven to be an effective treatment for SS. After 
transplantation into nonobese diabetic (NOD) mice, a well-established 
SS animal model, MSCs facilitated the increase in salivary flow rate 
and expression of anti-inflammatory cytokines, simultaneously attenu
ating salivary gland lymphocyte infiltration and inflammatory cytokines 
[8]. MSC treatment substantially increased the salivary flow rate, 
ameliorated disease symptoms, and inhibited inflammatory responses in 
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SS patients [9]. However, the mechanism of MSC transplantation in 
treating SS has not been fully revealed. 

Coinhibitory receptors (CIRs), also known as immune checkpoints, 
have attracted much attention because of their indispensable roles in 
tumor immunotherapies. Immune-related adverse events associated 
with CIR inhibitors have led to studies on these coinhibitory pathways of 
immunocytes in autoimmune disease [10,11]. Several biological agents 
targeting these CIRs recommended in ACR guidelines represent the 
future direction of the treatment for SS, such as tacrolimus and abata
cept with cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) anti
bodies [12]. As a critical CIR, the T-cell immunoglobulin (Ig) mucin 
family containing molecule 3 (Tim-3) is expressed on the surface of both 
adaptive and innate immune cells [13]. By binding galectin-9 (Gal-9, 
also called LGALS9) [14], Tim-3 is involved in the pathogenesis of 
autoimmune diseases, such as SLE [15], RA [16], autoimmune hepatitis 
[17], and immunoglobulin G4-related disease [18]. Furthermore, Tim‑3 
has been found to promote tumor cell metastasis by inducing epithelial- 
mesenchymal transition (EMT), which is also responsible for the 
dysfunction of exocrine gland epithelial cells in SS [19,20]. Addition
ally, MSCs secrete Gal-9, a Tim-3 ligand, especially under IFN-γ stimu
lation [21]. Therefore, we speculated that MSCs may achieve SS 
treatment via the Gal-9/Tim-3 pathway. Herein, we have expounded on 
the role of Tim-3 dysfunction in autoimmune activation and lymphocyte 
infiltration in the pathogenesis of SS in both patients and NOD mice. 
Moreover, we established the relationship between Tim-3 and MSC 
transplantation and characterized MSC transplantation-promoted 
cellular processes in SS, including the inhibition of immune cell prolif
eration, reduction of immune inflammation in the submandibular gland 
(SMG), reversal of EMT, and improvement of exocrine functions. 
Therefore, our study represents the first attempt to explore the mystery 
of MSC treatment of SS based on Tim-3. 

2. Materials and methods 

2.1. Patients and healthy controls 

All peripheral blood samples were collected from inpatients with 
primary Sjögren’s syndrome in the Department of Rheumatology and 
Immunology, Affiliated Drum Tower Hospital, Medical School of Nanj
ing University. The 2002 American-European Consensus Group criteria 
for Sjögren’s syndrome were utilized as the diagnostic criteria, and other 
autoimmune diseases were excluded. The European League Against 
Rheumatism (EULAR) Sjögren’s Syndrome Disease Activity Index 
(ESSDAI) score was assessed by experienced clinicians based on clinical 
manifestations and comprehensive examination results, including anti
nuclear antibody (ANA) and labial salivary gland biopsy (LSGB). Age- 
and sex-matched healthy controls were recruited from the Medical Ex
amination Center of the Affiliated Drum Tower Hospital, Medical School 
of Nanjing University. All research complied with the Declaration of 
Helsinki. The study was approved by the Ethics Committee of the 
Affiliated Drum Tower Hospital, Medical School of Nanjing University. 
All patients and healthy volunteers were informed and consented to this 
study. Detailed clinical characteristics are described in Table 1. 

2.2. Mice 

NOD mice are widely described as an experimental model of 
Sjögren’s syndrome based on lymphocytic focal infiltration in the sub
mandibular gland [22]. NOD/ShiLtJGpt mice (female, 6–8 weeks old) 
and Institute of Cancer Research (ICR) mice (female, 6–8 weeks old) as a 
wild-type control mouse model [23] were purchased from Gem
Pharmatech Co. ltd. (Nanjing, China). All mice were bred under specific- 
pathogen-free conditions in the animal facility of the Affiliated Drum 
Tower Hospital, Medical School of Nanjing University. All animal ex
periments followed the institutional guidelines of the Affiliated Drum 
Tower Hospital of Medical School of Nanjing University and were 

approved by the Committee of Experimental Animal Administration of 
the Affiliated Drum Tower Hospital of Medical School of Nanjing Uni
versity (Approval number: 2020AE01078). At the age of 13 weeks, NOD 
mice were randomized into two groups. Group 1: NOD mice with caudal 
vein injection of human umbilical cord-derived MSCs (n = 6), Group 2: 
NOD mice with caudal vein injection of PBS (n = 6). 

2.3. Saliva flow rate 

The secretory function of the salivary glands (salivary flow rate, SFR) 
was determined every 2 weeks from the age of 9 weeks. The body weight 
of each mouse was recorded before each test. Mild gas anesthesia was 
induced and maintained during the test with 5 % isoflurane (RWD, 
R510-22). Stimulation was performed with an intraperitoneal injection 
of pilocarpine hydrochloride (MCE, HY-B0726) at a dose of 5 mg/kg 
body weight. [24] A 1.5 ml Eppendorf tube with a piece of cotton wool 
was prepared and preweighed. For each mouse, a piece of cotton wool 
was removed from the tube and placed into the mouse’s oral cavity for 
10 min. Then, the cotton wool piece filled with saliva was removed back 
into the original tubes and weighed. The saliva flow rate was obtained 
by calculating the difference between the total weight of the tube and 
cotton before and after the experiment and then dividing it by 10 min 
and the weight of the mice. The amount of saliva collected was deter
mined by the gravimetric method. The d-value of SFR before (13 weeks 
old) and after (15 weeks old) treatment was calculated as ΔSFR. 

2.4. Culture and transplantation of MSCs 

Human umbilical cord-derived MSCs (UC-MSCs) were acquired from 
the Stem Cell Center of Jiangsu Province. The details of isolation, pu
rification, and identification were described previously [25]. Dulbecco’s 
modified Eagle’s medium/nutrient mixture F-12 (DMEM/F12) con
taining 10 % fetal bovine serum (FBS) was used to culture MSCs. For 
animal experiments, MSCs at passage 4 were suspended in PBS and 

Table 1 
Clinical characteristics and medications for the SS patients.  

Patient Age/ 
sex 

Disease 
duration 
(months) 

ESSDAI LSGB ANA Medication 

1 55/F 15 8 4 anti- 
SSA+, 
anti- 
SSB+

HCQ 

2 62/F 18 6 3 anti-SSA-, 
anti-SSB- 

HCQ 

3 27/F 61 8 3 anti- 
SSA+, 
anti-SSB- 

HCQ, 
Iguratimod 

4 52/F 40 11 4 anti- 
SSA+, 
anti-SSB- 

Pred, HCQ, 
MMF 

5 44/ 
M 

2 8 4 anti- 
SSA+, 
anti- 
SSB+

Pred, 
Tacrolimus 

6 32/F 8 9 4 anti- 
SSA+, 
anti- 
SSB+

Pred, HCQ 

7 36/F 25 4 4 anti- 
SSA+, 
anti-SSB- 

HCQ 

8 27/F 1 7 2 anti- 
SSA+, 
anti- 
SSB+

Pred, HCQ 

ESSDAI, EULAR Sjögren’s Syndrome Disease Activity Index; LSGB, labial sali
vary gland biopsy; ANA, antinuclear antibody; Pred, prednisone; HCQ, 
hydroxychloroquine; MMF, Mycophenolate mofetil. 
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infused into NOD mice (5 × 105 cells/mouse) via the tail vein at 13 
weeks of age once a week for two consecutive weeks. The mice were 
sacrificed, and the tissues were collected at 15 weeks of age. 

2.5. Histological examination 

Murine submandibular glands were fixed in formalin and embedded 
in paraffin. Five-micrometer sections from the maximum area of the 
whole submandibular glands were dewaxed using xylene and then 
dehydrated in a graded series of alcohol for staining with hematoxylin 
and eosin. Images were captured using a photomicroscope (Olympus, 
Tokyo, Japan) at × 100 magnification and scored. Histological scores 
were calculated with the Chisholm-Mason (CM) grade [26]. The average 
pixels and SEM are displayed graphically. 

2.6. Immunohistochemistry 

After being deparaffinized and hydrated, submandibular gland sec
tions were heat-treated in citrate buffer (pH 6.0) at 120 ◦C for 15 min. 
Endogenous peroxidases were blocked with 3 % hydrogen peroxide, 
followed by overnight incubation with rabbit anti-mouse primary anti
bodies, including Tim-3 (1:500, Abcam ab241332), E-CAD (1:600, 
Servicebio GB12082), TGF-β1 (1:500, Servicebio GB11179), and α-SMA 
(1:1000, Servicebio GB111364) at 4 ◦C. Horseradish peroxidase (HRP)- 
conjugated goat anti-rabbit IgG (1:200, Servicebio GB23303) and 
horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (1:200, 
Servicebio GB23301) were used as the secondary antibodies. The color 
reaction was performed with freshly prepared 3,3N-diaminobenzidine 
tetrahydrochloride (DAB) chromogen (Servicebio G1211, Wuhan, 
China), controlling the development time under microscope observa
tion. Hematoxylin (Servicebio G1004, Wuhan, China) immersion, dif
ferentiation liquid (Servicebio G1039, Wuhan, China) differentiation, 
bluing reagent (Servicebio G1040, Wuhan, China) and neutral gum 
sealing pieces were used. 

2.7. Immunofluorescence 

After being deparaffinized and hydrated, submandibular gland sec
tions were heat-treated in antigen repair buffer (pH 8.0) at 120 ◦C for 15 
min. After natural cooling, the glass slides were placed in PBS (pH 7.4), 
shaken, and washed on a decolorization shaking table 3 times for 5 min 
each time. Endogenous peroxidases were blocked with 3 % hydrogen 
peroxide, followed by overnight incubation with rabbit anti-mouse 
primary antibodies, including CD3 (1:1000, Servicebio GB13014), 
CD8 (1:1000, Servicebio GB13429), and Tim-3 (1:200, Invitrogen 25- 
5870-82), at 4 ◦C. The slides were washed with PBS (pH 7.4) and 
incubated for 50 min with horseradish peroxidase (HRP)-conjugated 
goat anti-rabbit IgG (1:500, Servicebio GB23303). Then, the slides were 
washed with PBS (pH 7.4) and incubated for 10 min at room tempera
ture with FITC-tyramide (1:1000, Servicebio G1222) and CY3-tyramide 
(1:1000, Servicebio G1222). The slides were again washed with PBS (pH 
7.4), counterstained, and mounted using mounting medium containing 
4,6-diamino-2-phenylindole (Servicebio G1012, Wuhan, China). The 
slides were imaged using laser confocal scanning microscopy (CLSM) 
(Olympus FV3000, Tokyo, Japan). 

2.8. Quantitative real-time polymerase chain reaction 

Messenger RNA (mRNA) was extracted using TRIzol™ (Invitrogen™, 
15596018) according to the manufacturer’s instructions. Complemen
tary DNA was synthesized using the PrimeScript RT reagent kit (Takara 
Biotechnology, Tokyo, Japan). QuantStudio™ 6 Flex (Applied Bio
systems, Foster City, USA) was used for polymerase chain reaction 
amplification. All reactions were performed using LightCycler FastStart 
DNA Master SYBR Green I (Takara Biotechnology, Tokyo, Japan) ac
cording to the manufacturer’s instructions. All primer sequences were 

retrieved from the Origene website (https://www.origene. 
com/category/gene-expression/qpcr-primer-pairs) and verified by 
blasting them in the NCBI software tool Primer-BLAST (http://www. 
ncbi.nlm.nih.gov/tools/primer-blast). The primers were synthesized 
by GenScript (Nanjing, China) and are listed in Supplementary Table S1. 

2.9. Flow cytometry 

Peripheral blood mononuclear cells (PBMCs) were purified from the 
peripheral blood of SS patients by Ficoll density-gradient centrifugation. 
Then, PBMCs were incubated with anti-human antibodies to charac
terize cell subsets: BV510-CD3 (Bio Legend, 317332), APC-CD19 (Invi
trogen, 2083510), FITC-CD4 (BD, 550628), PerCP-Cy5.5-CD8 (Bio 
Legend, 344710), APC-Cy7-L/D (BD, 565388), and SB702-CD366 (Tim- 
3) (Invitrogen, 67-3109-41). For mice, PBMCs were purified from pe
ripheral blood of NOD and ICR mice by Mouse 1 × Lymphocyte Sepa
ration Medium (TBD LTS1092, Tianjin, China). Then, the cells were 
stained with the following anti-mouse antibodies: BUV395-CD3 (BD, 
563565), AF700-CD45R (B220) (Invitrogen, 56–0452-82), FITC-CD4 
(BD, 553047), BV510-CD8 (Bio Legend, 100752), APC-Cy7-L/D (BD, 
565388), and PE-Cy7-CD366 (Tim-3) (Invitrogen, 25–5870-82) for 30 
min on ice. The stained cells were assayed by a flow cytometer (BD 
LSRFortessa), and the data were analysed with FlowJo software. 

2.10. In vitro proliferation assay 

UC-MSCs (5 × 103) were cultivated in 96-well flat-bottom plates in 
DMEM/F12 containing 10 % FBS overnight. PBMCs were isolated from 
the peripheral blood of healthy donors using Ficoll density-gradient 
centrifugation and then labelled with 10 μM Cell Proliferation Dye 
eFluor™ 450 (eBioscience, 65–0842-85) in PBS and mixed periodically 
for 10 min at 37 ◦C. Labelling was quenched by the addition of 4–5 
volumes of cold complete media (containing ≥ 10 % FBS) and incuba
tion on ice for 5 min. The labelled cells were then washed twice, 
counted, and resuspended in Roswell Park Memorial Institute (RPMI) 
1640 supplemented with 10 % fetal bovine serum. For some experi
ments, PBMCs were incubated with a monoclonal Tim-3–blocking 
antibody (BioLegend, 345009) or IgG1 isotype control (BioLegend, 
400165) for 8 h before coculture. The supernatant was removed from 
the 96-well flat-bottom plates, and 1 × 105 isolated PBMCs were stim
ulated with 1 μg/mL anti-CD3 (eBioscience, 16–0037-81) and 1 μg/ 
mL anti-CD28 (eBioscience, 16–0289-81) antibodies in RPMI 1640 
supplemented with 10 % FBS for 3 days. At the end of the culture period, 
the cells were washed and incubated for 30 min on ice with a combi
nation of the following conjugated anti-human monoclonal antibodies: 
PE-CF594-CD4 (BioLegend, 317448), PerCP-Cy5.5-CD8 (BD, 560662), 
and APC-Cy7-L/D (BD, 565388). The stained cells were assayed by a 
flow cytometer (BD LSRFortessa), and the data were analysed with 
FlowJo software. 

2.11. Statistical analysis 

Data are presented as the mean ± SEM. All statistical analyses were 
performed using GraphPad Prism 8 software (GraphPad Software, La 
Jolla, CA, USA). For the normally distributed data, the significance was 
analysed by Student’s t tests for two groups or by one-way ANOVA 
followed by Bonferroni’s test for multiple groups. A P value<0.05 was 
considered significant. 

3. Results 

3.1. Tim-3 expression level decreases in SS patients 

To understand the involvement of Tim-3 in the pathogenesis of SS, 
we collected peripheral blood mononuclear cells (PBMCs) from pSS 
patients and healthy controls (n = 35 for each group) to measure its 
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expression by quantitative real-time PCR (qPCR). The results confirmed 
that the Tim-3 expression level in the PBMCs of pSS patients was 
significantly lower than that in the PBMCs of healthy controls (Fig. 1A). 
Furthermore, we recruited eight patients (Table 1) strictly meeting the 
2002 American-European Consensus Group (AECG) classification 
criteria for SS and eight age- and sex-matched healthy volunteers to 
measure their Tim-3 expression levels in T-cell subsets. Interestingly, 
our flow cytometry detection demonstrated that the frequencies of Tim- 
3+ subsets in CD3+ T cells, CD4+ T cells, and CD8+ T cells significantly 
decreased in the SS patients compared with the healthy controls 
(Fig. 1B). Moreover, among CD3+ T, CD4+ T, CD8+ T, and CD19+ B 
cells, the percentage of CD8+ T cells experienced a 50 % increase in the 
SS patients compared with the healthy controls (Supplementary Fig. S1). 
Hence, these results indicate the involvement of Tim-3 in SS 
pathogenesis. 

3.2. Tim-3 expression negatively correlates with SS pathogenesis in NOD 
mice 

To further investigate the contribution of Tim-3 to SS, we developed 
assays using nonobese diabetic (NOD) mice. Flow cytometry analysis of 
PBMCs indicated the mitigated frequencies of Tim-3+ subsets in both 
CD3+ T cells and CD4+ T cells in NOD mice in comparison with those in 
the institute of cancer research (ICR) mice, while there was a down
wards trend in cell counts of all these subsets (Fig. 2A). Accordingly, a 
dramatically higher fraction of CD3+ T cells was captured in NOD mice 
than in ICR mice, and likewise, the percentage of CD4+ T cells markedly 
increased as expected, but the percentage of 45R+ B cells unexpectedly 
decreased (Supplementary Fig. S2). Thus, both CD3+ and CD4+ T-cell 
ratios were negatively correlated with the frequencies of their corre
sponding Tim-3-positive subsets (Supplementary Fig. S2A), similar to 
the observations in humans. In addition, the detection of Tim-3 
expression in PBMCs of NOD mice by qPCR significantly dropped 
compared with that of ICR mice. (Fig. 2B). Next, we examined the 
incidence of SS-like symptoms in NOD mice, and our results confirmed 
an increase in the pathological scores of H&E-stained SMG tissues 
(Fig. 2C), focal infiltration of inflammatory cells in SMGs (Fig. 2D), and a 
decrease in the salivary flow rate (Fig. 2E) in NOD mice. Taken together, 
these results show that the SS-like symptoms in NOD mice derived from 
focal immune inflammation of exocrine glands are closely related to 
Tim-3 downregulation in T cells and/or their abnormal proliferation. 

3.3. MSC transplantation ameliorates SS symptoms by upregulating Tim- 
3 in T cells 

Considering that umbilical cord (UC)-MSC transplantation effec
tively suppressed autoimmunity and restored exocrine gland secretory 
function [27], we designed experiments to determine the roles of Tim-3 
in MSC transplantation in NOD mice (Fig. 3A). Strikingly, the fre
quencies and cell counts of Tim-3+CD3+ T cells, Tim-3+CD4+ T cells, 
and Tim-3+CD8+ T cells in murine PBMCs considerably increased after 
MSC transplantation (Fig. 3B). The percentage of CD4+ T cells declined 
by approximately 50 %, while CD8+ T cells increased from 22 % to 31 % 
in the MSC group compared with the PBS group. The percentage of 45R+

B cells remained unchanged (Supplementary Fig. S3). The mRNA 
expression of Tim-3 in the PBMCs of NOD mice was significantly 
increased after UC-MSC treatment (Fig. 3C). To explain the relationship 
between the changes in Tim-3 expression in T cells and MSC 
transplantation-promoted pathological improvement of SS, we exam
ined the therapeutic effects of UC-MSC transplantation on SS in NOD 
mice. According to the ratings, statistical calculation showed that MSC 
treatment partially reduced the pathological scores of SMGs (Fig. 3D), 
which suggests that individual recipients responded differently to MSC 
transplantation. Pathologically, MSC treatment reduced the scope of 
lymphocyte infiltration foci or the number of total infiltrating cells, 
prevented the destruction of glandular duct structure, and alleviated the 

damage to glandular epithelial cells (Fig. 3E). Moreover, our results 
substantiated the negative correlation between the cell counts of Tim- 
3+CD3+ T cells and pathological scores of SMGs (Fig. 3F). In contrast to 
the continuing or even accelerated decline in salivary flow rate in the 
PBS group, MSC transplantation substantially enabled a slowed decrease 
of salivary flow rate (Fig. 3G). Altogether, these results indicate that 
MSC transplantation can elicit a notable immunosuppressive effect by 
upregulating Tim-3 on excessive T cells, ameliorating the infiltration of 
target organs, and impairing exocrine function. 

3.4. MSC transplantation attenuates Tim-3 expression and alleviates 
pathological changes in SMGs 

To clarify whether Tim-3 participates in the pathological mechanism 
of SMG in SS, we further examined the expression of Tim-3 in the SMGs 
of NOD mice. It was noted that Tim-3 showed a significant increase in 
expression aligning with SS pathogenesis, which nevertheless decreased 
after MSC treatment in NOD mice (Fig. 4A-B). Concurrently, Gal-9, one 
of the known ligands of Tim-3, exhibited a similar trend (Fig. 4A), but 
the other three reported ligands phosphatidylserine (PtdSer) [28], high 
mobility group box-1 (HMGB1) [29] and carcinoembryonic antigen- 
related cell adhesion molecule 1 (CEACAM1) [30] did not change 
(Supplementary Fig. S4A and S4B). Considering the accountability of 
cytokines and chemokines in the initiation and development of SS 
[31,32], we then investigated the potential mechanism by which UC- 
MSC transplantation reduces lymphocyte infiltration in SMGs to alle
viate SS (Fig. 4C-F). Intriguingly, our qPCR results showed that the 
expression of two major SS-associating cytokines, tumor necrosis factor- 
alpha (TNF-α) and interferon-gamma (IFN-γ), in the SMGs of NOD mice 
was tremendously downregulated after MSC transplantation and was 
significantly upregulated in the SS model (Fig. 4C). Further Masson 
staining solidified the relationship between age and the development of 
fibrosis in the SMG, which was mitigated by MSC transplantation 
(Fig. 4D). Then, we analysed the expression of pairs of chemokine (C-X-C 
motif) ligands (CXCLs)/chemokine (C-X-C motif) receptors (CXCRs). 
Consistent with previous reports [33,34], we observed the upregulation 
of CXCL9/CXCL10/CXCR3 and CX3CR1 in the SMGs of 13-week-old 
NOD mice, suggesting their active involvement in SS pathogenesis. In 
contrast, the expression levels of all these chemokines and their re
ceptors were diminished in the SMGs after MSC transplantation 
(Fig. 4E). To distinguish the subsets of infiltrated lymphocytes as well as 
the expression of Tim-3 in the lymphocyte-infiltrated area of the SMG, 
we examined the immunofluorescence of SMGs (Fig. 4F). The results 
revealed CD3+ T cells as the major component of focal infiltrating 
lymphocytes in SMGs, especially with CD8+ T cells as a dominant 
population of infiltrating subsets. In comparison, MSC transplantation 
hindered the local infiltration of CD3+ T cells and CD8+ T cells and 
downregulated Tim-3 expression in the SMG. Thus, our data suggest that 
MSC transplantation reduced Gal-9/Tim-3 expression, the levels of cy
tokines and chemokines, and the local infiltration of pathogenic immune 
cells in the SMG. 

3.5. MSC transplantation reverses the EMT of epithelial cells in SMGs and 
modulates T-cell function via the Gal-9 Tim-3 pathway in vitro 

As Tim-3 can promote EMT during tumor cell metastasis, we spec
ulated that it was also involved in EMT-dependent salivary gland fibrosis 
and chronic inflammatory conditions. We first examined the expression 
of EMT-related markers in the SMGs of NOD mice (Fig. 5A). The mRNA 
levels of Vimentin and transforming growth factor beta1 (TGF-β1) were 
skyrocketed in the SMGs during the initiation and development of SS but 
were drastically decreased in the MSC group. Per qPCR results, immu
nohistochemical identification illustrated that the expression of TGF-β1 
increased in NOD mice from 7 weeks to 13 weeks but declined after MSC 
transplantation (Fig. 5B). 

To explore the molecular mechanism of the Tim-3-involved 
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Fig. 1. Tim-3 expression level decreases in SS patients. (A) The mRNA levels of TIM3 in peripheral blood mononuclear cells from primary Sjögren’s syndrome 
patients (n = 35) and healthy controls (n = 35) detected by qPCR. (B) Percentage and cell counts of Tim-3+ T cells, Tim-3+CD4+ T cells, and Tim-3+CD8+ T cells in 
peripheral blood mononuclear cells from primary Sjögren’s syndrome patients (n = 8) and healthy controls (n = 8) detected by flow cytometry. Data are presented as 
the mean ± SEM. *, p < 0.05, **, p < 0.01. 
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Fig. 2. Tim-3 expression negatively correlates with SS pathogenesis in NOD mice. (A) Percentage and cell counts of Tim-3+ T cells, Tim-3+CD4+ T cells and 
Tim-3+CD8+ T cells in PBMCs from ICR (n = 5) (13-week-old) and NOD mice (n = 5) (13-week-old) detected by flow cytometry. (B) The mRNA levels of Tim3 in 
PBMCs from ICR (n = 5) (13-week-old) and NOD mice (n = 5) (13-week-old) detected by qPCR. (C) Histopathologic scores for lymphocyte infiltration degree in SMGs 
from ICR (n = 5) (13-week-old) and NOD mice (n = 5) (13-week-old) based on H&E stained sections of paraffin packed tissues. (D) H&E staining of the SMGs from 
ICR (n = 5) (13-week-old) and NOD mice (n = 5) (13-week-old). Scale bars, 50 μm. (E) The salivary flow rate of 11-week-old and 13-week-old NOD mice (n = 5). 
Data are presented as the mean ± SEM. *, p < 0.05, **, p < 0.01, ***, p < 0.001. 

T. Sun et al.                                                                                                                                                                                                                                      



International Immunopharmacology 111 (2022) 109152

7

immunosuppressive activity of MSCs, we cocultured human PBMCs with 
UC-MSCs in vitro. Flow cytometry results showed that MSCs exhibited 
suppressive effects on the proliferation of both whole PBMCs and the 
CD4+/CD8+ subsets of PBMCs stimulated by anti-CD3 plus anti-CD28 
antibodies (Fig. 5C). However, the immunosuppressive effect of MSCs 
was abolished by blocking TIM-3 in the whole cells and CD4+ subsets 
but not in the CD8+ subsets. Interestingly, the mRNA level of Tim-3 
increased in PBMCs cocultured with MSCs (Fig. 5D), but the mRNA 
level of IFN-γ decreased (Fig. 5E). To understand how MSCs regulate 
Tim-3 expression, we further examined transcription factors predicted 
to bind to the TIM-3 promoter. The results demonstrated that there was 
significant upregulation of STAT4 and IRF1 as well as downregulation of 
IFN-γ and T-bet in PBMCs after MSC treatment (Supplementary Fig. S5). 
These in vitro results further prove that Tim-3 plays a vital role in the 
immunosuppressive function of MSCs. 

4. Discussion 

MSC transplantation is a powerful approach to treat autoimmune 
diseases. This study demonstrated that MSC transplantation upregulated 
the expression of Tim-3 on T cells to inhibit the excessive proliferation of 
immune cells. Meanwhile the production of proinflammatory factors 
(TNFα, IFN-γ) and the secretion of chemokines (CX3CL1, CXCL9, 
CXCL10) were downregulated in the SMG. Through these pathways, 
MSC transplantation alleviated focal lymphocyte inflammation and 
improved the exocrine function of NOD mice. Another possible mech
anism was that MSCs mitigated fibrosis of the SMG of NOD mice by 
inhibiting EMT of glandular epithelial cells, which might be a result of 
downregulation of Tim-3 in the SMG. 

As an important CIR, Tim-3 also plays an important role in the 
pathogenesis of SS, as indicated in this study. Previously, Yang et al. 
found that the loss of Tim-3 is related to dysregulation of CD4+ T-cell 
function in autoimmune diseases [35]. In our study, the frequencies of 
Tim-3+ subsets in CD4+ T cells in NOD mice were significantly 
decreased compared with those in ICR mice, which could lead to the 

excessive proliferation of CD4+ T cells. Our results open the exploration 
of the role of Tim-3 in SS. In the future, it is necessary to perform further 
experiments to comprehensively identify its expression on various im
mune cells and explore its regulatory mechanism during the initiation 
and development of SS. 

Mechanistically, Tim-3 seems to serve as an indispensable molecule 
in MSC treatment for SS based on our results in this study. MSCs inhibit 
immune cell proliferation by activating the Tim-3 pathway via its ligand 
Gal-9, which can be strongly induced and secreted from human MSCs 
upon stimulation with proinflammatory cytokines [21]. Beyond Gal-9, 
other ligands that have been found to bind to Tim-3 include high 
mobility group box-1 (HMGB1), carcinoembryonic antigen-related cell 
adhesion molecule 1 (CEACAM1) and phosphatidylserine (Ptdser). 
Although we did not find any significant changes in these three ligands 
at the mRNA level in the SMGs from NOD mice, we still cannot exclude 
the possible involvement of these ligands in other forms in the thera
peutic effect of MSCs. Ptdser is an important marker molecule in 
apoptosis. Most members of the Tim family have the ability to recognize 
and bind the metal ion-dependent ligand binding site (MILIBS) of Ptdser 
but show different functions. Tim-1 mediates T-cell activation, while 
Tim-3 mediates T-cell elimination [28]. CEACAM1 is an allotropic 
ligand of Tim-3, which is also expressed on activated T cells and plays a 
key role in inhibiting T-cell function, determining the tolerance induc
tion function of Tim-3 [30]. The interaction between HMGB1 and Tim-3 
was mainly found to reduce the immunogenicity of nucleic acids 
released by dead tumor cells, representing no predictable connection 
with autoimmune diseases [29]. However, how MSCs upregulate Tim-3 
expression in T cells is still an open question urgent to answer. T-bet, a 
specific transcription factor of helper T-cell 1 (Th1), was able to upre
gulate Tim-3 expression in Th1 cells and dendritic cells [36]. Chronic 
virus infection and continuous antigen stimulation caused increased 
expression of Tim-3 and PD-1 on CD8+ T cells as a result of down
regulated T-bet, which eventually led to the severe exhaustion of CD8+ T 
cells [37]. Additionally, both IL-27 and STAT3 have been shown to 
regulate Tim-3 in tumor-infiltrating lymphocytes [38] and Treg cells 

Fig. 3. MSC transplantation ameliorates SS symptoms by upregulating Tim-3 in T cells. (A) An experimental workflow of MSC transplantation in NOD mice. (B) 
Percentage and cell counts of Tim-3+ T cells, Tim-3+CD4+ T cells and Tim-3+CD8+ T cells in PBMCs of NOD mice from the PBS (n = 6) (15-week-old) and MSC (n =
6) (15-week-old) treatment groups detected by flow cytometry. (C) The mRNA levels of Tim3 in peripheral blood mononuclear cells of NOD mice from the PBS (n = 6) 
(15-week-old) and MSC (n = 6) (15-week-old) treatment groups. (D) Histopathologic scores for the lymphocyte infiltration degree of SMGs of NOD mice from the PBS 
(n = 6) (15-week-old) and MSC (n = 6) (15-week-old) treatment groups based on H&E-stained sections of paraffin-packed tissues. (E) H&E staining of the SMGs of 
NOD mice from the PBS (n = 6) (15-week-old) and MSC (n = 6) (15-week-old) treatment groups. Scale bars, 50 μm. (F) Correlation analysis of Tim-3+ T-cell counts in 
PBMCs and histopathologic scores for the lymphocyte infiltration degree of SMGs (n = 12). (G) The delta salivary flow rate of NOD mice before (13 weeks old) and 
after (15 weeks old) PBS (n = 6) and MSC (n = 6) treatment. Data are presented as the mean ± SEM. *, p < 0.05, **, p < 0.01, ***, p < 0.001. 
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[39]. Notably, in this work, we only detected significant upregulation of 
STAT4 and IRF1 with downregulation of IFN-γ and T-bet, implying that 
these transcription factors are likely important transcription factors that 
promote Tim-3 expression in T cells after MSC treatment. It is also 

interesting to further clarify the beneficial effects of MSC treatment for 
SS mainly through Tim-3 modulation in which specific T cells are 
present. 

Apart from Tim-3, MSC transplantation resulted in a decrease in the 

Fig. 4. MSC transplantation attenuates Tim-3 
expression and alleviates pathological 
changes in SMGs. (A) The mRNA levels of Tim3 
and Lgals9 in SMGs from 7-week-old NOD mice 
(n = 5) and 13-week-old NOD mice (n = 5) 
compared with NOD mice from PBS (n = 6) (15- 
week-old) and MSC (n = 6) (15-week-old) 
treatment groups. (B) Immunohistochemical
staining images of Tim-3 in SMGs from 7-week- 
old NOD mice (n = 5) and 13-week-old NOD 
mice (n = 5) compared with NOD mice from the 
PBS (n = 6) (15-week-old) and MSC (n = 6) (15- 
week-old) treatment groups. Scale bars, 20 μm. 
(C) The qPCR mRNA levels of Tnfa and Ifng in 
SMGs from 7-week-old NOD mice (n = 5) and 
13-week-old NOD mice (n = 5) compared with 
NOD mice from PBS (n = 6) (15-week-old) and 
MSC (n = 6) (15-week-old) treatment groups. 
(D) Masson’s trichrome staining of the SMGs 
from 7-week-old NOD mice (n = 5) and 13-week- 
old NOD mice (n = 5) compared with NOD mice 
from the PBS (n = 6) (15-week-old) and MSC (n 
= 6) (15-week-old) treatment groups. Scale bars, 
100 μm. (E) The mRNA levels of Cxcl9/Cxcl10/ 
Cxcr3 and Cx3cl1/Cx3cr1 in SMGs from ICR (n 
= 5) (13-week-old) and NOD mice (n = 5) (13- 
week-old) compared with NOD mice from PBS 
(n = 6) (15-week-old) and MSC (n = 6) (15- 
week-old) treatment groups. (F) Representative 
fluorescence microphotographs of SMGs from 
NOD mice from the PBS (n = 6) (15 weeks old) 
and MSC (n = 6) (15 weeks old) treatment 
groups. Immunostained for CD3 (red), CD8 
(green), Tim-3 (pink) and counterstained with 
4′,6-diamidino-2-phenylindole (DAPI; blue) for 
nuclei. Scale bars, 50 μm. Data are presented as 
the mean ± SEM. *, p < 0.05, **, p < 0.01, ***, 
p < 0.001.   
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inflammatory factors TNF-α and IFN-γ in the SMG. Such anti- 
inflammatory effects of MSCs are consistent with a previous study on 
MSC exosomes [40]. MSC transplantation also reversed the EMT of 
glandular epithelial cells via downregulation of Tim-3 in the SMG. 

Similar reversal progress induced by MSCs was observed through 
inhibiting the NF-κB pathway [41]. Tim‑3 has been identified as a 
promoter of tumor metastasis by inducing EMT via the SNAIL1 pathway 
[19]. Notably, we have identified that the expression level of Tim-3 in 

Fig. 5. MSC transplantation reverses the EMT of epithelial 
cells in SMG and modulates T-cell function via the Gal-9/ 
Tim-3 pathway in vitro. (A) The mRNA levels of EMT-related 
genes in SMGs from NOD mice (7 weeks old; 13 weeks old) 
compared with NOD mice from the PBS (15 weeks old) and MSC 
(15 weeks old) treatment groups. (B) Immunohistochemical
staining for the EMT-related markers TGF-β, α-SMA, and E-cad
herin in the SMGs from NOD mice (7 weeks old; 13 weeks old) 
compared with NOD mice from the PBS (15 weeks old) and MSC 
(15 weeks old) treatment groups. (C) Cell proliferation of PBMCs 
from healthy donors was detected using VPD450 staining. Pro
liferative percentages were calculated. Histogram half overlays 
of proliferation in whole live PBMCs, CD4+ cells, and CD8+ cells 
are shown. In vitro experiments consisted of four subgroups 
oriented to different culture conditions: without stimulation, 
stimulated with anti-CD3/CD28, stimulated with anti-CD3/ 
CD28, cocultured with MSCs, stimulated with anti-CD3/CD28, 
pretreated with anti-Tim-3 antibodies, and then cocultured 
with MSCs. Data are presented as the mean ± SEM. *, p < 0.05, 
**, p < 0.01, ***, p < 0.001, ****, p < 0.0001.   
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the SMG increased after MSC transplantation. IHC-positive staining of 
Tim-3 was observed in both glandular epithelial cells and lymphocytes 
in the SMG, but the strongly stained cells were mainly enriched in 
lymphocytes. As a result, the overall expression of Tim-3 consists of the 
quantity of infiltrated lymphocytes in the SMG. While MSC trans
plantation reduced lymphocyte infiltration in the SMG, downregulated 
Tim-3 further reduced the destruction of the SMG by inhibiting EMT. In 
a sense, Tim-3 and MSC may be mutually causal and interact through the 
binding between Tim-3 and Gal-9. 

5. Conclusion 

Taken together, we have revealed a new mechanism of MSC treat
ment in immunity re-equilibrium mediated by the upregulation of Tim-3 
expression on overactivated T cells and restoration of morpholo
gy and function of the submandibular gland through inhibiting inflam
mation, lymphocyte infiltration, fibrosis, and EMT induced by 
downregulated Tim-3. We attempt to gather all these abovementioned 
results in a schematic illustration (Supplementary Fig. S6). However, we 
did not extend the study of Tim-3 to other immune cells to outline the 
panorama of the effect of Tim-3 on the whole immune system. In 
addition, more studies are required to elucidate the specific mechanism 
by which Tim-3 inhibits immune cell proliferation and regulates EMT. 
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