Zhao et al. Stem Cell Research & Therapy (2022) 13:230
https://doi.org/10.1186/s13287-022-02912-1

Stem Cell Research & Therapy

REVIEW Open Access
()]

Check for
updates

Research status and future prospects
of extracellular vesicles in primary Sjogren’s
syndrome

Jingwen Zhao'", Qi An'", Xueging Zhu', Baogi Yang', Xinnan Gao', Yuhu Niu?, Liyun Zhang', Ke Xu' and
Dan Ma'"

Abstract

Primary Sjogren’s syndrome (pSS) is a diffuse connective tissue disease characterized by the invasion of exocrine
glands such as lacrimal and salivary glands, abnormal proliferation of T and B lymphocytes, and infiltration of tissue
lymphocytes. With the development of modern medicine, although research on the pathogenesis, diagnosis, and
treatment of pSS has made significant progress, its pathogenesis has not been fully understood. Meanwhile, in the era
of individualized treatment, it remains essential to further explore early diagnosis and treatment methods. Exosomes,
small vesicles containing proteins and nucleic acids, are a subtype of extracellular vesicles secreted by various cells
and present in various body fluids. Exosomes contribute to a variety of biological functions, including intercellular sig-
nal transduction and pathophysiological processes, and may play a role in immune tolerance. Therefore, exosomes are
key to understanding the pathogenesis of diseases. Exosomes can also be used as a therapeutic tool for pSS because
of their biodegradability, low immunogenicity and toxicity, and the ability to bypass the blood-brain barrier, imply-
ing the prospect of a broad application in the context of pSS. Here, we systematically review the isolation, identifica-
tion, tracing, and mode of action of extracellular vesicles, especially exosomes, as well as the research progress in the

pathogenesis, diagnosis, and treatment of pSS.
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Introduction

Primary Sjogren’s syndrome (pSS) is a chronic autoim-
mune disease characterized by lymphocyte proliferation
and progressive damage to exocrine glands. The etiol-
ogy of pSS is unclear and is presumed to be related to
genetic, environmental, and immune factors, with a
prevalence rate of approximately 0.5-5%. In China, with
a prevalence rate of approximately 0.3—0.7%, pSS is the
most common autoimmune connective tissue disease,
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primarily affecting middle-aged women, with com-
plex and diverse clinical manifestations, resulting in dry
surfaces of the major mucous membranes, such as the
mouth, eyes, nose, throat, and vagina. Approximately
30% of patients develop multi-system lesions involv-
ing the lungs, kidneys, and nervous system, and an esti-
mated 5% of patients develop life-threatening malignant
lymphoma [1, 2]. This disease is divided into two catego-
ries, primary and secondary SS. Current research on the
pathogenesis and diagnostic treatment of pSS lags behind
that of other autoimmune diseases as it is dominated by
symptomatic treatment, lack of effective therapies, and
poor patient outcomes, prompting continuous explora-
tion of its pathogenesis and the search for effective treat-
ment strategies.
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Extracellular vesicles (EVs) are cell-derived membra-
nous structures released by various cells. The exosome
is a subtype of EV with a 50-150 nm diameter. Studies
have shown that exosomes are associated with immune
response, viral pathogenicity, pregnancy, cardiovascu-
lar diseases, central nervous system-related diseases,
and cancer progression. Exosomes reportedly exist in all
biological body fluids and can be easily obtained by col-
lecting biological body fluid samples. Exosome-based
biological humoral examinations highlight their poten-
tial value in the diagnosis and prognosis of patients with
pSS, cancer, and other diseases. Exosomes have played a
potential role in the diagnosis and treatment of many dis-
eases. Although non-steroidal anti-inflammatory drugs
(NSAIDs), glucocorticoids, immunosuppressants, and
specific biological agents such as CD20 monoclonal anti-
bodies, are effective in treating pSS, these drugs pose side
effects and cannot repair damaged tissue. Exosomes can
transport different effective therapeutic carriers, includ-
ing short interfering RNAs, antisense oligodeoxynucleo-
tides, chemotherapeutic drugs, and immunomodulators,
efficiently delivering them to the desired targets. The
lipid and protein composition of exosomes can affect
their pharmacokinetic profiles, and their natural com-
ponents may play a role in improving bioavailability and
reducing adverse reactions. An accurate understanding
of methods such as isolation, purification, and identifica-
tion of exosomes is essential to studying the mechanisms
and potential roles of exosomes; thus, we first describe
the progress in exosomes isolation, purification, identifi-
cation, and tracing, followed by a review of their appli-
cations in the pathogenesis, diagnosis, and treatment of
pSS.

Overview of extracellular vesicles

Although the presence of vesicles within mammalian tis-
sues and body fluids was first described in the 1960s, it
was not until recently that the technical term “extracel-
lular vesicles” (EVs) was proposed to define various cell-
derived membranous structures. EVs can be divided
into three types according to their diameter: exosomes,
microvesicles, and apoptotic bodies [3, 4]. Exosomes
are vesicles 50-150 nm in diameter originating from
endosomes. The continuous invagination of the plasma
membrane eventually forms polycysts, which can inter-
sect with other vesicles and organelles in the cell, result-
ing in diverse exosome compositions [5, 6]. Microvesicles
are vesicles 100—1000 nm in diameter formed by the bud-
ding of the plasma membrane. Apoptotic bodies are 100—
5000 nm in diameter, making them larger than exosomes,
and originate from apoptotic cells containing genomic
DNA. Different EV subtypes cannot be completely cat-
egorized according to size or density because EVs within
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the exosome size range have the same biophysical prop-
erties [7] (Fig. 1).

Separation and purification of extracellular
vesicles
The specific method to separate and purify EVs is cru-
cial for successful isolation. Isolation and purification
of exosomes are key to understanding their mechanism
and potential function. The main methods for separating
exosomes are differential ultracentrifugation, ultrafiltra-
tion, size-exclusion chromatography, immunoaffinity
capture, and microfluidic techniques [8]. Differential cen-
trifugation, a traditional method for separating various
mixtures of EVs, is unsuitable for isolating exosomes
from clinical samples because it is time-consuming, labo-
rious, and requires expensive equipment [9]. Ultrafiltra-
tion and size-exclusion chromatography have been used
to prepare high-purity exosomes. Ultrafiltration is based
on size separation, which is fast and does not require
expensive equipment. However, its drawback is the dif-
ficulty in removing contaminating proteins [10]. Size-
exclusion chromatography can separate exosomes from
proteins but not liposomes, macromolecules, or parti-
cles, and the equipment is expensive. Immunoaffinity
capture is used to selectively capture specific exosomes
from complex samples, which is fast, convenient, and
less demanding. To improve the isolation of EVs, most
researchers use one or more additional techniques after
the first step, such as ultrafiltration after differential cen-
trifugation, application of a density gradient, or chroma-
tography [11, 12]. Various technologies or combinations
are currently being developed, and if they yield higher
efficiencies than traditional methods, some of them may
become more prominent in subsequent years.
Traditional methods have many drawbacks, such as low
yield and purity, high equipment cost, and time-consum-
ing processes. Therefore, there are still many challenges
in the clinical isolation of high-purity exosomes. Recently,
microfluidic technology has become an important tech-
nique for separation, detection, and analysis based on
the biophysical properties of exosomes. This technique
employs usual separation determinants while implement-
ing new separation mechanisms, such as acoustic, elec-
trophoresis, and electromagnetic operations, which are
fast and use fewer samples and reagents, rendering EV
separation more efficient and convenient [13, 14].

Identification of extracellular vesicles

The study of the physicochemical properties of exosomes
plays an important role in understanding their biologi-
cal interactions. There are many methods to study the
characteristics of exosomes, such as transmission elec-
tron microscopy (TEM), RNA sequencing, nanoparticle
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Fig. 1 Separation, purification, identification, tracing, contents, mode of action, and biological functions of EVs

tracking analysis (NTA), western blotting, flow cytom-
etry, and resistance pulses [15, 16]. TEM is a commonly
used technique for the characterization of exosomes,
which are often saucer-like and have a lipid bilayer [17].
In addition, exosomes can be characterized by the pres-
ence of RNA, whose content can be determined by
global RNA profiling. NTA tracks each particle using
image analysis to measure the concentration, move-
ment, and size distribution of exosomes. This method
allows rapid sample preparation, preserving the original
form of the sample after measurement. Western blotting
is a commonly used and recognized method for identi-
fying intravesicular or membrane protein markers. The
types of markers include three yang and one yin: supra-
membrane, intra-membrane, cell source, and no orga-
nelle. In particular, the markers typically found on the
membrane of exosomes are transmembrane proteins,
including CD63, CD9, CD81, and CD82, suggesting that
exosomes have a cell-derived membranous structure.
The intra-membrane markers Alix and TsglO01 indi-
cate that exosomes have an intact membrane structure
[18], and the tissue-specific markers CD90 (MSC) and
CD9 (MSC, T, NK) identify the type of cell from which
exosomes originated. Flow cytometry, a suitable tech-
nique for reproducible analysis of clinical samples, allows
the analysis of different physicochemical properties of

cells and particles in suspension, enabling size and struc-
ture assessment of exosomes [19, 20]. Resistance pulse
sensing can be used to measure the size distribution and
concentration of exosomes. The inherent heterogeneity
of exosomes prompts us to combine quantitative tech-
niques to distinguish them, which might help develop
new methods to isolate and identify exosomes.

Tracing extracellular vesicles

The in vitro labeling or in vivo tracing of separated
exosomes is beneficial for further investigating the func-
tions of exosomes. The latest tracing methods include
labeling exosomes with fluorescent membrane dyes, for
instance, PKH67 (green fluorescence), PKH26 (red fluo-
rescence), DIO (red fluorescence), and FM4-64 (red fluo-
rescence). PKH67 and PKH26 can bind stably to the lipid
region of the cell membrane and emit fluorescence. How-
ever, its limitation lies in the formation of dye aggregates
in an aqueous solution similar to exosomes, modifying
the structure of exosomes and changing their functions
and physical properties [21]. DIO, one of the most com-
monly used cell membrane fluorescent probes, can only
emit strong green fluorescence when it enters the cell
membrane. FM4-64 dye is a lipophilic and water-soluble
styrene compound that can specifically combine with
the plasma membrane and intimal organelles to emit red
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fluorescence. SYTORNA Select can be combined with
RNA to emit green fluorescence, which can be used to
label RNA in exosomes. The exosomes membrane is rich
in three transmembrane protein families (CD63, CD81,
and CD9) and three heat shock protein families (HSP60,
HSP70, and HSP90) involved in exosome transport. By
coupling CD63 or CD81 with fluorescent proteins, fluo-
rescent membrane proteins are expressed on the exo-
some membrane [22, 23].

Aside from the fluorescence imaging tracer method,
Betzer et al. [24] tracked exosomes based on glucose-
coated gold nanoparticle (GNP) labeling combined with
CT imaging. They found that the GNPs were transported
by glucose transporter (GLUT-1) and involved endo-
cytosis activity. The authors further confirmed that this
technique can be used as a diagnostic tool for various
brain diseases and may enhance exosome-based neu-
ronal recovery therapy. However, this technique needs
to label exosomes directly, and it is impossible to deter-
mine whether the signal in the image refers to the actual
exosome or the leaked or transferred content; further-
more, this technique is tainted by issues related to ion-
izing radiations. Jung et al. [25] labeled exosomes with
superparamagnetic iron oxide nanoparticles (SPIONs)
and performed longitudinal imaging by MRI. Results
showed that the image after intravenous injection could
penetrate the deep structure with high resolution and to
the maximum degree. However, during the whole pro-
cess, the nanoparticles could not be completely included
in the exosome, and the resulting image may have been
produced by the fusion of SPION exosomes into the cell.
Therefore, magnetic imaging may not necessarily pro-
vide information about the ultimate fate of exosomes.
In addition, nuclear imaging using radioactive materi-
als is widely used for cell imaging, and radiation emit-
ted by radionuclides can be detected in the body with a
special camera. Nuclear imaging can help visualize deep
structures and organs by improving sensitivity and tissue
penetration. However, because radionuclides have short
half-lives, they offer relatively short imaging and tracking
period.

Photoacoustic imaging (PAI) is a recently developed
hybrid biomedical imaging method based on the photoa-
coustic effect that combines ultrasonic and optical imag-
ing. PAI is an attractive non-invasive method that couples
the advantages of high spatial resolution and deep pen-
etration of ultrasonic imaging with the high contrast of
optical imaging. In addition, bioluminescence imaging
technology can provide whole-body images of biological
distribution, and because the markers are inherent, exo-
some tracking is highly reliable. However, the substrate
has a short half-life and must be injected before each
imaging session. Therefore, a fast and accurate imaging
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system that can be used over long periods is needed. In
addition, any fluorescence-based in vivo imaging is lim-
ited in resolution and penetration depth and cannot
clearly show the position of exosomes in the deep body
structure, so this technique is the most suitable for pre-
clinical research. In conclusion, for tracing exosomes, we
need to select the most appropriate tracer method for the
experimental purpose.

Contents and modes of action

EVs are intercellular transport systems with multiple
functions in the human body. An exosome is an EV pro-
duced by various cells, which is rich in cell-derived pro-
teins, DNA, RNA, lipids, and metabolites and can be
transferred from parent cells to other cells. Larger micro-
bubbles are closer to cells in composition. Although the
physiological purpose of exosome production needs to
be studied to a large extent, evidence suggests that they
are agents of cell-to-cell communication in health and
disease, affecting all aspects of cell biology. It was found
that the size, content, and function of exosomes from dif-
ferent cell sources are highly heterogeneous [26—28]. The
uneven size of exosomes, the microenvironment, and the
inherent biological behavior of cells will affect the con-
tent of exosomes and their biomarkers.

To determine the therapeutic potential of EVs, a well-
designed in vivo application is essential. To correctly
measure the therapeutic effect of the cargoes carried by
EVs, an accurate and reliable drug administration strat-
egy is important. Recently, Gupta et al. [29] reviewed
the current preclinical literature and clinical use of EVs/
exosomes doses, classifying and summarizing them
according to different separation methods (purification
or not), measurement methods (protein quantity/parti-
cle number), experimental animals (rats, mice, or pigs),
administration routes (systemic/local), research areas
(cardiovascular, neurological, inflammation, or can-
cer), and clinical trials. Finally, the authors concluded
that, despite differences in methods and doses in differ-
ent study types (in vitro or in vivo) and models (differ-
ent cells or animals), EVs could potentially benefit the
treatment of various diseases. Although there has been a
lack of consistency between studies attempting to clini-
cally apply EVs, their potential clinical application has
opened up an exciting new way to provide effective treat-
ment. With increasing interest in this field, unified detec-
tion methods and standard operating procedures must be
established to reduce inconsistencies between studies.

Biological function

Each exosome has many surface molecules that can inter-
act with a series of homologous ligands on the plasma
membrane and endocytosis membrane of the receptor
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cell, thus entering the receptor cell. Exosomes are contin-
uously produced by donor cells and absorbed by recipi-
ent cells, but whether production and absorption are
carried out synchronously or not remains to be eluci-
dated [30, 31]. After exosomes are produced by donor
cells, they are present in various body fluids and are rich
in macromolecules. However, in some cases, exosomes
exclusively uptake nutrients. In addition, exosomes play
vital roles in different biological processes, such as trans-
mitting signals and functional macromolecules to recipi-
ent cells, mediating intercellular signal transduction, and
participating in physiological processes such as angio-
genesis, inflammation, and apoptosis. Exosomes derived
from allogeneic mesenchymal stem cells (MSCs) carry
multiple miRNAs and regulate cell cycle progression,
proliferation, and angiogenesis, which involves multiple
physiological processes [32—34]. Exosomes are involved
in differentiation, neovascularization, blood flow recov-
ery, and capillary network formation. Exosome-mediated
inflammatory responses are involved in tumor develop-
ment, immune monitoring, and treatment resistance.
The study of the relationship between inflammation and
exosome molecular levels is a key step in understanding
possible biomarkers of inflammatory diseases. Apoptotic
bodies are a class of EVs released by dead cells as prod-
ucts of apoptotic cell decomposition [35, 36]. Therefore,
exosomes can be used to reveal the mechanism of disease
development, for early diagnosis and disease assessment,
and can also be used as a drug delivery system to treat
diseases. Exosomes also play an important role in differ-
ent types of cancer, neurodegenerative and infectious dis-
eases, pregnancy complications, autoimmune diseases,
and other pathological conditions [37, 38].

Research progress on extracellular vesicles
in the pathogenesis of pSS
PSS is a multi-system autoimmune disease character-
ized by a dry mouth, ocular dryness as the main feature,
lymphocytic infiltration, and the presence of multiple
autoantibodies. Exosomes mediate intercellular signal-
ing and participate in multiple physiopathological pro-
cesses, playing an important role in different biological
processes. Studies have shown that biomolecules in
exosomes can reflect specific pathological conditions and
are therefore considered potential biomarkers. Neverthe-
less, although the internationally recognized diagnostic
criteria of SS include oral and eye symptoms, objective
glandular secretion, and laboratory abnormalities, atypi-
cal clinical manifestations and laboratory-negative SS
patients have been documented; thus, we need more sen-
sitive biomarkers to enable an early diagnosis.

In 2005, Kapsogorgou et al. [39] showed that exosomes
produced from salivary gland epithelial cells (SGECs)
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of pSS patients contain a large number of cytokeratins,
in addition to previously identified protein types, such
as actin or tubulin, which are epithelium-specific mark-
ers. Kapsogorgou et al. further demonstrated for the
first time that intracellular autoantigenic Ro/SSA, LA/
SSB, and Sm ribonucleoproteins are found in vesicles.
Although secretion is not restricted to cells of pSS ori-
gin, it has also been suggested that exosomes may medi-
ate the presentation of these autoantigens. Exosomes are
thought to present antigens directly through their sur-
face receptors or indirectly via loaded antigen-presenting
cells (APC); however, the specific physiological signifi-
cance in vivo warrants further investigation. Another
study found that an EBV-specific microRNA (EBV-miR-
BART13-3p) is highly expressed in salivary gland epi-
thelial cells of pSS patients but not in healthy people
and that this miRNA can be transferred from B cells to
SGECs through exosomes, ultimately affecting salivary
gland function [40]. Moreover, Cortes-Troncoso et al.
[41] have shown that a specific miRNA, miR-142-3p,
contained in T cell exosomes, can participate in Ca*" sig-
nal transduction, cAMP production, and protein produc-
tion in SGECs. Ca®" and cAMP pathways are the main
signal systems of secretory epithelium, which control the
function of almost all secretory glands and are important
for regulating the secretion of fluid and enzymes in exo-
crine glands. Activated T cells secrete miR142-3p-con-
taining exosomes and transfer them to salivary gland
cells, resulting in changes in the Ca®* signaling pathway,
limited cAMP production, and decreased protein pro-
duction in salivary gland cells. Therefore, T cell-derived
exosomes transfer miR-142-3p to SGECs, damaging the
mechanism related to the secretory function of SGECs,
resulting in dysfunctional SGECs in pSS patients, which
is considered the pathogenic driver of pSS.

In the early stages of the disease, the patient’s symp-
toms are atypical, and serological tests are negative.
Therefore, a more accurate diagnostic method is needed
[42, 43]. Michael et al. [44] isolated exosomes from the
saliva of the parotid gland of patients with pSS for the
first time, and these exosomes contained a sufficient
amount of miRNA. Exosomes isolated from the salivary
gland come from specific cells in the gland, which can
indicate the physiological state of the gland at the protein
and regulatory levels. Thus, the miRNAs contained in the
salivary exocrine not only participate in the physiologi-
cal and pathological processes of various salivary gland
diseases but can also be used as a biomarker. It is neces-
sary to investigate further the value of exosomes and exo-
some miRNAs in the diagnosis and prognosis of salivary
gland diseases. Similarly, EVs isolated from stimulated
saliva and tears of 27 patients with pSS and 32 healthy
controls were analyzed by liquid chromatography—mass
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spectrometry (LC—MS), and a biomarker map of EV pro-
teins was established. The expression of innate immune-
related proteins, cellular signal transduction proteins,
and wound repair-related proteins was found in salivary
EVs of pSS patients. Saliva EVs are vital biomarkers for
activating the immune system and adipocyte differentia-
tion. Tear EVs showed overexpression of tumor necrosis
factor-a signal transduction-related proteins and B cell
survival-related proteins. LC—MS analysis of saliva and
tear EVs of pSS patients can screen new biomarkers
that may contain saliva and lacrimal gland disease tar-
gets, which can improve the diagnostic accuracy of pSS
and may also be used for disease staging and monitor-
ing [45, 46]. Recently, Kakan et al. [47] used small RNA
deep sequencing to identify the characteristics of serum
exosome miRNA in early and middle autoimmune lac-
rimal gland inflammation and pSS mouse models. They
found seven miRNAs with the most significant differ-
ences in expression. miRNAs are the main regulators of
gene expression, and due to the complex causes of pSS,
this group of significantly differentially expressed miR-
NAs may become a new biomarker for diagnosing pSS.
Despite these advances, there is not enough evidence to
show that exosomes or exosomal miRNAs can be used
as reliable markers of pSS. In addition, there has been
no study on the use of exosomes to evaluate the activity
and prognosis of pSS disease [48—50]. Therefore, further
studies are needed to confirm the potential role of exo-
some or exosome miRNAs as specific biomarkers of Pss
[51, 52].

Until now, studies on exosomes of pSS have mainly
focused on saliva and tears [53]. However, pSS is a multi-
system disease, and exosomes of other tissues and organs
still need to be investigated. Sellam et al. [54] found that
autoimmune diseases are characterized by cell activa-
tion, and a common feature of activated cells is that
they can shed fragments from the plasma membrane.
These fragments represent heterogeneous populations of
membrane-covered vesicles with a diameter of 0.1-1 pm
called microparticles (MPs). The results showed that the
level of circulating MPs increased in pSS, SLE, and RA
could be used as a biomarker of systemic cell activa-
tion. Besides, the level of MPs derived from leukocytes
increased only in pSS, while in severe cases, the level of
MPs was lower, possibly due to the high activity of secre-
tory phospholipase A2 (SPLA2), which leads to the con-
sumption of MPs. In patients with pSS, platelet-derived
MPs, sCD40L, and sCD62P increased, highlighting
platelet activation. Subsequently, studying 34 patients
with pSS and 18 healthy controls, Bartoloni et al. [55]
found that circulating endothelial microparticles (EMPs)
and endothelial progenitor cells (EPCs) in patients with
pSS can be used as markers of endothelial injury. The
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increased proportion of EMP/EPC can destroy the
integrity of the endothelial wall, and increase the risk of
thrombosis, leading to endothelial dysfunction, a cardio-
vascular risk factor.

Research progress on extracellular vesicles

in the treatment of pSS

PSS is a multi-system autoimmune disease characterized
by lymphocyte infiltration and a variety of autoantibod-
ies in the salivary and lacrimal glands, leading to a dry
mouth and dry eyes. Currently, there is no effective treat-
ment for pSS because pSS treatment is complex [56, 57].
Although saliva substitutes and artificial tears can relieve
symptoms, NSAIDs, glucocorticoids, and immunosup-
pressants such as methotrexate, mycophenolate mofetil,
and biological agents can alleviate immune inflamma-
tion in advanced patients [58], the long-term use of
these drugs can cause side effects. Exosomes have been
extensively studied because of their important physi-
ological and pathological roles in autoimmune diseases.
Firstly, exosomes can be separated from various body flu-
ids and are stable after long-term preservation; secondly,
exosomes have a relatively long half-life in vivo; thirdly,
exosomes can wrap bioactive substances and protect
them from being degraded by enzymes; lastly, exosomes
can be further modified to meet the needs of specific
treatment schemes.

In the past few decades, stem cell therapy has been
widely used to treat diseases and injuries, and research
on MSCs is the most extensive [59-61]. Stem cell ther-
apy offers a wide range of immunomodulatory and tissue
repair capabilities and is considered a new strategy for
treating autoimmune and inflammatory diseases [62]. It
has been found that intravenous infusion of bone mar-
row- or the umbilical cord-derived MSCs can alleviate
the symptoms of pSS [63]. In a murine model of pSS,
allogeneic MSCs transplantation improved salivary gland
secretion, reduced salivary gland lymphocyte infiltration,
and facilitated tear secretion. When the salivary gland is
injured, MSCs can differentiate into SGECs, acinar cells,
and vascular endothelial cells because of the potential
for multiple differentiation, which can repair the gland
and restore the function of the gland [64]. However,
MSCs therapy also has some limitations, such as limited
expandability of MSCs, great heterogeneity in biological
characteristics caused by donors and different amplifi-
cation methods, lack of standard methods to detect the
therapeutic effect of these cells, and difficulties in apply-
ing MSCs autologous transplantation because of the long
preparation period and short opportunity for cell trans-
plantation [65].

Recently, it has been established that EVs carry bioac-
tive molecules in the same way as their progenitor cells
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and can overcome the difficulties of MSCs therapy. Mes-
enchymal stem cell-derived exosomes (MSCs-exos) can
simulate the immune regulation and tissue repair of
MSCs. MSCs-exos offer a wide range of sources, more
stable properties, no heterologous risk, no functional
attenuation with time, and stronger induction signals.
They can be used as nanocarriers for nucleic acids, pro-
teins, and small molecular drugs. Hai et al. [66] tried to
differentiate MSCs from induced pluripotent stem cells
(iPSCs), and iPSC-MSCs inhibited the infiltration of sali-
vary gland lymphocytes in the NOD mouse pSS model
in the same way as BM-MSCs. iPSC-MSCs and their
derived EVs are expected to prevent pSS progression
before the onset of sialitis through a mechanism related
to the inhibition of Tth and Th17 cell differentiation and
APC activation. Subsequently, Abughanam et al. [67]
found that MSCs extract (MSCsE) can also relieve the dry
mouth and dry keratoconjunctivitis in pSS-like diseases.
MSCSE promotes the expression of key genes in salivary
and lacrimal gland functions, repair, and regeneration.

Previous studies have shown that bone marrow-derived
suppressor cells (MDSCs), the precursors of bone mar-
row-derived DCs, macrophages, and/or granulocytes,
show impaired immunosuppressive function during the
disease in experimental Sjogren’s syndrome (ESS) mice.
However, whether maintaining or restoring the inhibitory
function of MDSCs has therapeutic significance for pSS
remains to be determined. Recently, Rui et al. [68] found
that exosomes derived from mouse extra-olfactory MSCs
(OE-MSCs-Exo) can significantly enhance the inhibi-
tory function of MDSCs by upregulating the expression
of arginase and increasing ROS and NO levels. Simulta-
neously, intravenous injection of OE-MSCs-Exos signifi-
cantly delayed disease progression and restored MDSC
function in ESS mice. IL-6 released by OE-MSCs-Exos
activates the MDSCJAK2/STAT3 pathway. In addition,
S100A4 in OE-MSCs-Exos mediates autocrine IL-6
signaling through the TLR4 signaling pathway, suggest-
ing that OE-MSCs-Exos delay the progression of ESS by
enhancing the immunosuppressive function of MDSCs,
which may constitute a new strategy for the treatment of
pSS and other autoimmune diseases.

Moreover, Li et al. [69] found that treatment with
labial MSCs (LGMSCs) and their exosomes (LGMSCs-
Exos) reduced the inflammatory infiltration of salivary
glands and restored the secretory function of salivary
glands in NOD mice. It was also found that LGMSCs
or LGMSCs-Exos inhibited Th1l7 cell differentiation
in vitro but promoted the induction of Treg cells from
peripheral blood mononuclear cells of NOD mice and
pSS patients, accompanied by a decrease in the levels of
IL-17, interferon-y, and IL-6, and an increase in T cell
secretion of transforming growth factor-p and IL-10. At
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the same time, in TLR4-stimulated splenocytes and a
mouse model of pSS, Kim et al. [70] found that the EVs
of iPSCs in the early passage had a better immunomod-
ulatory effect than the EVs of iPSCs in the late passage.
It was found that TGF-f1, TGF-B2, and miR-21 were
enriched in early passage iPSCs EVs, while miR-125b was
enriched in late passage iPSCs EVs. Importantly, in the
early passage of bone marrow-derived MSCs, the regu-
lation of TGEF-B1, miR-21, and miR-125b significantly
changed the inhibitory effect of their EVs on the produc-
tion of Th1 and Th17 type cytokines. Furthermore, in the
late passage of iPSCs, miR-21 overexpression and miR-
125b inhibition improved the regulatory function of EVs.
Therefore, TGF-B1 and miR-21 are the key factors medi-
ating EV-mediated immune regulation, while miR-125b is
a negative regulator. The development of exosome-based
therapies faces many challenges, especially the produc-
tion of extracellular preparations, which is a major hurdle
to therapeutic applications because of their heterogeneity
and low productivity. In addition, it plays an important
role in improving the therapeutic potential and delivery
efficiency of exosomes; thus, large-scale clinical applica-
tion is still in its infancy [71].

Exosomes participate in a wide range of biological
processes in cells. There is evidence that engineered
exosomes containing therapeutic agents can reduce the
carcinogenic activity of human cancer cells. Exosomes
are a promising and efficient drug delivery system in the
medical field, with broad application prospects in clini-
cal trials, which may also be used to treat pSS [72-74].
In addition, exosomes have become a promising drug
delivery system to target specific areas because of their
safety, low immunogenicity, high compatibility, and long
half-lives. Some chemicals, proteins, and antibodies have
been modified on the surface of exosomes to build a tar-
geted and multifunctional biological drug delivery system
for enhanced therapy [75, 76]. The research scenario on
EVs in pSS is summarized in Table 1.

Prospect of clinical transformation of EVs in pSS

For many years, researchers have been trying to develop
better diagnosis and treatment methods for patients
with pSS. Increasing evidence shows that exosomes can
be used as biomarkers and therapeutic tools for pSS,
and we summarized the role of exosomes in pSS and
their potential as biomarkers [77]. In addition to acting
as biomarkers, EVs are considered a potential therapy,
which can be divided into four categories: (1) EVs to
transfer the contents of EVs to induce immunosuppres-
sive or immunostimulatory effects, including antibacte-
rial, anti-inflammatory, and anti-tumor effects, (2) EVs
as an alternative to MSC transplantation, (3) EVs as a
new vaccine for the treatment of tumors or infections,
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Table 1 Research of EVsin pSS
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Patients/animals EVs Source Content

Function References

Patients Exos SGECs Ro/SSA, La/SSB, and Sm RNPs,

epithelial-specific cytokeratins

Patients Exos B cells EBV-miR-BART13-3p

Patients Exos  Tcells miR-142-3p

Patients Exos saliva miRNA

Patients EVs Saliva tear  Proteins

Patients MPs Plasma -

Patients MPs Circulating -

NOD mice Exos Serum miRNA

NOD mice EVs iPSCs -

NOD mice MSCsE MSCs MSCsE

C57BL/6 mice Exos  OE-MSC -

NOD mice/PBMC Exos LGMSCs -

TLR4-stimulated
splenocytes and pSS
mice

EVs iPSCs -

Exos are thought to present antigens directly through their ~ [39]
surface receptors or indirectly through antigen-loaded APCs

EBV-miR-BART13-3p can be transferred from B cells to SGECs
to affect the function of salivary glands

[40]

miR-142-3p contained in T cell-derived Exos can participate
in Ca%t signal transduction, cCAMP production, and protein
production in SGECs, affecting the function of salivary
glands

miRNAs contained in salivary exocrine can be used as
biomarkers and may play an important role in the diagnosis
and prognosis of various salivary gland diseases

EV proteomic analysis is used to screen potential biomarkers
in saliva and tears of pSS patients to improve the diagnostic
accuracy and may also be used for disease staging and
monitoring

The level of plasma MPs in patients with pSS is increased,
which can be used as a biomarker to reflect cell activation

EMP and EPC can be used as markers of endothelial injury in
patients with pSS

The sequencing of miRNA in serum Exos identified seven
miRNAs that were upregulated in NOD mice, which may
become new biomarkers for the diagnosis of pSS

EVs are expected to prevent the progression of pSS before
the onset of sialitis through a mechanism related to the inhi-
bition of Tfh and Th17 cell differentiation and APC activation

MSCsE alleviates dry mouth and keratoconjunctivitis in
pSS-like diseases and promotes the expression of key genes
involved in salivary and lacrimal gland function, repair, and
regeneration

Exos derived from mouse extra-olfactory MSCs can
significantly enhance the inhibitory function of MDSCs by
upregulating arginase expression and increasing the levels
of ROS and NO

LGMSC-Exos reduced the inflammatory infiltration of
salivary glands in NOD mice, restored the secretory function
of salivary glands, inhibited the differentiation of Th17 cells
in vitro, promoted the induction of Treg cells in PBMC of
NOD mice and pSS patients

TGF-B1 and miR-21 are key factors mediating EV-mediated
immune regulation, while miR-125b is a negative regulator

(e8]

[69]

[70]

and (4) exosomes as natural nano-biological carriers that
are stable, have permeable membranes, and can pass
through the blood—brain barrier. Transporting therapeu-
tic goods through exosomes is more efficacious and leads
to fewer missing effects than using other biological car-
riers (such as liposomes) because exosomes can “recog-
nize” specific cells. Therefore, exosomes have become a
tool for the delivery and transfer of drugs, miRNAs, small
interfering RNAs, and other compounds that remain sta-
ble in exosomes to treat cancer and other diseases [78,
79]. Extensive research on EVs is essential before apply-
ing EVs to the clinical diagnosis, prognosis, and treat-
ment of autoimmune diseases. Future research should

include (1) isolation and purification of EVs, (2) in-depth
understanding of the biogenesis and targeting of EVs, (3)
an in-depth understanding of the mechanism of immu-
nostimulation and immunosuppression induced by EVs,
(4) evaluation of the efficacy and reliability of EVs as a
nano-preparation or in vivo drug delivery system, and (5)
clinical application.

Conclusion

In this review, we summarized the isolation, purifica-
tion, identification, tracing, potential as biomarkers,
and therapeutic merit of exosomes in pSS. However,
there is still a gap in understanding the biogenesis and
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role of exosomes, and it is not completely clear whether
exosomes can be used as biomarkers and treatments in
pSS and other autoimmune diseases. Currently, meth-
ods to isolate, purify, identify, and track exosomes and
exosome-contained miRNAs are tedious and compli-
cated. However, a comprehensive study of exosomes is
quintessential to implementing them in the diagnosis
and treatment of SS and other autoimmune diseases.
Exosomes can be traced more accurately to assess
whether they reach target cells, causing a series of reac-
tions. In conclusion, although the clinical application
of exosomes to pSS is still in its early stages, further
research might help develop more advanced, exosome-
based treatments.

Abbreviations

pSS: Sjogren’s syndrome; NSAIDs: Non-steroidal anti-inflammatory drugs; EVs:
Extracellular vesicles; TEM: Transmission electron microscopy; NTA: Nano-
particle tracking analysis; GNP: Glucose-coated gold nanoparticle; GLUT-1:
Glucose transporter; SPIONs: Superparamagnetic iron oxide nanoparticles; PAI:
Photoacoustic imaging; MSCs: Mesenchymal stem cells; SGECs: Salivary gland
epithelial cells; APC: Antigen-presenting cells; LC-MS: Liquid chromatogra-
phy-mass spectrometry; MPs: Microparticles; SPLA2: Secretory phospholipase
A2; EMPs: Endothelial microparticles; EPCs: Endothelial progenitor cells; Exos:
Exosomes; MSC-exos: Mesenchymal stem cell-derived exosomes; IPSCs:
Induced pluripotent stem cells; MSCsE: MSCs extract; NOD: Non-obese
diabetic; OE-MSCs: Olfactory ecto-mesenchymal stem cell; MDSCs: Marrow-
derived suppressor cells; ESS: Experimental Sjoégren’s syndrome; LGMSCs:
Labial mesenchymal stem cells; BM: Bone marrow; iMSCs: Induced pluripotent
stem cells; PBMC: Peripheral blood mononuclear cells; Treg: Regulatory T cells;
Th17:T helper 17 cells.

Acknowledgements
Not applicable.

Author contributions

DM, LYZ, YHN, and KX initiated the project. JWZ and DM drafted and wrote
the manuscript. QA, XNG, BQY, and XQZ collected the references. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by the National Natural Science Foundation of China
Grants (82001741), the applied basic research project of Shanxi Science and
Technology Department (201801D221380).

Availability of data and materials
Please contact the corresponding author for data requests.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Third Hospital of Shanxi Medical University, Shanxi Bethune Hospital, Shanxi
Academy of Medical Sciences, Tongji Shanxi Hospital, Taiyuan 030032, China.
’Department of Biochemistry and Molecular Biology, Shanxi Medical Univer-
sity, 56, Xinjian South Rd., Taiyuan, China.

Page 9 of 11

Received: 11 March 2022 Accepted: 19 May 2022
Published online: 03 June 2022

References

1. Ramos-Casals M, Brito-Zeron P, Siso-Almirall A, Bosch X. Primary Sjogren
syndrome. BMJ. 2012;344: e3821.

2. Zhang W, Li XM, Xu D, Liu DZ, Xu J, Zhao FT, et al. Recommendations of
diagnosis and treatment of primary Sjégren’s syndrome in China. Zhong-
hua Nei Ke Za Zhi. 2020,59:269-76.

3. Nocturne G, Cornec D, Seror R, Mariette X. Use of biologics in Sjogren's
syndrome. Rheum Dis Clin N Am. 2016;42:407-17.

4. LiuY, Zhang LY, Gao JF, Zhang GL, Xu K. Research progress of microbub-
bles derived from mesenchymal stem cells in rheumatic diseases. Chin J
Rheumatol. 2017;21:495-8 ((in Chinese)).

5. Mathieu M, Martin-Jaular L, Lavieu G, Thery C. Specificities of secretion
and uptake of exosomes and other extracellular vesicles for cell-to-cell
communication. Nat Cell Biol. 2019;21:9-17.

6. HeC, Zhengs, LuoY, Wang B. Exosome theranostics: biology and transla-
tional medicine. Theranostics. 2018;8:237-55.

7. Nolte-'T HE, Cremer T, Gallo RC, Margolis LB. Extracellular vesi-
cles and viruses: are they close relatives? Proc Natl Acad Sci U S A.
2016;113:9155-61.

8. Yang D, Zhang W, Zhang H, Zhang F, Chen L, Ma L, et al. Progress,
opportunity, and perspective on exosome isolation—efforts for efficient
exosome-based theranostics. Theranostics. 2020;10:3684-707.

9. Thery C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsito-
haina R, et al. Minimal information for studies of extracellular vesicles
2018 (MISEV2018): a position statement of the International Society for
Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell
Vesicles. 2018;7:1535750.

10. Gurunathan S, Kang MH, Jeyaraj M, Qasim M, Kim JH. Review of the isola-
tion, characterization, biological function, and multifarious therapeutic
approaches of exosomes. Cells-Basel. 2019,8:307.

11. Doyle LM, Wang MZ. Overview of extracellular vesicles, their origin,
composition, purpose, and methods for exosome isolation and analysis.
Cells-Basel. 2019;8:727.

12. Meldolesi J. Exosomes and ectosomes in intercellular communication.
Curr Biol. 2018;28:R435-44.

13. Lasser C, Eldh M, Lotvall J. Isolation and characterization of RNA-contain-
ing exosomes. J Vis Exp. 2012,59:e3037.

14. Sodar BW, Kittel A, Paloczi K, Vukman KV, Osteikoetxea X, Szabo-Taylor K,
et al. Low-density lipoprotein mimics blood plasma-derived exosomes
and microvesicles during isolation and detection. Sci Rep. 2016,6:24316.

15. van der Pol E, Coumans F, Varga Z, Krumrey M, Nieuwland R. Innova-
tion in detection of microparticles and exosomes. J Thromb Haemost.
2013;11(Suppl 1):36-45.

16. van der Pol E, Hoekstra AG, Sturk A, Otto C, van Leeuwen TG, Nieuwland
R. Optical and non-optical methods for detection and characterization of
microparticles and exosomes. J Thromb Haemost. 2010;8:2596-607.

17. Daaboul GG, Gagni P, Benussi L, Bettotti P, Ciani M, Cretich M, et al. Digital
detection of exosomes by interferometric imaging. Sci Rep. 2016;6:37246.

18. Gutierrez-Vazquez C, Villarroya-Beltri C, Mittelbrunn M, Sanchez-Madrid
F. Transfer of extracellular vesicles during immune cell-cell interactions.
Immunol Rev. 2013;251:125-42.

19. Nolan JP, Duggan E. Analysis of individual extracellular vesicles by flow
cytometry. Methods Mol Biol. 2018;1678:79-92.

20. Morales-Kastresana A, Telford B, Musich TA, McKinnon K, Clayborne C,
Braig Z, et al. Labeling extracellular vesicles for nanoscale flow cytometry.
Sci Rep. 2017;7:1878.

21. Wang P Wang H, Huang Q, Peng C, Yao L, Chen H, et al. Exosomes
from M1-Polarized macrophages enhance paclitaxel antitumor activity
by activating macrophages-mediated inflammation. Theranostics.
2019,9:1714-27.

22. van der Pol E, Coumans FA, Grootemaat AE, Gardiner C, Sargent IL,
Harrison P, et al. Particle size distribution of exosomes and microvesicles
determined by transmission electron microscopy, flow cytometry, nano-
particle tracking analysis, and resistive pulse sensing. J Thromb Haemost.
2014;12:1182-92.



Zhao et al. Stem Cell Research & Therapy

23.

24.

25.

26.

27.

28.
29.
30.
31
32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

(2022) 13:230

Dragovic RA, Gardiner C, Brooks AS, Tannetta DS, Ferguson DJ, Hole P,

et al. Sizing and phenotyping of cellular vesicles using Nanoparticle
Tracking Analysis. Nanomedicine-UK. 2011;7:780-8.

Betzer O, Perets N, Angel A, Motiei M, Sadan T, Yadid G, et al. In vivo
neuroimaging of exosomes using gold nanoparticles. ACS Nano.
2017;11:10883-93.

Jung KO, Jo H, Yu JH, Gambhir SS, Pratx G. Development and MPI
tracking of novel hypoxia-targeted theranostic exosomes. Biomaterials.
2018;177:139-48.

Wubbolts R, Leckie RS, Veenhuizen PT, Schwarzmann G, Mobius W,
Hoernschemeyer J, et al. Proteomic and biochemical analyses of human
B cell-derived exosomes. Potential implications for their function and
multivesicular body formation. J Biol Chem. 2003;278:10963-72.
Colombo M, Moita C, van Niel G, Kowal J, Vigneron J, Benaroch P, et al.
Analysis of ESCRT functions in exosome biogenesis, composition and
secretion highlights the heterogeneity of extracellular vesicles. J Cell Sci.
2013;126:5553-65.

Pisitkun T, Shen RF, Knepper MA. Identification and proteomic profiling of
exosomes in human urine. Proc Natl Acad Sci U S A. 2004;101:13368-73.
Gupta D, Zickler AM, EI AS. Dosing extracellular vesicles. Adv Drug Deliv
Rev.2021;178: 113961.

Zhang L, Wrana JL. The emerging role of exosomes in Wnt secretion and
transport. Curr Opin Genet Dev. 2014,27:14-9.

Stoorvogel W, Kleijmeer MJ, Geuze HJ, Raposo G. The biogenesis and
functions of exosomes. Traffic. 2002;3:321-30.

Yoon YJ, Kim OY, Gho YS. Extracellular vesicles as emerging intercellular
communicasomes. Bmb Rep. 2014;47:531-9.

Anel A, Gallego-Lleyda A, de Miguel D, Naval J, Martinez-Lostao L. Role of
exosomes in the regulation of T-cell mediated immune responses and in
autoimmune disease. Cells-Basel. 2019;8:154.

Chen TS, Lai RC, Lee MM, Choo AB, Lee CN, Lim SK. Mesenchymal stem
cell secretes microparticles enriched in pre-microRNAs. Nucleic Acids Res.
2010;38:215-24.

Baietti MF, Zhang Z, Mortier E, Melchior A, Degeest G, Geeraerts A, et al.
Syndecan-syntenin-ALIX regulates the biogenesis of exosomes. Nat Cell
Biol. 2012;14:677-85.

Boriachek K, Islam MN, Moller A, Salomon C, Nguyen NT, Hossain M, et al.
Biological functions and current advances in isolation and detection
strategies for exosome nanovesicles. Small. 2018;14:1702153.

Zhang J, Li S, Li L, Li M, Guo C, Yao J, et al. Exosome and exosomal
microRNA: trafficking, sorting, and function. Genom Proteom Bioinform.
2015;13:17-24.

Kalluri R, LeBleu VS. The biology, function, and biomedical applications of
exosomes. Science. 2020;367:eaau6977.

Kapsogeorgou EK, Abu-Helu RF, Moutsopoulos HM, Manoussakis MN.
Salivary gland epithelial cell exosomes: a source of autoantigenic ribonu-
cleoproteins. Arthritis Rheum. 2005;52:1517-21.

Gallo A, Jang SI, Ong HL, Perez P, Tandon M, Ambudkar |, et al. Targeting
the Ca(2+) sensor STIM1 by exosomal transfer of Ebv-miR-BART13-3p is
associated with Sjogren’s syndrome. EBioMedicine. 2016;10:216-26.
Cortes-Troncoso J, Jang S|, Perez P, Hidalgo J, lkeuchi T, Greenwell-Wild T,
et al. T cell exosome-derived miR-142-3p impairs glandular cell function
in Sjogren’s syndrome. JCl Insight. 2020;5:e133497.

Alevizos |, Alexander S, Turner RJ, lllei GG. MicroRNA expression profiles
as biomarkers of minor salivary gland inflammation and dysfunction in
Sjogren’s syndrome. Arthritis Rheum. 2011,63:535-44.

Ajit SK. Circulating microRNAs as biomarkers, therapeutic targets, and
signaling molecules. Sensors (Basel). 2012;12:3359-69.

Michael A, Bajracharya SD, Yuen PS, Zhou H, Star RA, lllei GG, et al.
Exosomes from human saliva as a source of microRNA biomarkers. Oral
Dis. 2010;16:34-8.

Agrawi LA, Galtung HK, Vestad B, Ovstebo R, Thiede B, Rusthen S, et al.
Identification of potential saliva and tear biomarkers in primary Sjogren’s
syndrome, utilising the extraction of extracellular vesicles and proteomics
analysis. Arthritis Res Ther. 2017;19:14.

Lin J, Li J, Huang B, Liu J, Chen X, Chen XM, et al. Exosomes: novel bio-
markers for clinical diagnosis. Sci World J. 2015;2015: 657086.

Kakan SS, Janga SR, Cooperman B, Craig DW, Edman MC, Okamoto CT,
et al. Small RNA deep sequencing identifies a unique miRNA signature
released in serum exosomes in a mouse model of Sjogren’s syndrome.
Front Immunol. 2020;11:1475.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 10 of 11

Cecchettini A, Finamore F, Puxeddu |, Ferro F, Baldini C. Salivary extracel-
lular vesicles versus whole saliva: new perspectives for the identification
of proteomic biomarkers in Sjogren’s syndrome. Clin Exp Rheumatol.
2019;37(Suppl 118):240-8.

Revenfeld AL, Baek R, Nielsen MH, Stensballe A, Varming K, Jorgensen M.
Diagnostic and prognostic potential of extracellular vesicles in peripheral
blood. Clin Ther. 2014;36:830-46.

Keller S, Ridinger J, Rupp AK, Janssen JW, Altevogt P. Body fluid derived
exosomes as a novel template for clinical diagnostics. J Transl Med.
2011;9:86.

Xu K, Liu Q Wu K, Liu L, Zhao M, Yang H, et al. Extracellular vesicles as
potential biomarkers and therapeutic approaches in autoimmune dis-
eases. J Transl Med. 2020;18:432.

Li F, Liu Z, Zhang B, Jiang S, Wang Q, Du L, et al. Circular RNA sequenc-
ing indicates circ-lQGAP2 and circ-ZC3H6 as noninvasive biomarkers of
primary Sjogren’s syndrome. Rheumatology (Oxford). 2020,59:2603-15.
Wassmer SJ, Carvalho LS, Gyorgy B, Vandenberghe LH, Maguire CA.
Exosome-associated AAV2 vector mediates robust gene delivery into the
murine retina upon intravitreal injection. Sci Rep. 2017,7:45329.

Sellam J, Proulle V, Jungel A, Ittah M, Miceli RC, Gottenberg JE, et al.
Increased levels of circulating microparticles in primary Sjogren’s
syndrome, systemic lupus erythematosus and rheumatoid arthritis and
relation with disease activity. Arthritis Res Ther. 2009;11:R156.

Bartoloni E, Alunno A, Bistoni O, Caterbi S, Luccioli F, Santoboni G, et al.
Characterization of circulating endothelial microparticles and endothelial
progenitor cells in primary Sjogren’s syndrome: new markers of chronic
endothelial damage? Rheumatology (Oxford). 2015;54:536-44.

Bianco NR, Kim SH, Ruffner MA, Robbins PD. Therapeutic effect of
exosomes from indoleamine 2,3-dioxygenase-positive dendritic cells

in collagen-induced arthritis and delayed-type hypersensitivity disease
models. Arthritis Rheum. 2009;60:380-9.

Xu H, Jia S, Xu H. Potential therapeutic applications of exosomes in differ-
ent autoimmune diseases. Clin Immunol. 2019;205:116-24.

Kim SH, Lechman ER, Bianco N, Menon R, Keravala A, Nash J, et al.
Exosomes derived from IL-10-treated dendritic cells can suppress inflam-
mation and collagen-induced arthritis. J Immunol. 2005;174:6440-8.
Zhang W, Wang Y, Kong Y. Exosomes derived from mesenchymal

stem cells modulate miR-126 to ameliorate hyperglycemia-induced
retinal inflammation via targeting HMGB1. Investig Ophthalmol Vis Sci.
2019;60:294-303.

Lu FB, Chen DZ, Chen L, Hu ED, Wu JL, Li H, et al. Attenuation of
experimental autoimmune hepatitis in mice with bone mesenchymal
stem cell-derived exosomes carrying microRNA-223-3p. Mol Cells.
2019;42:906-18.

Bai L, Shao H, Wang H, Zhang Z, Su C, Dong L, et al. Effects of mesenchy-
mal stem cell-derived exosomes on experimental autoimmune uveitis.
Sci Rep. 2017;7:4323.

Li L, Zuo X, Xiao Y, Liu D, Luo H, Zhu H. Neutrophil-derived exosome from
systemic sclerosis inhibits the proliferation and migration of endothelial
cells. Biochem Biophys Res Commun. 2020;526:334-40.

Bullerdiek J, Flor I. Exosome-delivered microRNAs of ‘chromosome 19
microRNA cluster”as immunomodulators in pregnancy and tumorigen-
esis. Mol Cytogenet. 2012;5:27.

Luan X, Sansanaphongpricha K, Myers I, Chen H, Yuan H, Sun D. Engineer-
ing exosomes as refined biological nanoplatforms for drug delivery. Acta
Pharmacol Sin. 2017;38:754-63.

Colao IL, Corteling R, Bracewell D, Wall I. Manufacturing exosomes: a
promising therapeutic platform. Trends Mol Med. 2018,;24:242-56.

Hai B, Shigemoto-Kuroda T, Zhao Q, Lee RH, Liu F. Inhibitory effects of
iPSC-MSCs and their extracellular vesicles on the onset of sialadenitis in a
mouse model of Sjogren’s syndrome. Stem Cells Int. 2018;2018:2092315.
Abughanam G, Elkashty OA, Liu'Y, Bakkar MO, Tran SD. Mesenchymal
stem cells extract (MSCsE)-based therapy alleviates xerostomia and
keratoconjunctivitis sicca in Sjogren’s syndrome-like disease. Int J Mol Sci.
2019;20:4750.

Rui K, Hong Y, Zhu Q, Shi X, Xiao F, Fu H, et al. Olfactory ecto-mesenchy-
mal stem cell-derived exosomes ameliorate murine Sjogren’s syndrome
by modulating the function of myeloid-derived suppressor cells. Cell Mol
Immunol. 2021;18:440-51.

Li B, Xing Y, Gan'Y, He J, Hua H. Labial gland-derived mesenchymal

stem cells and their exosomes ameliorate murine Sjogren's syndrome



Zhao et al. Stem Cell Research & Therapy ~ (2022) 13:230 Page 11 of 11

by modulating the balance of Treg and Th17 cells. Stem Cell Res Ther.
2021;12:478.

70. Kim H, Zhao Q, Barreda H, Kaur G, Hai B, Choi JM, et al. Identification of
molecules responsible for therapeutic effects of extracellular vesicles
produced from iPSC-derived MSCs on Sjogren's syndrome. Aging Dis.
2021;12:1409-22.

71. Yamashita T, Takahashi Y, Takakura Y. Possibility of exosome-based
therapeutics and challenges in production of exosomes eligible for
therapeutic application. Biol Pharm Bull. 2018;41:835-42.

72. Cheng L, Zhang X, Tang J, Lv Q Liu J. Gene-engineered exosomes-
thermosensitive liposomes hybrid nanovesicles by the blockade of CD47
signal for combined photothermal therapy and cancer immunotherapy.
Biomaterials. 2021,275: 120964.

73. Wang J,Wang C, Li Y, Li M, Zhu T, Shen Z, et al. Potential of peptide-
engineered exosomes with overexpressed miR-92b-3p in anti-angiogenic
therapy of ovarian cancer. Clin Transl Med. 2021;11: e425.

74. Guo L, Huang Z, Huang L, Liang J, Wang P, Zhao L, et al. Surface-modified
engineered exosomes attenuated cerebral ischemia/reperfusion injury
by targeting the delivery of quercetin towards impaired neurons. J Nano-
biotechnol. 2021;19:141.

75. KaseY, Uzawa K, Wagai S, Yoshimura S, Yamamoto JI, Toeda Y, et al. Engi-
neered exosomes delivering specific tumor-suppressive RNAi attenuate
oral cancer progression. Sci Rep. 2021;11:5897.

76. Han Q Xie QR, Li F,Cheng Y, WuT, Zhang Y, et al. Targeted inhibition of
SIRT6 via engineered exosomes impairs tumorigenesis and metastasis in
prostate cancer. Theranostics. 2021;11:6526-41.

77. HuangY,LiR Ye S, LinS,Yin G, Xie Q. Recent advances in the use of
exosomes in Sjogren’s syndrome. Front Immunol. 2020;11:1509.

78. Zhang L, Yu D. Exosomes in cancer development, metastasis, and immu-
nity. Biochim Biophys Acta Rev Cancer. 2019;1871:455-68.

79. LiN, Zhao L, WeiY, Ea VL, Nian H, Wei R. Recent advances of exosomes in
immune-mediated eye diseases. Stem Cell Res Ther. 2019;10:278.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Research status and future prospects of extracellular vesicles in primary Sjögren’s syndrome
	Abstract 
	Introduction
	Overview of extracellular vesicles
	Separation and purification of extracellular vesicles
	Identification of extracellular vesicles
	Tracing extracellular vesicles
	Contents and modes of action
	Biological function
	Research progress on extracellular vesicles in the pathogenesis of pSS
	Research progress on extracellular vesicles in the treatment of pSS
	Prospect of clinical transformation of EVs in pSS
	Conclusion
	Acknowledgements
	References


