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Abstract

Sjögren’s syndrome (SS) is a chronic autoimmune disease caused by immune system disor-
ders. The main clinical manifestations of SS are dry mouth and eyes caused by the destruction
of exocrine glands, such as the salivary and lacrimal glands, and systemic manifestations, such
as interstitial pneumonia, interstitial nephritis and vasculitis. The pathogenesis of this condi-
tion is complex. However, this has not been fully elucidated. Treatment mainly consists of glu-
cocorticoids, disease-modifying antirheumatic drugs and biological agents, which can only
control inflammation but not repair the tissue. Therefore, identifying methods to regulate
immune disorders and repair damaged tissues is imperative. Cell therapy involves the trans-
plantation of autologous or allogeneic normal or bioengineered cells into the body of a patient
to replace damaged cells or achieve a stronger immunomodulatory capacity to cure diseases,
mainly including stem cell therapy and immune cell therapy. Cell therapy can reduce inflam-
mation, relieve symptoms and promote tissue repair and regeneration of exocrine glands such
as the salivary glands. It has broad application prospects and may become a new treatment
strategy for patients with SS. However, there are various challenges in cell preparation, culture,
storage and transportation. This article reviews the research status and prospects of cell ther-
apies for SS.

Introduction

Sjögren’s syndrome (SS) is a chronic autoimmune disease caused by immune system disorders.
Its prevalence is 60.82/100 000 people per year, and the average male-to-female ratio is 1:9
(Refs 1, 2). The main clinical manifestations of SS are dry mouth and eyes caused by the
destruction of exocrine glands, such as the salivary and lacrimal glands. Approximately
30–40% of patients also have systemic manifestations, including synovitis, interstitial pneumo-
nia, interstitial nephritis and vasculitis (Refs 1, 3). It is a unique disease known as primary
Sjögren’s syndrome (pSS), and when it is secondary to other autoimmune diseases such as
rheumatoid arthritis (RA), systemic lupus erythematosus (SLE) and systemic sclerosis (SSc),
it is called secondary Sjögren’s syndrome) (Ref. 2). The risk of lymphoma in patients with
pSS is approximately 5–10%. The main types are low-grade B-cell non-Hodgkin lymphoma
and marginal tissue band types, such as mucosa-associated lymphoid tissue lymphoma
(MALT) (Refs 1, 4).

The pathogenesis of SS is complex and has not been fully elucidated (Fig. 1). Known factors
include environmental, genetic and infection factors, and cases are characterised by over-
activation of innate and adaptive immunity (Refs 1, 2, 5, 6). The interaction between genetic
susceptibility and environmental factors, especially after infection with Epstein–Barr virus,
cytomegalovirus, coxsackie virus A and enterovirus, can activate antigen-presenting cells
(APCs) such as mononuclear macrophages, dendritic cells (DCs) and salivary gland epithelial
cells (SGECs) (Refs 2, 5, 7, 8). APCs have been shown to interact with T and B cells and stimu-
late the activation of T and B cells, resulting in T cells differentiating into different cell subsets
and the secretion of a large number of inflammatory factors. The T cells can further activate B
cells. While secreting a large number of inflammatory factors, B cells can differentiate into
plasma cells to produce immunoglobulins (Igs) and autoantibodies (anti-SSA and anti-SSB
antibodies, respectively), thereby causing tissue destruction and a series of various clinical
symptoms (Ref. 5). Meanwhile, B cells are surrounded by T cells to form an ectopic germinal
centre, which increases the risk of lymphoma in patients with pSS (Refs 5, 7).

Currently, there are no approved drugs for the treatment of pSS, mainly for symptomatic
treatment of dry mouth and eyes. Glucocorticoids and disease-modifying antirheumatic drugs
are used when systemic involvement occurs (Refs 7, 9). There are also some biological agents,
such as B-cell-targeted therapy drugs, including rituximab, belimumab, epratuzumab and
baminercept. T cell-targeting drugs include abatacept and alefacept, and cytokine-targeting
drugs include infliximab and tofacitinib (Refs 7, 10, 11). Long-term use of glucocorticoids
in traditional medicine can cause metabolic abnormalities, such as osteoporosis, hypertension,
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hyperglycaemia and central obesity, and may also lead to femoral
head necrosis and infection. DMARDs have poor curative effects
in some patients, have a long onset time and their long-term use
increases the risk of infection. Biologics are fast-acting and have
potent activity. Currently, biologic agents treat SS mainly in B
cells. For example, multiple clinical trials of rituximab for SS
have inconsistent results (Refs 12, 13, 14). Belimumab and iana-
lumab clinical studies have found that they can reduce the
ESSDAI score and improve dryness, but there may be local injec-
tions of reaction to the wound to increase the chance of infection
(Refs 13, 14); therefore, we still need to continue to explore the
effectiveness of biological treatment and security. However, these
treatments can only control inflammation, and they do not repair
tissue damage. Therefore, identifying methods to regulate immune
disorders while repairing damaged tissues are imperative.

Cell therapy involves the transplantation of autologous or allo-
geneic normal or bioengineered cells into the body of a patient to
replace damaged cells or achieve a stronger immunomodulatory
capacity to cure diseases (Ref. 15). Cell therapy, a form of regen-
erative medicine that aims to repair damaged cells by reducing
inflammation and regulating the immune system, has been widely
used in autoimmune and blood system diseases and is gradually
becoming a novel therapeutic approach. Cell therapies can be
divided into stem- and immune cell therapies according to the
cell type, showing prospective applications for various diseases.
We have searched for articles related to this topic in the past 20
years through PubMed, CNKI, Wanfang, and other websites in
order to review the research progress and prospects of cell therapy
in SS (Fig. 1, Table 1).

Stem cell therapy

Stem cells can be classified as totipotent, pluripotent or monopo-
tent based on their differentiation potential. Totipotent stem cells,
including embryonic stem cells (ESCs), can become totipotent.
They maintain their normal karyotype and pluripotency during
the process of infinite proliferation and produce whole organisms.

However their clinical application is limited owing to ethical con-
cerns. Pluripotent stem cells, including haematopoietic stem cells
(HSCs), mesenchymal stem cells (MSCs) and induced pluripotent
stem cells (iPSCs) (Ref. 15) can proliferate indefinitely and differ-
entiate into specific tissues but cannot produce whole organisms.
Monopotent stem cells are organ-specific stem/progenitor cells,
including salivary gland stem cells (SGSCs), skin stem cells and
muscle stem cells, which are characterised by their differentiation
into one or two closely related cell types. Although their differen-
tiation ability is limited, they play a crucial role in maintaining tis-
sue integrity as progenitor cells that replenish aged and damaged
cells (Ref. 16).

Haematopoietic stem cells

HSCs are primarily found in the bone marrow, peripheral blood
and umbilical cord blood, whereas human HSCs are primarily
distributed in the bone marrow (approximately 1–5%) compared
with its distribution in the peripheral blood (<0.1%). HSC trans-
plantation, which includes autologous HSC transplantation
(auto-HSCT) and allogeneic HSC transplantation (allo-HSCT), is
a widely used cellular immune therapy (Ref. 17). For auto-HSCT,
there are no major histocompatibility complex mismatches. The
transplantation process of auto-HSCT is simpler, with fewer
transplant-related complications and lower mortality (<1%) than
allo-HSCT; however, the disease is prone to relapse (Ref. 17).
Allo-HSCT transplantation is a complicated process with complex
complications such as immune rejection after the transplantation,
among which graft-versus-host disease (GVHD) is the most severe
complication (Ref. 17). Auto-HSCT, used for the treatment of auto-
immune diseases, eliminates auto-reactive T cells and B cells
through radiotherapy and chemotherapy and then infuses the
obtained HSCs into the patient, thereby causing CD8+T cells and
CD4+T cells to renew and establish new immune tolerance to
reset the immune system (Ref. 18).

SS lung involvement can be manifested as interstitial pneumo-
nia, of which lymphocytic interstitial pneumonia (LIP) is the most

Figure 1. Pathogenesis and cell therapy of SS. HSCs, haematopoietic stem cells; MSCs, mesenchymal stem cells; MSC-EVs, EVs released by MSCs; CAR-T, chimeric
antigen receptor T cell; SGECs, salivary gland epithelial cells.
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common pathological type. One patient with pSS and LIP
(Ref. 19) was reported; they had poor results after treatment
with methylprednisolone, hydroxychloroquine, methotrexate
and pilocarpine. After autologous peripheral blood stem cell
transplantation, 18 months of follow-up checks showed that the

symptoms of dry eyes and shortness of breath, erythrocyte sedi-
mentation rate, C-reactive protein levels and number and size of
pulmonary nodules had significantly improved. Choi et al. sum-
marised 101 patients with simple SS treated with autologous
stem cell transplantation (auto-SCT) (Ref. 19) and found that

Table 1. Research on cell therapy in SS

Cell type Cell origin Animal/patient Results References

HSCs Auto-SCT

pSS complicated with
interstitial lung disease

Dry eyes, shortness of breath, ESR, CRP, number and size
of pulmonary nodules improved

Ref. 19

SS patients (Clinical Trials) Clinical symptoms continuously relieved, the overall
survival rate was 90%, the progression-free survival rate
was 70%

Ref. 19

SS complicated with MM
No change of SS (no progression MM) Ref. 20

No improvement of SS (Relapse of MM, died) Ref. 21

SS complicated with MALT Dryness and salivary gland function not improved,
continuous deterioration of salivary gland function, mild
salivary gland fibrosis, lymphoma not relapse

Ref. 22

SS complicated with
immunoblastic lymphoma

No improvement of SS (died because of P. carnii
pneumonia)

Ref. 23

MSCs

BMMSCs NOD mice The salivary flow rate, and lymphocyte infiltration in the
gland improved, the number of Th17 and Tfh cells
decreased, Th2 and Treg cells increased

Ref. 26

UCMSCs NOD mice The salivary flow rate, and lymphocyte infiltration in the
gland improved, the number of Th17 and Tfh cells
decreased, Treg cells increased, the production of IL-2,
IL-6, TNF-α, IFN-γ downregulate, IL-10, TGF-β upregulate

Refs 29, 30,
31

LGMSCs NOD mice Ref. 32

UCMSCs
pSS patients (Clinical Trials)
(NCT00953485)

The salivary flow rate, SSDAI and VAS improved, serum
antibodies decreased

Ref. 26

The serum IL-12 level of the patients, and DCs expression
of IL-12 mRNA decreased

Ref. 30

BMMSCs
UMMSCs

SS patients (Clinical Trials)
(NCT00698191)

No adverse events were observed in the heart, kidneys,
gastrointestinal tract, nervous system, or haematological
system after MSCs infusion for 1 month, and the
malignant tumour was reported in one SS

Ref. 33

ASCs SS patients (Clinical Trials)
(NCT04615455)

No results posted (phase 2)

MSC-EVs

LGMSC-Exos

NOD mice The salivary flow rate improved, the number and area of
salivary gland lymphocyte infiltration foci reduced, the
number of Th17 cells decreased, Treg cells increased, the
expression of IL-17A, IFN-γ, IL-6, and TNF-α decreased,
TGF-β and IL-10 increase

Refs 32, 46

pSS patients (in vitro) The proportion of plasma cells decreased Ref. 46

UCMSC-Exos pSS patients (in vitro) The autophagy level of CD4+T cells reduced, the number
of Th17 cells decreased, Treg cells increased, the
expression of IL-17A, IL-17F, IFN-γ, IL-6, and TNF-α
decreased, TGF-β and IL-10 increased

Ref. 47

iPSCs

iPSC-MSCs NOD mice Lymphocyte infiltration and serum antibodies decreased,
the expression of CD19, CD79a, CD79b, Ighg3, CD4, Fxop3,
Icosl, and CD40 downregulated, IL-10 upregulated

Ref. 64

iPSC-MSC-EVs NOD mice Lymphocyte infiltration, serum antibodies and
B-cell-related gene expression decreased

Ref. 64

SGSCs hSGSCs Radiation-damaged Wistar rats The body weight of the rats in the hSGSC group, the
salivary flow rate increased, and the structure of salivary
glands showed a compact acicular structure similar to
that of the undamaged normal rats

Ref. 72

Immune
cell

CD19/BCMA chimeric
antigen receptor T
cells

Patients with refractory SS
(Clinical Trials) (NCT05085431)

No results posted (early phase 1)

HSCs, haematopoietic stem cells; auto-SCT, autologous stem cell transplantation; pSS, primary Sjögren’s syndrome; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; MM,
multiple myeloma; MALT, mucosa-associated lymphoid tissue lymphoma; MSCs, mesenchymal stem cells; BMMSCs, bone marrow-derived mesenchymal stem cells; IL, interleukin; IFN,
interferon; TNF, tumour necrosis factor; TGF, transforming growth factor; UCMSCs, umbilical cord-derived mesenchymal stem cells; LGMSCs, labial gland-derived mesenchymal stem cells;
ASCs, allogeneic adipose-derived mesenchymal stem cells; SSDAI, SS disease activity index; VAS, visual analogue scale; MSC-EVs, EVs released by MSCs; iPSCs, induced pluripotent stem cells;
SGSCs, salivary gland stem cells.
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clinical symptoms were continuously relieved, with an overall sur-
vival rate of 90% and a progression-free survival rate of 70%.
Patients with SS complicated by haematological diseases show dif-
ferent results after auto-SCT treatment (Refs 20, 21, 22, 23). In
one case of SS with multiple myeloma (MM) (Ref. 20), the mye-
loma and SS were in complete remission. However, 6 months
later, the patient had bilateral parotid and submandibular gland
(SMG) enlargement with polyclonal hypergammaglobulinaemia.
A SMG biopsy confirmed the recurrence of SS, whereas the mye-
loma remained in complete remission. In another SS patient with
MM and hyperamylasemia (Ref. 21), IgG and amylase levels
decreased to normal, and plasma cells decreased in the bone mar-
row. However, 8 months later, IgG and amylase levels were ele-
vated again, progressive anaemia and dry symptoms were
significantly aggravated and the patient died. A patient with SS
combined with MALT (Ref. 22) was found to have no recurrence
of lymphoma but no improvement in dryness, continuous deteri-
oration of salivary gland function and only mild salivary gland
fibrosis after 3 years of follow-up. One patient with SS combined
with immunoblastic lymphoma (Ref. 23) had complete remission,
whereas the SS relapsed, and the patient died 20 months later
because of Pneumocystis carnii pneumonia. In patients with pSS
complicated by haematological malignant lesions, auto-SCT can
improve the disease of the haematological system; however, the
improvement in pSS is not apparent.

Before the transplantation of HSCs, different pretreatment
schemes should be selected for different patients, such as whole
body-radiotherapy or chemotherapy, and chemotherapy drugs,
including cyclophosphamide and melphalan. The different
schemes have different toxicities and side effects and also have dif-
ferent impacts on patients; therefore, we need to constantly opti-
mise the pretreatment schemes. In addition, infection, recurrence
and disease deterioration may occur during the course of treatment;
however, pretreatment has certain advantages, such as low
immunogenicity, less chance of rejection after transplantation
and rebuilding of a new immune system. Further studies are war-
ranted to elucidate the specific mechanisms of immune system
rebuilding, which may become a new strategy for treating SS.

Mesenchymal stem cells

Aspluripotent stem cells,MSCs arewidely found in various tissues of
the body, such as the bonemarrow, umbilical cord, fat, placenta, gin-
giva and skin (Ref. 24). Unlike HSCs, MSCs exhibit high prolifer-
ation, differentiation and immune-regulatory abilities. MSCs have a
wide range of immunomodulatory functions (Refs 24, 25, 26, 27,
28). The first is their regulation of innate immunity; MSCs can
inhibit the activation and maturation of DCs and mononuclear
macrophages, induce the transformation of M1 macrophages
to M2 macrophages and change the natural killer cell (NK) pheno-
type. Concomitantly, they weaken antigen presentation and
pro-inflammatory function, which may be related to the indirect
release of inflammatory factors, such as interleukin (IL)-6, IL-10,
indoleamine-2,3-dioxygenase (IDO), nitric oxide (NO), prostaglan-
din E2 (PGE2), transforming growth factor β (TGF-β), tumour
necrosis factor (TNF)-inducing gene 6 and IL-1 receptor antagonist.
In addition, they regulate adaptive immunity: MSCs inhibit the pro-
liferationofT lymphocytes byupregulating the expressionofnegative
cell cycle regulatoryprotein p27 and the activityof IDO,byproducing
NO, PGE2, TGF-β and hepatocyte growth factors. They inhibit
the proliferation of CD4+T lymphocytes, downregulate the expres-
sion of Thl and Th17 cells and inhibit the secretion of the
pro-inflammatory factors interferon-(IFN-)γ and IL-17A. They
upregulate Th2 and Treg cells, promote the secretion of anti-
inflammatory factors IL-4, IL-10 and TGF-β, and regulate the bal-
ance between Thl/Th2 and Th17/Treg. The proliferation and

cytotoxicity of CD8+T lymphocytes can be inhibited by upregulating
NO synthase. MSCs directly or indirectly release IDO through Th
cells in the presence of IFN-γ, inhibiting B cell activation, prolifer-
ation, plasma cell differentiation, antibody production and chemo-
kine receptor expression.

In vivo research of MSCs
In animal experiments, bone marrow-derived MSCs (BMMSCs),
umbilical cord-derived MSCs (UCMSCs) and labial gland-derived
MSCs (LGMSCs) were used to treat non-obese diabetic (NOD)
mice, an SS animal model, and the salivary flow rate of mice
was significantly improved, and the number and area of glandular
lymphatic infiltrates were reduced (Refs 26, 29, 30, 31, 32).
In vitro experiments have shown that BMMSCs (Ref. 26) drive
CD4+T cells to differentiate into Tregs and Th2 cells, inhibit
Th17 and Tfh differentiation and play an immunomodulatory
role in improving salivary gland function in mice. UCMSCs
(Refs 29, 30, 31) and LGMSCs (Ref. 32) induce Treg cell differen-
tiation, reduce the number of Th17 and Tfh cells, inhibit the pro-
duction of IL-6, IL-2, TNF-α, and IFN-γ, promote the production
of IL-10 and TGF-β, inhibit T cell response and regulate Th17/
Treg balance.

In an SS clinical study, Xu et al. (Ref. 26) injected UCMSCs
into 24 patients with SS. The results showed that the salivary
flow rate significantly increased 1 month after UCMSC trans-
plantation, and serum anti-SSA/Ro and anti-SSB/La antibodies
significantly decreased. The SS disease activity index and visual
analogue scale score improved significantly and were not observed
before and after the infusion-related side effects. Shi et al.
(Ref. 30) injected UCMSCs intravenously (1 × 106/kg body
weight) into 10 patients with SS and found that serum IL-12 levels
decreased. As DCs mainly secrete IL-12, the IL-12 mRNA also
significantly decreased. On the Clinical Trials website, a clinical
trial taking place at Copenhagen has been registered; it is a rando-
mised, double-anonymised clinical trial investigating the efficacy
of allogeneic adipose-derived mesenchymal stem cells in improv-
ing tear fluid. The trial is still ongoing. In a study on the safety of
MSCs in the treatment of 404 cases of autoimmune disease
(Ref. 33), including 72 patients with SS who failed to respond
to conventional treatment and were in the high-activity stage,
MSCs were derived from the umbilical cord or bone marrow.
Steroids and immunosuppressive drugs were administered during
the back transfusion. No adverse events were observed in the
heart, kidneys, gastrointestinal tract, nervous system or haemato-
logical system after MSC infusion for 1 month. In the follow-up
study, five patients developed malignant tumours, namely, two
SLE, one RA, one SS and one SSc, and the types of malignant
tumours were two lung cancers, two colorectal cancers and one
bladder cancer. The appearance of malignant tumours is not an
adverse event of MSC transplantation, but it is related to the dys-
function of specific effector cells or decreased secretion of TNF-α.

In vitro research of MSCs
In addition, MSCs can repair damaged tissues owing to their
multidirectional differentiation potential. They differentiate into
SGECs, acinar cells and vascular endothelial cells (Ref. 34).
MSCs can also improve glandular function through their para-
crine effects. Epidermal growth factor (EGF) is a growth factor
secreted by the duct cells of salivary glands. It is involved in the
growth, regeneration and maintenance of salivary glands and
inhibits the apoptosis of salivary epithelial cells. Fibroblast growth
factor-2 (FGF-2) promotes the re-epithelialisation of salivary
glands. MSCs can effectively repair the salivary glands of NOD
mice by increasing the expression levels of EGF and FGF-2
(Ref. 35). Additionally, human BMSCs differentiate into SGECs
in a co-culture system, which can express various salivary genes,
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such as aquaporin 5 (AQP5), E-cadherin and α-amylase. A cell
structure similar to that of SGECs, such as tight connections
and numerous secretory particles, can be observed by electron
microscopy (Ref. 24). In conclusion, MSCs have potential applica-
tions in repairing SS gland damage and for providing a new treat-
ment method for SS.

Although MSCs have considerable advantages in immune
regulation and tissue repair, are widely available, safe and do
not cause immune rejection, they have been extensively studied
in SS. Nevertheless, many problems remain, such as infection,
malignant tumours (Refs 36, 37), pulmonary capillary intercep-
tion (Refs 38, 39) and ectopic osteogenesis (Ref. 40). In addition,
the heterogeneity of MSCs from different sources, optimised
preparation process and high cost of storage and transportation
still need to be addressed to lay a good foundation for their clin-
ical application in SS therapy.

Extracellular vesicles derived from MSCs

Studies have shown that MSCs release extracellular vesicles (EVs),
either at rest or under stress. They are divided into exosomes
(Exos), microparticles (MPs) and apoptotic bodies based on size
(Ref. 25). MSC-EVs are lipid bilayer structures that can fuse
with the target cell membrane through receptor–ligand interac-
tions or endocytosis to transfer content and play a role in patho-
physiological processes (Refs 25, 41, 42). MSC-EVs contain DNA,
mRNA and miRNA, lipids, proteins, cytokines, chemokines and
growth factors (Refs 25, 42, 43). MSC-EVs have immunomodula-
tory and tissue repair effects similar to those of MSCs. As the
main components of EVs, Exos can simulate the immunoregula-
tory and tissue repair effects of MSCs, and their immunoregula-
tory effects are more potent than those of MPs (Ref. 44). It can
quickly pass through capillaries when its size is reduced, has stable
properties and a strong information transmission ability and does
not decline over time. In addition, Exos can prevent problems
caused by MSC treatment, such as ectopic osteogenesis, malignant
tumour, pulmonary capillary interception and immune rejection.

MSC-EVs exert immunomodulatory effects by delivering
miRNAs and regulatory proteins. In this way, they can inhibit
the proliferation and activation of T, B, NK and APCs, promote
T cell apoptosis, upregulate Treg cells, promote the expression
of IL-10 and TGF-β, downregulate the expression of Th17 cells
and inhibit the expression of IL-17A. They can also induce the
transformation of M1 macrophages into M2 macrophages. By
delivering mRNA and miRNA, MSC-EVs can activate autophagy
and/or inhibit cell apoptosis, necrosis and oxidative stress and
upregulate EGF, FGF, vascular endothelial growth factor and
platelet-derived growth factor, thereby promoting cell survival,
regeneration and repair (Refs 25, 45).

In vivo research of MSC-Exos
Studies have shown that LGMSC-Exos injected into mice through
the tail vein (Refs 32, 46) can significantly improve the salivary
flow rate and also the number and area of glandular lymphatic
infiltration foci. Its therapeutic effect is similar to that of
LGMSCs. Ma et al. (Ref. 47) found in vitro that UCMSC-Exos
reduced the autophagy level of CD4+T cells in patients with
pSS and also reduced their proliferation and apoptosis. The mech-
anism of action may be through inhibiting Th17 cell differenti-
ation, inducing Treg cell proliferation, inhibiting the expression
of IL-17A, IL-17F (Ref. 47), IFN-γ, IL-6, and TNF-α, promoting
the secretion of TGF-β and IL-10 and regulating the imbalance of
the Th17/Treg cells. In addition, LGMSC-Exos reduce the expres-
sion of PR domain zinc finger protein 1 (PRDM1) by delivering
miR125b and inhibiting plasma cell differentiation (Ref. 46),
thereby reducing inflammation.

In vitro research of MSC-EVs
Currently, there are few preclinical studies of MSC-EVs in SS
(Ref. 25). EVs carry proteins and RNA from their parent cells,
and the content of MSC-EVs varies with changes in donor
cells. Indeed, the therapeutic effect depends largely on the
donor, culture conditions and tissue source of MSCs (Ref. 45).
Previous studies have shown that the content of EVs varies with
changes in the parent cells owing to different culture conditions.
Moreover, the biological characteristics of MSCs declined with in
vitro amplification, and the effect of late-passage MSC-EVs was
lower than that of early-passage MSC-EVs (Ref. 48). Thus, the
clinical application of MSCs and their EVs from different tissue
sources may be hampered by limited scalability and significant
differences in biological characteristics owing to donor and cul-
ture conditions. The mechanism of action of MSC-EV needs to
be explored in the future to provide a basis for the development
of new potential cell-free therapies.

Engineered MSCs and MSC-Exos

Owing to the large size of MSCs, MSC-Exos easily remain in
organs such as the spleen, lung and liver during delivery in vivo
or are cleared by the blood circulation; to maintain their biological
activity and allow controlled release, they need to be engineered
(Ref. 49). Engineering modification methods include genetic, sur-
face and tissue engineering. Genetic engineering includes gene
modifications via transfection with viral and non-viral vectors
(Ref. 50). Surface modification techniques include enzymatic,
chemical and non-covalent modifications. Tissue engineering
involves encapsulation in biological materials, among which
nanocomposites are the most widely used (Refs 51, 52) and
have applications in many areas of biomedicine, such as wound
healing, bone and cartilage engineering, heart disease and neuro-
logical diseases (Ref. 51).

Some studies have found that MSCs modified by genes can
enhance their targeting ability and migration efficiency.
However, their application is limited because the genomic integra-
tion of viral vectors may increase the possibility of tumour occur-
rence (Ref. 50).

In vivo research of engineered MSCs and MSC-Exos
In recent years, there have been studies using transgenic MSCs
expressing human soluble tumour necrosis factor receptor 2
(Ref. 53), MSCs with hypomethylation agent epigenetic modifica-
tion (Ref. 54), microcycle plasmid construction transfected
(Ref. 55) or hydrogels (Ref. 56) to treat RA; the results
showed that the engineered MSCs have a stronger effect on the
inhibition of arthritis than simple MSCs. MSCs were modified
to overexpress IL-37 and then transplanted into lupus mice,
which improved lupus-related symptoms and survival rates
(Ref. 57). Studies on SLE mainly used lentivirus transfection
with MSCs, which improved the symptoms and survival rate of
lupus mice (Ref. 57). You et al. (Ref. 58) found that after
treatment of CIA mice with adipose-derived stem cells, MGE
surface modification of MSC-Exos promoted the effective
aggregation of engineered Exos in inflamed joints and signifi-
cantly reduced the inflammatory response of the cartilage and
synovial membrane. Moreover, the drug concentration of the
engineered MSC-Exos was 10 times lower than that of pure
MSC-Exos. These studies revealed that, compared with MSCs or
MSC-Exos alone, engineered MSCs or MSC-Exos can better
inhibit inflammation, increase drug concentration at the
damaged site and have a better therapeutic effect. Although
engineered MSCs and MSC-Exos have not been studied for the
treatment of SS, this therapy is of great significance as a reference
for SS.
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Induced pluripotent stem cells

Somatic cells are differentiated, and mature cells have high speci-
ficity. In 2006, Takahashi and Yamanaka (Ref. 59) were the first to
use viral vectors to transfer four transcription factors (Oct4, Sox2,
Klf4 and c-Myc) to mouse embryos or adult fibroblasts to obtain
iPSCs. They are similar to ESCs in expression morphology,
growth characteristics and marker genes, and have similar poten-
tial for self-renewal and multidirectional differentiation. In add-
ition, they avoid the ethical and immune rejection problems
associated with stem cell transplantation. Current studies have
confirmed that skin fibroblasts, peripheral blood mononuclear
cells (PBMCs), amniotic fluid cells, epidermal keratinocytes,
urine cells and other cells can be reprogrammed into iPSCs
under specific conditions (Refs 60, 61, 62). iPSCs can be genetic-
ally manipulated with high efficiency and reliability. This indi-
cates that an unlimited supply of iPSCs can be generated from
a single blood, urine or tissue donor, resulting in large-scale gen-
eration of standardised derivatives (Ref. 63).

In vivo research of iPSC-MSCs
Currently, MSCs and MSC-EVs derived from iPSCs are mostly
used in SS studies. Hai et al. (Ref. 64) injected phosphate-buffered
saline (PBS), 1 × 106 iPSC-MSCs or BM-MSCs into the caudal
vein of NOD mice. The results showed that lymphocyte infiltra-
tion in the MSCs group decreased significantly; however, there
was no significant difference between the iPSC-MSC and
BM-MSC groups. Enzyme-linked immunosorbent assay results
showed that the serum levels of anti-La and anti-Ro50 signifi-
cantly decreased. The B cell marker CD19; B/plasma cell markers
CD79a, CD79b, and Ighg3; helper T cell marker CD4; Th17
marker IL17; Treg marker Fxop3; Tfh marker induced T cell
co-stimulatory factor (Icos) and its ligand Icosl and activated
APCs markers CD40 and IL-10 were detected by quantitative
reverse transcription-polymerase chain reaction. The MSC
group showed significantly reduced expression of CD19, CD79a,
CD79b and Ighg3 in the SMG, whereas the iPSC-MSC group
showed more obvious inhibition. The expression of CD4,
Fxop3, Icosl and CD40 was downregulated in both the
iPSC-MSC and BM-MSC groups, whereas the expression of
IL-10 was upregulated, with no difference between the two
groups. There was no difference in Icos expression between the
MSC and control groups, and IL-17 expression was not detected.
In conclusion, iPSC-MSCs were comparable with BM-MSCs. This
mechanism may involve exerting immunomodulatory effects by
inhibiting T and B cell recruitment and the activation of Tfh
and APCs.

In vitro and in vivo studies of EVs from iPSC-MSCs
The SGECs of patients with SS express and present autoantigens
and provide co-stimulatory molecules, such as CD40, CD80 and
CD86, to activate T cells. Moreover, they induced initial CD4+ T
cell to differentiation into Tfh cells using inducible co-stimulatory
molecules (ICOSLG) and IL-6. In a study by Hai et al. (Ref. 64),
PBMCs were co-cultured with SGECs, and the mRNA levels of
Icos, IL-21, IL-12A and IL-17Awere upregulated. ThemRNA levels
of CD40, CD80, CD86, ICOSLG and IFN-γ in SGECs were also
upregulated. After EV treatment of BM-MSCs and iPSC-MSCs,
the above factors were significantly inhibited, but IL-10 mRNA
levels in PBMC increased. The mRNA levels of Foxp3 in PBMC
and those of IL-6, IL-12A and IL-18 in SGECs were not affected,
and ICOSLG mRNA expression was not detected. This suggests
that Tregs may not mediate the upregulation of IL-10 by EV but
may be caused by the inhibition of Tfh differentiation. However,
Tfh differentiation in SGECs was influenced by ICOSLG. These
data suggest that EVs from BM-MSCs and iPSC-MSCs can inhibit

Tfh and Th17 differentiation induced by SGECs and immune cell
interactions, as well as the expression of co-stimulatory molecules
and pro-inflammatory factors. In vivo, NOD mice injected with
iPSC-MSC-EVs via the tail vein showed significantly decreased
lymphocyte infiltration of SMGs, serum anti-La/Ro antibody levels
and B-cell-related gene expression. In addition, the inhibitory effect
of iPSC-MSC-EVs on the expression of CD3e, CD4, Icos and Icosl
and lymphocyte infiltration in the SMG was similar to that of
iPSC-MSCs.

In vitro and in vivo studies of organoids induced by iPSCs
Since SS can involve multiple systemic systems, such as the lungs,
kidneys and also the cardiovascular system, researchers have been
using iPSCs to induce various organoids in recent years, which is
of great significance for the study of SS organ involvement.
Organoids are not human organs in the true sense but three-
dimensional (3D) multicellular structures that can approximate
real organs in terms of structure and function. They can also
simulate the structure and function of tissues in the body to a
great extent and are stable for long-term subcultures. Moreover,
compared with animal models, they can better reflect human
physiology and disease conditions. Currently, 3D organoids
induced by iPSCs include lung, kidney, liver and vascular orga-
noids. Human pulmonary organoids (Ref. 65) were generated
from hPSCs with bronchi/bronchiole cell types and structures
similar to those of human airways. These cells are surrounded
by lung mesenchymal cells and cells expressing alveolar cell mar-
kers. Various previous studies have shown that the induction of
analogue signals (such as Wnt11, Wnt9b and FGF) in vitro
helped generate iPSCs renal organoids (Ref. 66). Single-cell
RNA sequencing revealed developing podocytes, proximal
tubules, distal tubules, collecting tubules and endothelial cells
(Ref. 66). Mun et al. successfully established iPSCs liver organoids
(Ref. 67). They exhibit self-renewal capabilities and functional
activities in protein and lipid metabolism, drug metabolism,
regeneration and inflammatory responses. Wimmer et al.
(Ref. 68) prepared vascular organoids induced by
iPSC-containing endothelial cells and pericytes that assembled
into a network of capillaries wrapped in a basement membrane.
When transplanted into mice, a vascular tree with stable perfusion
is formed.

Although animal models (most commonly mice) have made
significant contributions to the understanding of disease mechan-
ism, they have failed to translate during conversion from experi-
mental animal models to human drug trials (Refs 69, 70).
Therefore, iPSCs must be induced into organoids for disease
modelling. iPSCs have a considerable impact on medical fields
such as cell therapy, disease modelling, drug screening and regen-
erative medicine. Since iPSCs of different tissue origins retain epi-
genetic information about the donor tissue origin, they can easily
differentiate into the cell types of the donor cell origin (Ref. 61).
Therefore, before the actual application of iPSCs in clinical prac-
tice, many obstacles need to be solved, such as which tissue cells
prepared by iPSCs are the most efficient and can be
mass-produced. Only in this manner can the real potential of
iPSCs be effectively translated into clinical practice to better
serve patients.

Salivary gland stem cells

SGSCs can self-renew and differentiate into specific cell types
(Ref. 71). Patients with SS or undergoing radiotherapy of the
head and neck have symptoms of dry mouth, and their salivary
gland function cannot recover. Although artificial saliva substi-
tutes, salivary tubes and systemic parasympathetic pathological
mimics can be used to treat these conditions, these are all
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palliative approaches. Mouse ESCs can be gradually induced to
develop into early salivary glands and mature further after in
situ transplantation, demonstrating the feasibility of using func-
tional salivary glands instead of organs. However, this approach
is limited by the tumourigenicity of mouse ESCs and the hetero-
geneity of animal-derived cells. Human adult stem cells have been
used as alternatives to construct organoids with specific structures
and functions.

In vivo research of SGSCs
In one study by Sui et al. (Ref. 71) isolated human submaxillary
gland stem/progenitor cells (hSMGepiS/PCs) for 3D culture to
generate organoids that were further induced by FGF-10 in
vitro. hSMGepiS/PC-derived spheres were transplanted into the
renal capsule of nude mice alone or in combination with the sal-
ivary gland mesenchyma of mice on the 12th day of the embryo.
hSMGepiS/PC-derived spheres reacted with the embryonic saliv-
ary gland mesenchyma of mice and developed into salivary glands
with the correct structure and independent secretory function in
vivo. This not only confirmed the regenerative potential of
hSMGepiS/PCs but also showed that hSMGepiS/PCs responded
to the mouse embryonic mesenchymal niche and further differen-
tiated. Jeong et al. (Ref. 72) isolated and cultured tissue-specific
stem cells, namely human salivary gland stem cells (hSGSCs),
which express stem cell surface antigen markers such as CD44,
CD49f, CD90 and CD105, but not HSC markers such as CD34
and CD45. Next, hSGSCs or PBS were injected intravenously
into Wistar rats with radiation-induced damage. The body weight
of the rats in the hSGSCs group increased significantly compared
with that in the PBS group; the salivary flow rate increased two-
fold, and the structure of salivary glands showed a compact acicu-
lar structure similar to that of the undamaged normal rats, sug-
gesting that hSGSCs can improve the structure and function of
rat salivary glands and may have the characteristics of stem
cells, which can be used as a cell therapy agent for damaged sal-
ivary glands.

In vitro research of SGSCs
Partial functional recovery of the parotid gland (PG) after a cer-
tain threshold of radiation therapy indicates the presence of
stem or progenitor cells that proliferate and differentiate, allowing
for tissue regeneration in response to injury. Serrano Martinez
et al. (Ref. 73) isolated PG stem/progenitor cells from the PGs
of female C57BL/6 mice and observed elevated expression of
CK14 (basal transverse duct marker of the PG), AQP5 (acinar
cell marker), CK8 (luminal PG duct marker) and amylase after
3D culture. This indicates that the ability to self-renew, differen-
tiate and expand over a long period supports the stem cell or orga-
noid characteristics. According to in vitro the 3D cultures of stem/
progenitor cells, they possess stem cell characteristics. Thus, they
can provide a new method for the treatment of SS, promote the
development of organoids, provide a basis for subsequent orga-
noid transplantation, disease modelling and drug screening, and
lay the foundation for clinical transformation.

Immune cell therapy

In addition to the aforementioned stem cell therapy, research on
immune cell therapy for autoimmune diseases continues to
emerge. Immunocell therapy includes chimeric antigen receptor
T cell (CAR-T) and adoptive cell therapy. Currently, CAR-T
cells are the most studied cells in the field of autoimmune diseases
(Refs 74, 75). CAR-T therapy involves the in vitro activation of T
cells collected from the peripheral blood of patients to induce the
expression of chimeric antigen receptors and their expansion. The
modified CAR-T is transfused back into the patient’s body to

specifically identify and bind the corresponding antigen such
that CAR-T cells can activate, proliferate, and kill target cells
and continue to restore immune balance. Currently, the strategy
for studying autoimmune diseases focuses on CAR-CD8+T cell
therapy, CAR-CD4+T cell therapy, and CAR-Treg cell therapy.

In vivo research of CAR-T

At present, there are only a few related studies on SS and many
reports on SLE. In studies by Kansal et al. (Ref. 76) and Jin
et al. (Ref. 77) on CAR-T therapy for SLE, CAR-T cells targeting
CD19+B cells were injected into MRL-lpr lupus mice, and the
results showed that the survival time of the CAR-T group was
prolonged, in the spleen, bone marrow, and blood were not
detected CD19+B cells. Jin et al. (Ref. 77) found that skin symp-
toms and kidney involvement improved in MRL-lpr lupus mice
injected with CAR-T cells before disease onset. Thus, CAR-T
therapy can prevent or ameliorate disease, prolong the lifespan
of mice, and continue to consume CD19+B cells. In a clinical
study, a patient with severe and refractory SLE patient (Ref. 78)
who was treated with hydroxychloroquine, high-dose glucocorti-
coids, cyclophosphamide, B-cell targeting drugs, and other treat-
ments was not controlled. After CAR-T cell therapy, circulating B
cells continued to be completely consumed; C3 and C4 levels
increased or even normalised; and anti-dsDNA antibody levels,
urinary protein levels, and SLE disease activity index scores
decreased. In a clinical trial conducted by Mackensen et al.
(Ref. 79), a total of five patients with SLE were recruited. After
receiving CAR-CD4+T therapy targeting CD19+B cells, clinical
symptoms improved, B cells in the peripheral blood disappeared,
CAR-T cell proliferation, and B cell reconstruction were observed,
and no traditional drug therapy was required during long-term
follow-up. Based on these data, CAR-T therapy targeting CD19+B
cells can sustain the deep clearance of B cells in patients with
SLE, and the therapeutic effect persists even after B cell reconstruc-
tion without serious side effects. Thus, CAR-T cells are primarily
used to treat SLE by targeting D19+B cells, resulting in the complete
and sustained depletion of B cells that produce autoimmune anti-
bodies. A study on CD19/BCMA CAR-Ts for the treatment of
patients with refractory SS retrieved from the Clinical Trials website
is still underway, and the results have not been published yet.
Despite limited clinical data, the results of CAR-T cell therapy in
SLE may become a new scheme for treating SS in the future.

In vivo research of CAR-Treg

Treg cells (Refs 80, 81, 82, 83, 84) are a type of T cells, accounting
for 5–10% of CD4+T cells. Treg cells play an important role in
maintaining homoeostasis and regulating autoimmunity, as well
as promoting tissue repair and regulating metabolism, which sup-
press the immune response through various mechanisms, includ-
ing direct interaction with other immune cells or the production
of immunosuppressive cytokines, such as IL-10, IL-35 and
TGF-β. At present, Treg cell therapy has not been studied in SS
but has been reported in multiple sclerosis. Fransson et al.
(Ref. 85) investigated the therapeutic effect of Treg cells on mul-
tiple sclerosis by creating antigen-specific Tregs targeting myelin
oligodendrocyte glycoprotein (MOG) with CAR and injecting
them into experimental autoimmune encephalomyelitis (EAE)
models with MS. They found that MOG–CAR–Tregs inhibit
the proliferation of effector T cells in vitro. Meanwhile,
MOG–CAR–Treg reduced the disease symptoms in EAE mice
and reduced the levels of pro-inflammatory cytokines (IL-12,
INF-γ) in brain tissue in vivo.

Although CAR-T cells have been poorly studied in SS,
according to the findings in SLE and multiple sclerosis, they
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can be used as a novel treatment for SS. However, owing to limited
clinical data, conducting long-term follow-ups in large clinical
trials is imperative to clarify the safety and efficacy, as well as pro-
vide a basis for CAR-T therapy of SS and hope for more patients.

Conclusions

For SS cell therapy, HSCs have strong proliferation and differen-
tiation abilities in the primitive stage, and their self-renewal is
rapid. MSCs exhibit high proliferation, multidirectional differen-
tiation and immunomodulatory abilities. Small MSC-EVs can
quickly pass through capillaries, have stable properties and do
not decline over time. The homing ability of the engineered
MSCs and MSC-Exos was strong, and their therapeutic effects
were optimal. iPSCs have the same potential for self-renewal
and multi-differentiation as ESCs while avoiding the ethical and
immune rejection problems of ESCs. They can also induce the
formation of organoids, such as lungs, kidneys, blood vessels
and salivary glands, which have great potential in the construction
of disease models, screening of drugs, the study of pathogenesis,
treatment and regeneration, and have great potential application
value. Preclinical data have demonstrated the safety of
CAR-T-cell therapy. However, HSCs differ in terms of stem cell
collection, pretreatment, and GVHD after transplantation.
MSCs are limited in terms of tissue origin heterogeneity, cell
preparation, number of target organs reached and survival time
(Ref. 64). However, many problems still need to be solved before
MSC-EVs can be used clinically. The culture conditions, mass
production, rapid and accurate quantification, characterisation
methods, pharmacokinetics and determination of the optimal
clinical dose must be improved (Ref. 86). Engineered MSCs and
MSC-Exos present difficulties in their preparation, composite
side effects and transfection efficiency. iPSCs must solve the pro-
blems of donor cells or tissues, low reprogramming efficiency, car-
rier selection and transcription factor combinations. There are
many obstacles to the preparation, mass production and transla-
tion of organoids. CAR-T cell therapy must address cell acquisi-
tion, gene introduction, amplification, mass production,
preservation methods and quality detection (Ref. 87).

Different cell therapy methods have been shown to have differ-
ent advantages, and appropriate cell therapy should be chosen
according to different needs to better utilise different cells in
the treatment of diseases.
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