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Abstract: Systemic autoimmune diseases (SADs) encompass a spectrum of organ involvement, clinical heterogeneity, and therapeutic
challenges meriting significant research. These conditions involve the immune system mistakenly attacking and damaging multiple
body tissues and organs, leading to chronic inflammation and damage. Exosomes are nanoscale extracellular vesicles secreted by cells
that modulate intercellular communication and immunity. Accumulating evidence indicates that exosomes have multifaceted roles in
the pathogenesis of SADs through processes like cellular signaling, immune modulation, antigen presentation, and inflammatory
response. The cargo of exosomes, such as proteins, miRNAs, and lipids, are vital determinants of cellular and humoral immunity. This
review examines key signaling pathways in four common SADs, rheumatoid arthritis, systemic lupus erythematosus, systemic
sclerosis, and Sjogren’s syndrome, and explores exosome as non-invasive biomarkers for diagnosis, disease monitoring, and
therapeutic response prediction. Additionally, the therapeutic potential of mesenchymal stromal cells (MSCs) or various type of
mesenchymal stem cells derived exosomes as cell-free immunotherapies for SADs is highlighted. Engineered exosomes, with
enhanced targeting, bioavailability, low toxicity, are emerging as promising drug delivery vehicles. However, challenges such as
high production costs, technical complexity, and inefficiency, along with the lack of standardized protocols, limit clinical implementa-
tion in SADs. A deeper understanding of exosome roles in SADs pathogenesis and innovative immunotherapies may provide valuable
theoretical support for the diagnosis and treatment of these challenging conditions.
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Introduction

Autoimmune diseases (ADs) are a group of conditions in which the immune system mistakenly targets and attacks
normal tissues, leading to immune regulatory disorders.' ™ Affecting approximately 10% of the global population,
ADs present a significant healthcare challenge due to the increasing number of patients.* These diseases are often
characterized by the presence of autoreactive lymphocytes and abnormal antibodies, which attack and destroy
healthy cells and tissues, causing tissue damage.” The causes of ADs are often the result of the interaction of
multiple factors, including environmental factors, genetic susceptibility, and immune system status, all contributing
to immune abnormalities. Lifestyle factors such as diet, smoking habits, and infections can also affect discase
progression.®” ADs are classified based on clinical manifestations into organ-specific ADs and systemic ADs
(SADs). SADs exhibit extensive lesions across multiple systems and organs, typically feature more intricate
pathological mechanisms and diverse clinical manifestations, thereby posing greater challenges in diagnosis and
treatment. Genome-wide association studies (GWAS) have identified numerous genomic loci and variations asso-
ciated with autoimmunity, which are increasingly used in polygenic scores to predict disease susceptibility.* '° For
example, integrating GWAS data with protein quantitative trait loci (pQTL) information facilitated identifying
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proteins targets for multiple sclerosis treatment.!'" Besides pQTL, regions of methylation and expression of
quantitative trait loci (mQTL and eQTL) in the genome often undergo mutations, affecting disease
susceptibility.'>'> However, there is still a long way to go in uncovering the specific functional effects of these
mutations and linking genetic variations with the molecular mechanisms of diseases. At present, the treatments for
SADs are limited and tend to focus on conservative symptomatic relief or systemic immunosuppressive therapy,
which often show poor efficacy and serious side effects, lacking precise targeted therapeutic approaches.'®
Therefore, it is urgent to understand the initiation and progression of SADs at refined molecular levels to provide
new ideas for the etiology, pathogenesis, and treatment.

A growing body of research indicates that exosomes are involved in the communication between immune cells and
the regulation of immune responses. These nanoscale vesicles possess strong immune regulatory properties that are
essential for maintaining cellular homeostasis. They mediate immune tolerance and regulation, enabling the body to fight
against foreign pathogens.'> The interaction mechanisms between immune cells include direct contact, the release of
soluble immune regulatory factors, and signaling mediated by extracellular vesicles (EVs). The molecular cargos of
exosomes, including immune regulatory factors, miRNAs, and lipids, are pivotal in both cellular and humoral immunity.
By transferring these components, exosomes modulate gene expression and molecular pathways critical to immune
regulation.>'® In addition to these natural functions, engineered exosomes produced through genetic modification and the
alteration of parental cells using bioengineering techniques have shown great potential as drug delivery vehicles.'”
Compared to natural exosomes, engineered exosomes exhibit higher drug loading efficiency, improved targeting
capability, and have been widely studied in the treatment of tumors, neurodegenerative diseases, and
immunotherapy.'® The ability to modify exosomes for specific therapeutic purpose further enhances their role in
SADs, where exosomes facilitates intercellular communication and transport bioactive molecules like proteins, lipids,
and RNAs that influence the pathogenesis and progression of SADs.'*? Exosome can modulate immune responses,
disrupt immune homeostasis, and promote inflammation, all of which are central to the development and exacerbation of
SADs.>'? In systemic lupus erythematosus, exosomes are involved in platelet activation and systemic endothelial
activation pathways.”>* Exosomes exhibit immunomodulatory effects through functionally transferring endogenous
miRNAs to receptor cells.”> Numerous studies also demonstrate the immunomodulatory function of mesenchymal

stromal cells (MSCs) or various type of mesenchymal stem cells derived exosomes in rheumatoid arthritis.”*>®

Furthermore, exosomes have been explored as potential biomarkers for diagnosis and therapeutic agents in SADs.***
Especially in lupus nephritis-associated renal damage, exosomes show promise as non-invasive diagnostic
biomarkers.”*®' These potential applications suggest that exosome can serve not only as feasible diagnostic tools for
SADs, but also as a new cell-free immunotherapy.

As exosome regulates the immune system, mediates inflammation and angiogenesis processes, and drives cellular
functional disorders, which are key pathological factors in SADs, exploring the relationship between exosomes and
SADs may contribute to the timely diagnosis and early prevention of these conditions. This review elaborates on the
latest progress in the application of exosomes in SADs, focusing on four common conditions: rtheumatoid arthritis
(RA), systemic lupus erythematosus (SLE), systemic sclerosis (SSc), and Sjogren’s syndrome (SS). From the
perspective of exosomes, this review aims to elucidate pathological mechanisms and their potential as disease
biomarkers across these conditions. Specifically, current insights are highlighted regarding exosome-mediated effects
on immune dysfunction, inflammation, and tissue damage in SADs. Emerging evidence indicates that exosomal
miRNA and protein profiles may serve as promising non-invasive diagnostic indicators and surrogate markers for
disease assessment over time. Finally, innovative treatment strategies are summarized, including targeted regulation of
exosome cargoes in immune cells such as neutrophils, B lymphocytes, or T lymphocytes, which are expected to
become new targets for immunotherapy. We also introduced engineered exosomes, modified using bioengineering
technologies, which show great potential in the treatment of SADs. In addition, MSC-derived exosome therapy as an
emerging therapeutic approach for SADs will be highlighted in this review. With enhanced understanding of exosomes
involvement in SADs pathogenesis, opportunities may arise for optimized diagnosis and therapeutic treatment in
clinical practice.
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The Biological Characteristics of Exosomes

EVs are particles released involuntary from cells, and are a general term for all extracellular lipid bilayer structures. Based on
factors such as size, density, biochemical composition, and cell origin, EVs are classified into exosomes, microvesicles, and
apoptotic bodies.**** The concept of exosome was first introduced in 1980s to describe small vesicles released during the
maturation of sheep reticulocytes, which were subsequently named as “exosomes”.>**> With advances in separation and
extraction technology, mol139re in-depth studies on exosomes have emerged. Specifically, exosomes typically measure
40-160 nm in diameter and feature a phospholipid bilayer membrane structure, originating from the multivesicular endosome.
Exosomes contents include nucleic acid, lipids, proteins, amino acids, and other metabolites that can significantly influence
immune cell function and autoimmune responses. Many cell surface proteins are distributed on exosomes, including

33,36

tetraspanins, transporters, signal transduction receptors, and integrins (Figure 1), serve as critical mediators of immune

cell communication in autoimmune conditions. Lacking a functional nucleus, exosomes are unable to replicate. However, the
discovery that exosomes mediate the transmission of their genetic cargo between cells, including mRNA and miRNA,*” has
opened up a new perspective on the understanding of intercellular communication in ADs. This heterogeneity in size and

composition directly impacts how exosomes influence autoimmune processes, as different exosome populations can either
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Figure | Biogenesis and secretion of exosomes. Exosomes are lipid bilayer vesicles ranging from 40—160 nm in diameter. Their membrane surface contains proteins including
tetraspanins, integrins, transporters, and immunomodulatory factors. Exosomal cargos incorporate proteins, DNA, RNA, lipids, amino acids, and metabolites. Exosomes are
produced through a series of membrane invaginations and fusion sorting processes involving multiple organelles. The main steps are as follows: (a) Initially, the plasma membrane
invaginates inward, encapsulating incoming materials to form early endosomes. ESCRT-0 on the cytoplasmic membrane is distributed to the early endosomal membrane and
participates in the subsequent membrane invagination. (b) Some early endosomes return to the plasma membrane. (c) In some cases, vesicles budding from mitochondria, trans-
Golgi network or endoplasmic reticulum may also fuse with these early sorting endosomes. (d) ESCRT-0 recruits ESCRT-I, ESCRT-Il, and ESCRT-IIl to the endosomal membrane
in sequence. They jointly participate in the invagination and shearing of the early endosomal membrane and mature into late endosomes. (e) The invagination and fusion of late
endosome membranes, coupled with material exchange, leads to the formation of multivesicular endosomes (MVEs). (f) Rab27A and Rab27B mediate the movement of MVEs
towards the cell periphery. (g) MVEs fuse with the plasma membrane, releasing the intraluminal vesicles (ILVs) in the form of exosomes. (h) ILVs targeted to lysosomes or
autophagosomes are metabolized and degraded. (i) Exosomes are taken up by recipient cells through endocytosis or membrane fusion, undergo substance exchanges and signal
transduction, or lysosome degradation. Created in BioRender. Lv, X. (2025) https://BioRender.com/mIno9lz.
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promote inflammation through delivering pro-inflammatory mediators or suppress autoimmunity by transferring immunor-
egulatory molecules to recipient cells.

Biogenesis of Exosomes
Exosome biogenesis occurs through a highly regulated series of cell membrane invaginations and multiple fusion sorting
processes, involving organelles such as the Golgi apparatus and lysosomes. Understanding these mechanisms is important for
comprehending how dysregulated exosome production contributes to autoimmune disease pathology. The main stages of
exosome formation are as follows: Initially, the plasma membrane invaginates, enfolding incoming material to form early
endosomes (Figure 1). In some cases, vesicles sprouting from mitochondria, trans-Golgi network or endoplasmic reticulum
may also fuse with these early-sorting endosomes.*®> Subsequently, a portion of the early endosomes returns to the plasma
membrane, while another portion matures into late endosomes. Multivesicular endosomes (MVEs) are formed through
material exchange as well as the invagination and fusion of the late endosome membrane. After sorting, a subset of MVEs
fuse with the plasma membrane with the assistance of Rab27a and Rab27b, and release the intraluminal vesicles (ILVs) as
exosomes.”> * In autoimmune conditions, this process is often dysregulated, leading to altered exosome composition and
release patterns that contribute to immune dysfunction. The remaining ILVs targeted for degradation are transported from
MVEs to lysosomes or autophagosomes, where they are ultimately metabolized and degraded. This regulated biogenesis
pathway allows selective sorting of cargo into exosomes during biogenesis for extracellular transfer between cells, which is
a process that can propagate autoimmune responses through the transfer of autoantigens and inflammatory mediators.
Following release, exosomes are taken up by recipient cells through direct or receptor-mediated endocytosis, or membrane
fusion. Internalized exosomes then undergo a series of substance exchanges and signal transduction, or lysosomes
degradation,*' which in autoimmune diseases can trigger aberrant immune activation or perpetuate inflammatory cascades.

The formation of MVEs and the generation of ILVs depend critically on the endosomal sorting complex required for
transport (ESCRT).**** The ESCRT comprise four functional components (ESCRT-0, -I, -II, and -III), an auxiliary ATPase
complex, and several accessory proteins that sorts cargo into endosomes and ultimately packages them into exosomes.*® In
autoimmune conditions, alterations in ESCRT function can lead to improper sorting of immunogenic molecules into
exosomes, contributing to disease progression. In the classical ESCRT-dependent pathway, the four ESCRT complexes are
sequentially recruited to the endosomal membrane to function.> Firstly, ESCRT-0 is recruited to the early endosome by
phosphatidylinositol-3-phosphate (PtdIns3P), which is enriched in the nuclear endosomal membrane (Figure 1).** ESCRT-0 is
responsible for recognizing and binding ubiquitinated proteins to initiate the formation of ILVs.** Then, ESCRT-0 recruits
ESCRT-I through interaction with the TSG101 subunit.**** At the same time, ESCRT-I also interacts with ESCRT-II, which
together participate in the invagination of the endosomal membrane.*® Finally, ESCRT-II initiates the assembly of ESCRT-III.
ESCRT-III involves in membrane shearing and budding ILVs into MVEs.*® Under Rab27A and Rab27B mediation, MVEs
migrate towards the cell periphery, where they fuse with the cell membrane to release ILVs (exosomes).* 447

The ESCRT machinery not only plays a key role in exosome biogenesis but also influences exosomal protein sorting, directly
activating or inhibiting cellular signaling pathways, thereby altering the immunoregulatory microenvironment and affecting
autoimmunity.>**® For instance, in SLE and RA, altered ESCRT function can lead to increased loading of autoantigens and
inflammatory mediators into exosomes. A notable example of this connection is the ESCRT-I associated protein TSG101, which
can bind to IQGAP1 to form a complex that facilitates the loading of Gasdermin D and IL-1f into exosomes. In autoimmune
inflammatory conditions, stimulation with pathogen-associated molecular patterns like LPS and damage signals such as ATP
enhances the interaction between IQGAP1 and ESCRT, promoting the release of IL-1f within exosomes.*’ This mechanism
directly contributes to the propagation of inflammatory responses in SADs, including RA and inflammatory bowel disease
mediating inflammasome activation and cytokine release. Importantly, targeting the ESCRT machinery can reduce the produc-
tion of pro-inflammatory exosomes, thereby intervening in the inflammatory progression of SADs at its source.

The Heterogeneity of Exosomes

Exosomes are released by nearly all cells as part of normal physiological processes, yet they exhibit significant “individual
differences”. The heterogeneity of exosomes is the result of a combination of factors: size, the nature of their progenitor cells,
their biogenesis pathways and the ratio and abundance of their contents and functions (Figure 2). Exosomes are endogenous
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Figure 2 Sources of exosome heterogeneity. Exosomes exhibit variability across four aspects: size, composition, cellular origin, and function. Created in BioRender. Lv, X
(2025) https://BioRender.com/k41f012.

nanoparticles in the body that can evade immune clearance and exhibit strong permeability.® Their heterogeneity in size,
cargoes, and cellular origin means the membrane surface receptors are specific to certain exosome classifications.
Consequently, target cells selectively uptake or reject particular exosome subtypes. This targeting specificity underlies the
diverse functional specialization of exosomes in intercellular communication and physiological processes. In the context of
autoimmune diseases, this heterogeneity contributes to their dual role in either exacerbating pathological immune responses or
mediating immunomodulatory effects, depending on their cellular origin and molecular cargo.

Heterogeneity in Composition of Exosomes
The heterogeneity in the constituents of exosome play an important role in both physiological and pathological processes
within the body. Exosomes are mainly composed of five types of substances: nucleotide (including RNA), lipid, proteins,
amino acids, and metabolites.>*>'? RNA and lipids are selectively and actively incorporated into intracavitary vesicles, while
the inward budding of the limiting membrane of multivesicular bodies allows for the encapsulation of cytoplasmic proteins
and other components.*® Upon fusion with the cell membrane, these vesicles release their contents into the extracellular space,
where they can be taken up by recipient cells, affecting cellular function through substance exchange. Within exosomes,
microRNA (miRNA) represents a highly abundant form of nucleic acids. These single-stranded RNA molecules, approxi-
mately 22 nucleotides in length, are encoded by endogenous genes and serve as post-transcriptional regulators of gene
expression.”” The bilayer lipid structure of exosomes can protect miRNA from degradation by ribonucleases during
transport.>® Exosomal lipids, such as sphingolipids, sphingomyelin, cholesterol, and phosphatidylserine, provide the requisite
conditions for membrane fusion and the recruitment of the ESCRT complex. These lipids are integral to the process of
endocytosis and exosomes release and mediates the interaction between exosomes and receptor cells.**>

Proteins within exosomes can be classified based on their localization: surface proteins, transmembrane proteins, and
cytoplasmic proteins. Surface and transmembrane proteins, including antigen presenting molecules such as major
histocompatibility complex (MHC),>® tetraspanins like CD63 and CD81,°"*® adhesion molecules such as integrin—oc,59
membrane transporters like Rab GTPases,’’ glycoproteins,’’ and signal receptors such as tumor necrosis factor
receptors.®> These proteins are critical for exosome targeting, delivery, recognition, and membrane fusion with recipient
cells. Cytoplasmic proteins, including components of the ESCRT machinery (Alix, TSG101), cytoskeletal proteins (actin,
tubulin), and cytokines (TNF-a, TGF-), are implicated in the secretion and biogenesis of exosomes, mediating cargo
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selection and vesicle release.*' In addition, exosomes contain heat shock proteins (HSP70, HSP90) families, which
protect cells against environment stressors and regulate protein homeostasis and synthesis.*> Metabolomics analyses have
revealed that amino acids and metabolites within exosomes can regulate the immune microenvironment, suggesting roles
in autoimmune dysfunction.®>** High-throughput metabolomic analysis of urine from SLE patients has identified
significantly altered metabolic signals, involving pathways such as propionate metabolism, cysteine-methionine meta-
bolism, and branched-chain amino acid metabolism.®” Screening for differential exosomal contents can help elucidate the
pathological mechanisms of SADs and provide new strategies for non-invasive diagnosis. The intricate composition of
exosomes is not only crucial for their biogenesis, cargo sorting, and functional delivery, but also instrumental in their
targeting and uptake by recipient cells.

Heterogeneity in Sources of Exosomes
Exosomes, originating from a diversity of cellular sources, are integral to the regulations of metabolic processes in both
healthy and diseased states through their involvement in cellular communication. Exosomes released from healthy cells
not only mediate intercellular interactions, but also participate in the repair mechanisms of injured tissues and cells. For
example, exosomes isolated from various types of stem cells, including bone marrow mesenchymal stem cells (BM-
MSCs), adipose-derived mesenchymal stem cells (AD-MSCs), human umbilical cord mesenchymal stem cells (hUC-
MSCs), and olfactory ecto-mesenchymal stem cells (OE-MSCs), have been shown to regulate immune cells. Compared
to traditional mesenchymal stem cell therapy, mesenchymal stem cell-derived exosomes, as cell-free carriers, offer
significant advantages in the treatment of SADs.?’ Neuronally derived exosomes support axon growth, differentiation of
neural stem cell into neuronal phenotypes, activation of microglia and astrocytes, and maturation of oligodendrocyte
progenitor cells. Collectively, these functions contribute to the restoration of the cellular microenvironment at injury site
and facilitate recovery of motor function and neuronal regeneration in spinal cord injury models.®® Similarly, exosomes
from MSCs have therapeutic effects in cardiac pathologies, reducing myocardial infarction size and aiding in the
preservation of cardiac function.®’ In the context of metabolic regulation, exosome from brown adipose tissue affect
liver-targeted metabolic pathways and promote the energy consumption of hepatic cells, thus improving metabolic
dysfunctions induced by a high-fat diet.°® Exosomes derived from antigen-presenting cells (APCs), including B cells,
dendritic cells (DCs), and macrophages, are loaded with tumor antigens and various immune-stimulating molecules. In
anti-tumor therapy, these exosomes participate in inducing and activating both innate and adaptive immune responses,
further enhancing specific anti-tumor immunity.®’

However, exosomes secreted in pathological states can exacerbate diseases progression. Cancer cell-derived
exosomes not only increase the migration and invasion of cancer cells by affecting the surrounding microenviron-

70,71 In

ment, but also induce angiogenesis and promote immune tolerance, accelerating tumor progression.
esophageal squamous cell carcinoma, RNA sequencing of EVs revealed that epithelial cells-derived vesicles
predominate in malignant tissues, while in benign tissues, vesicles are predominantly derived from endothelial
cells and fibroblasts.”* The same goes for SADs, circRNA in exosomes released by fibroblast-like synoviocytes in
RA can promote disease progression.””> In membranous nephropathy, albumin increases the content of miR-664a-
5p in glomerular epithelial cells. This miRNA is then transferred to podocytes via exosomes, where it induces
podocyte apoptosis by disrupting autophagy signaling cascade like HIPK2/Calpainl/GSa.”* Therefore, tracking
and analyzing the genetic origins of exosomes can provide valuable insights into disease diagnostics and

therapeutics.

Heterogeneity in Functions of Exosome

Exosomes are key intercellular messengers that regulate a spectrum of cellular pathological and physiological functions.
Derived from parental cells, they carry a subset of materials that often reflect the functions of their origin. These vesicles
are instrumental in genetic regulation, pro-angiogenesis, immune regulation, aging, cell proliferation, and inflammatory
response. Exosomes encapsulate genetic materials and characteristic molecules from their parental cells, which are
secreted into the extracellular space through exocytosis. This hereditary content, mirroring the characteristics of the
parental cells, interacts with the recipient cells, thereby affecting their functions through proteins, miRNAs, and other
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components. Recent research highlights that exosomes secreted by RA fibroblast-like synoviocytes are taken up by
osteoblasts, delivering miR-486-5p to target and downregulate Tobl in osteoblasts, thereby regulating osteoblast
differentiation and promoting the repair of RA-induced bone destruction.’”” In addition, exosomes significantly improve
endothelial function and promote angiogenesis. Pulmonary arterial hypertension (PAH) is one of the most severe
complications of SS. Under PAH condition, exosomes have been shown to release miR-224-5p and miR-361-3p to
stabilize endothelial function with the aid of SOX17, a key regulatory factor for vascular homeostasis.’® Furthermore,
neuron-derived exosomes transfer miR-132 to endothelial cells. This interaction targets the eukaryotic elongation factor 2
kinase (EEF2K) to regulate the expression of vascular endothelial cadherin, thereby maintaining vascular integrity.”’

Exosomes are considered as a new mode of cell communication that initiates and maintains adaptive immunity.”® The
process of antigen presentation, a key step in the activation of both innate and adaptive immune responses, was first discovered
in exosomes derived from B lymphocyte by Raposo G in 1996.”° Subsequent research has revealed that exosomes from DCs
contain both MHC class-I and -1l molecules, which are essential for antigen presentation.’®***! These DC-derived exosomes,
when loaded with tumor-specific peptides on MHC-I, can activate tumor-specific cytotoxic T lymphocytes, thereby inhibiting
tumor growth.®? Exosomes derived from non-professional antigen-presenting cells can also perform antigen presentation and
pro-inflammatory functions. Exosomes released by thyroid cells stimulated by the inflammatory cytokine IFN-y have been
shown to carry antigen-presenting molecule MHC-II and key autoimmune-related molecules TPO and HSP60, directly
inducing CD4" T cell-mediated adaptive immune responses and contributing to the pathogenesis of autoimmune thyroiditis.**
This evidence suggests that the exosome-mediated antigen presentation pathway plays a significant role in the occurrence and
development of ADs. Conversely, certain exosomes can also exert immunosuppressive effects, depending on their composi-
tions and cellular origin. For instance, exosomes released from Glioblastoma multiforme have been shown to carry the protein
LGALSO ligand. This protein interacts with the TIM3 receptor on DCs in the cerebrospinal fluid, inhibiting the ability of DCs
to recognize, process, and present antigens, ultimately compromising cytotoxic T cell-mediated anti-tumor immune
responses.®® This dual immunomodulatory capacity of exosomes shows their complex role in immune regulation and their
potential as therapeutic targets in autoimmune conditions.

The Application of Exosomes in Systemic Autoimmune Diseases

Exosomes are closely linked to SADs. Their role in SADs mainly involves the carriage and transmission of specific
genetic materials and immune regulatory molecules, which affect and modulate immune responses. Under pathological
conditions, exosomes can serve as biomarkers for SADs (Figure 3) and (Table 1). Significant changes occur in the
components of exosomes, such as non-coding RNA (ncRNA) and immune related proteins secreted by immune cells into
circulation, providing important support for early diagnosis and reflection of disease activity. While current clinical
treatments with hormones and immunosuppressants can alleviate the progression of SADs, cure rate remains very low.
Thus, developing new therapeutic methods is urgently needed. Due to their low immunogenicity, high efficiency, and
controllability, exosomes show great potential in the treatment of SADs (Table 2).

Exosome and Rheumatoid Arthritis
Rheumatoid arthritis (RA) is a common SAD characterized by the progressive destruction of joint cartilage and bones
caused by chronic joint inflammation, resulting in deformities, functional impairments, and even permanent disability.'"®
The pathogenesis of RA is influenced by genetics, epigenetics, hormone changes, immune abnormality, and external
environmental factors.'>!'” Clinical diagnostic methods for RA mainly include medical history, clinical symptoms and
signs, imaging examinations, and laboratory examinations. According to standards established by the European Union
Against Rheumatology, the main diagnostic indicators for RA include rheumatoid factor (RF) and anti-citrullinated
peptide antibody (ACPA)."'® However, RF and ACPA lack specificity and sensitivity, and 20-25% of seronegative cases
do not present with typical antibodies.''” Consequently, an effective and accurate biomarker is urgently needed for the
early diagnosis of RA to reduce rates of misdiagnosis and missed diagnosis.

Epigenetic risk factors are mainly involved in the pathogenesis of RA. Under various physiological conditions,
miRNA serve as epigenetic regulator, which is essential in the post transcriptional regulation of immune response and
other biological processes.>”'* Exosomes effectively protect internal miRNAs from degradation, reflecting the stability
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Figure 3 Exosomal roles in organ pathogenesis across four systemic autoimmune diseases. The inner circle represents the primary target organs in rheumatoid arthritis,
systemic lupus erythematosus, systemic sclerosis, and Sjogren’s syndrome. The outer circle illustrates the major cellular sources and humoral pathways of exosomes involved
in pathophysiological processes for each disease. Created in BioRender. Lv, X (2025) https://BioRender.com/i04t185.

and reliability of exosomal miRNAs.'> miRNA sequencing has revealed that miR-885-5p, miR-6894-3p, and miR-1268a
are significantly upregulated in the serum exosomes of RA patients compared with a healthy control group. Notably,
miR-885-5p and miR-6894-3p also show significant expression differences in ACPA-negative RA patients, making them
potential biomarkers for this subgroup.® RNA microarray analysis has identified significant dysregulation of miR-451a
and miR-25-3p in serum exosomes between healthy individuals and early RA patients.*® Another study found a negative

correlation between miRNA-548a-3p in serum exosomes and the severity of RA in patients.®” These miRNAs mentioned

above could facilitate early clinical diagnosis.

Table | Exosomes Involved in the Pathogenic Mechanisms of SADs and Their Role as Biomarkers

Disease Source Contents Application Function Ref.
RA Serum miR-885-5p, miR-6894-3p, miR- Biomarker Upregulated in serum exosomes of RA patients [85]
1268a
miR-451a, miR-25-3p Biomarker The combination of miR-451a, miR-25-3p and serum sTWEAK levels [86]
outperforms classic ACPA biomarkers in correct diagnosis
miR-548a-3p Biomarker, Downregulated in serum exosomes of RA patients [87]
treatment
SNHG6, SNHG31, RPSI8P9 Biomarker, Novel exosomal IncRNAs independently influence clinical indicators [88]
treatment related to RA
Fibroblast-like circFTO Mechanism Contributes to RA progression by targeting SOX9 in exosomal circFTO | [73]
synoviocytes derived from Fibroblast-like synoviocytes
(Continued)
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Table | (Continued).

Disease Source Contents Application Function Ref.
SLE Serum miR-21, miR-155, miR-146a Biomarker Expression of Exosomal miR-21 and miR-155 upregulated, while miR- [89]
146a expression downregulated in SLE patients
miR-451a Biomarker, Downregulated in serum exosomes of SLE patients [90]
treatment
T cells BPI Biomarker Upregulated in T cells-derived exosomes of SLE patients 9N
ECP Biomarker Upregulated in T cells-derived exosomes of SLE patients [92]
LN Serum miR-146a Biomarker Correlations exist between circulating exosomal miRNA-146a and SLE [89]
disease severity
Urine miR-146a Biomarker The miR-146a-TRAF6 axis associates with LN renal fibrosis [93]
tRF3-lle-AAT-1, tiRNA5-Lys-CTT-1 Biomarker Upregulated in urinary exosomes of LN patients [30]
SSc Dermal / Mechanism Induce macrophage activation in human dermal fibroblast-derived [94]
fibroblast exosomes in SSc
Neutrophil SI100A8/A9 Mechanism The proliferation and migration of HDMECs are possibly inhibited by [95]
SI100A8/A9 of neutrophil exosomes
Serum ENST000003 | 3807-hsa-miR-29a- Biomarker The ENST000003 | 3807-hsa-miR-29a-3p-COLIAI network in plasma [96]
3p-COLIAI network circulating exosomes represents a potential combined biomarker for the
clinical diagnosis and treatment of SSc.
SS Plasma Ceruloplasmin, transferrin Mechanism Downregulated in plasma exosomes of SS patients [971
Serum miRNA-127-3p, miRNA-409-3p, Biomarker Upregulated in serum exosomes of NOD mouse [98]
miRNA-410-3p, miRNA-541-5p,
miRNA-540-5p
T cell miR-142-3p Mechanism T cell activation may directly impair epithelial cell function through [99]
secretion of miRNA-containing exosomes

Abbreviations: ACPA, anti-citrullinated peptide antibody; BPI, bactericidal/permeability-increasing protein; ECP, eosinophil cationic protein; HDMECs, human dermal
microvascular endothelial cells; NOD mouse: a model of early-intermediate SS;

Table 2 Therapeutic Applications of MSCs-Derived Exosomes in SADs

Disease | Source | Contents Function Ref.
RA hUCMSC | miR-451a Inhibits RA SFs biological traits and improves arthritis in a CIA rat model by inhibiting ATF2 [100]
OE-MSC | PD-LI Suppresses the polarization of T follicular helper cells, reduces the differentiation of germinal center | [101]
B cells into plasma cells, and alleviates synovial inflammation and joint destruction
ADSC Dermatan | Induces the polarization of M| macrophage, regulates the M[-M2 balance, and inhibits joint [102]
sulfate inflammation
SLE UC-BSC | miR-19b Regulates the Th17/Treg cell balance and inflammatory factor expression in SLE patients through [103]
miR-19b/KLF13 pathway in UC-BSC exosomes
BM-MSC | miR-16, Promotes the anti-inflammatory polarization of macrophages in BMMSCs exosomes [104]
miR-21
LN ADSC miR-20a Prevents LN development and ameliorates established disease through miR-20a in ADSC [105]
transplantation
(Continued)
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Table 2 (Continued).

Disease | Source | Contents Function Ref.
SSc MSC miR-29a- Targets and downregulates the expression of pro-fibrotic, remodeling, anti-apoptotic factors, and [106]
3p methyltransferase via the miR-29a-3p of MSCs exosomes

miR-196b- | Suppresses collagen type | alpha 2 expression through overexpression of miR-196b-5p in fibroblasts | [107]

5p
/ Improves the therapeutic effect of MSC-EVs preferentially in the lungs of SSc mice with IFNy-pre- | [108]
activation
SS hUCMSC | / Exerts an immunomodulatory effect on the CD4 T cells through UCMSC-Exos [109]
LGMSC |/ Ameliorates murine SS by modulating the Treg and Th17 cells balance in LGMSCs and their [110]
exosomes

miR-125b | Attenuates experimental SS by targeting PRDMI and suppressing plasma cells via LGMSC derived | [I11]
exosomes-mediated miRNA-125b

DPSC / Revitalizes salivary gland epithelial cell function during SS via the GPER-mediated cAMP/PKA/CREB | [112]
pathway with DPSC-Exos

SHED / Promotes saliva secretion by suppressing p-ERK1/2-mediated apoptosis in glandular cells with [113]
SHED-exos
/ Ameliorates SS-induced hyposalivation by increasing paracellular permeability of glandular epithelial | [114]

cells through the Akt/GSK-3[/Slug pathway-mediated ZO-| expression in SHED-exos

OE-MSC | IL-6, Ameliorates murine SS by modulating myeloid-derived suppressor cells function in OE-MSC- [I15]
S100A4 exosomes

Abbreviations: hUCMSC, human umbilical cord mesenchymal stem cell; OE-MSC, olfactory ecto-mesenchymal stem cell; ADSC, adipose-derived stem cell; UC-BSC,
umbilical cord blood mesenchymal stem cell; BM-MSC, bone marrow-derived mesenchymal stem cell; MSC, mesenchymal stromal cell; LGMSC, Labial gland-derived MSCs;
DPSC, dental pulp stem cell; SHED, stem cells from human exfoliated deciduous teeth.

In addition to miRNA serving as a biomarker for clinical diagnosis of RA, long non-coding RNA (IncRNA) and
mRNA also serve as important markers and therapeutic targets in SADs. The regulation by IncRNAs involves immune
response, and the function of IncRNAs specifically expressed in serum exosomes of RA patients relates to cell
proliferation, metabolism, and communication. It is notable that inflammation-related markers such as CCL5-mRNA
and MPIG6B-mRNA in serum exosomes of RA patients are inversely correlated with RA disease activity.*!'®
Moreover, circRNAs secreted by exosomes also affect the pathological mechanism of RA.'?' For example, the expres-
sion of circFTO is increased in exosomes released by fibroblast-like synoviocytes in RA. SOX9, a key transcription
factor for cartilage development and regeneration, is targeted by circFTO, which inhibits chondrocyte proliferation,
migration, and synthesis metabolism, thus promoting the progression of RA.”* Both IncRNA and circRNA interact with
miRNA, promoting the expression and function of target mRNA, thereby forming a network of IncRNA/circRNA-
miRNA-mRNA ceRNAs (competitive endogenous RNA) involved in the pathogenesis of RA.'*?

Beyond their utility as biomarkers, exosomes demonstrate the therapeutic potential for treating RA. MSC transplanta-
tion has been shown to mitigate joint inflammation, synovial hyperplasia and bone destruction in RA patients by
modulating immune cells like DCs, natural killer cells, and macrophages that are regulated by MSCs.?*'** Exosomes
secreted by MSCs, DCs, and macrophages can also affect the biological functions of immune cells and joint cells,
suggesting exosomes may replicate some of the reparative effects of MSC therapy.''® Human umbilical cord mesench-
ymal stem cells (WUCMSC)-derived exosomes carry miRNA-451a, which inhibits the proliferation and invasion of
synovial fibroblasts by downregulating the expression of ATF2, improving arthritis in a collagen-induced arthritis (CIA)
model rats.'"” Exosomes derived from olfactory ectomesenchymal stem cells (OE-MSCs) highly express the immune
checkpoint protein PD-L1. PD-L1 downregulates CXCRS5 by inhibiting the PI3K/AKT pathway, suppressing the
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polarization of T follicular helper cells (Tth), which in turn reduces the differentiation of germinal center B cells into
plasma cells, ultimately alleviating synovial inflammation and joint destruction in the CIA model mice.'®" Furthermore,
engineering exosomes as drug delivery carriers have shown promising therapeutic prospects. Exosomes released by anti-
inflammatory (M2) macrophages, modified with both oligolysine and matrix metalloproteinase (MMP)-cleavable poly-
ethylene glycol, can remove cell-free DNA (cfDNA) from RA synovial samples, effectively alleviating RA disease
activity.'** Through metabolic glycoengineering and click chemistry techniques, dermatan sulfate (DS) was introduced
onto the surface of adipose-derived stem cells (ADSCs), enabling their secreted exosomes (DS-EXOs) to specifically
target activated macrophages in inflamed joints. DS-EXOs can also deliver anti-inflammatory miRNAs to regulate the
JAK-STAT signaling pathway, thereby inducing the polarization of M1 macrophage, regulating the M1-M2 balance, and
inhibiting joint inflammation.'®® Additionally, the delivery of super-repressor IkB (NF-kB inhibitor) via exosome can
alleviate joint inflammation and injury in RA.'*> Biomimetic exosomes can also encapsulate and deliver glucocorticoids
(GC) directly to inflamed joint tissues, enhancing GC accumulation at the inflammatory site and reducing systemic side
effect caused by long-term GC administration.'*® To sum up, these studies demonstrate the potential of exosomes as
novel treatments for RA.

Exosomes and Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is an SAD characterized by heterogeneous lesions that can affect multiple organs and
tissue throughout the body. The pathological of SLE involves the deposition of immune complexes on vascular wall, which
activates complement and immune cells, leading to tissue damage. Symptoms of SLE are complex and vary from person to
person, including skin damage, muscle and joint pain, and in severe cases, effects on the blood system, central nervous system,
and multiple organs. Cardiovascular complications and lupus nephritis (LN) are the major causes of death in SLE patients.'?’
Due to the diversity and high heterogeneity of SLE related autoantibodies, extensive research has been conducted on
identification of specific biomarkers, but there is still no definitive biomarker in clinical practice. At the same time, the
origins of antigen and pathogenic mechanisms in SLE remain to be fully explored. Serological biomarkers are important for
diagnosis and prognosis, and emerging studies suggest that exosomal miRNAs could serve as diagnostic markers and
therapeutic targets.”> The related signaling pathways and proteins targeted by exosomal miRNAs in SLE are expected to
elucidate new pathological mechanisms, providing feasible solutions for clinical diagnosis and treatment.

The utility of exosomes as biomarkers for SLE has been increasing validated. SLE is a complex autoimmune
condition that can affect multiple organs, with one of its most severe complications being LN, characterized by
glomerulonephritis. Currently, the gold standard for diagnosing LN is renal biopsy, an invasive procedure that not
only causes trauma to the kidney but also lacks the capability for dynamic monitoring.*® Exosomes offer a non-invasive
alternative for the early diagnosis and monitoring of SLE and LN. Studies have shown that miRNA-21, miRNA-155, and
miRNA-451a in serum exosomes correlate positively with disease activity and renal injury in SLE, while miRNA-146a is
down-regulated in circulating exosomes of SLE patients.**** However, a study focusing on juvenile proliferative lupus
nephritis found that circulating exosomes-derived miRNA-146a is increased and negatively correlates with the pro-
inflammatory gene TRAF6 mRNA level.”> Another study demonstrated that miRNA-146a, enriched in the urinary
exosomes of SLE patients, ameliorates the inflammatory response of podocytes by inhibiting the IRAK1/TRAF6/LPS
inflammatory pathway.'*® In the diagnosis of renal inflammatory diseases, urine testing is superior to blood testing. In
addition to miRNA, small non-coding RNAs derived from tRNA (tsSRNAs) in urinary exosomes also serve as non-
invasive biomarkers for diagnosing LN. The levels of tRF3-lle-AAT-1 and tiRNAS5-Lys-CTT-1 in urinary exosomes are
upregulated compared to those in SLE patients without LN, and their expression levels increase with disease activity.*
T cells, by inducing autoantibody production and inflammatory response, promote the progression of SAD. Research has
shown that the expression of bactericidal/permeability-increasing protein (BPI) and eosinophil cationic protein (ECP) is
increased in exosomes secreted by T cells in SLE patients. Overexpression of BPI in T cells induces inflammation by
inhibiting Treg and releasing exosomes containing BPI. These exosomes can target multiple tissues, induce serum IL-1p,
and promote autoimmune reactions.”’ Similarly, T cell-derived exosomes containing ECP can induce arthritis, hepatitis,
and nephritis in mice by inducing T cell overactivation and pro-inflammatory cytokine production.’? Thus, exosomes in
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the blood circulation not only serve as biomarkers for diagnosing SLE, but the detection of exosomes in urine also
provides a more convenient and effective non-invasive approach for assessing disease activity and prognosis.

Exosomes derived from mesenchymal stem cells exhibit potential therapeutic effects on SLE.?’ Exosomes from umbilical
cord blood mesenchymal stem cells (UC-BSCs) possess immunomodulatory functions. These exosomes target the KLF13
gene by increasing miR-19b expression, which balance Th17/Treg cell ratios in SLE patients and inhibit the production of
inflammatory cytokines. Th17 and Treg cell are associated with the secretion of inflammatory cytokines, and regulating these
cells helps manage inflammation in SLE patients.'®> Exosomes from bone marrow mesenchymal stem cells (BM-MSCs)
promote macrophage polarization by delivering miR-16 and miR-21, which efficiently clear apoptotic debris and inducing
Treg cell recruitment, counteracting the pro-inflammatory effects of Th17 cells and alleviating inflammatory response in
SLE.'™ Moreover, exosomes overexpressing miR-20a from adipose-derived mesenchymal stem cells (miR-20a-ADSCs)
increase autophagy levels by targeting the mTOR pathway, which is associated with autophagy. This mechanism reduces
podocytes damage, thereby achieving therapeutic effects in LN patients.'®> Exosomes derived from macrophages also show
potential as therapeutic targets for LN. In LN patients, the level of miR-181d-5p in exosomes secreted by MO macrophages is
increased. This miRNA targets BCL-2 to promote the inflammatory response and proptosis in human renal mesangial cells.
Inhibiting miR-181d-5p in these exosomes can effectively reverse these effects and alleviate renal injury in LN patients.'?’
Furthermore, a genetically engineered exosome specifically designed to express CD40 can influence B cell activation.
Loading mycophenolate mofetil into CD40-expressing exosomes has been shown to effectively alleviate the autoimmune
response in SLE and LN."*° Overall, exosomes carried by mesenchymal stem cells and immune cells play a beneficial role in
modulating the inflammatory response and improving prognosis in SLE and LN patients.

Exosome and Systemic Sclerosis
Systemic sclerosis (SSc), also known as scleroderma, is a rare and highly fatal autoimmune connective tissue disease. The
primary pathogenesis of SSc involves vasculopathy and immune system disturbance, which ultimately leads to progressive
132,133 -

77 with

the causes of death including interstitial lung disease, pulmonary hypertension, renal crisis, and heart disease.'** Autoantibody

fibrosis of the skin and internal organs.'*' This condition mainly affects the skin, lungs, kidneys, gastrointestinal tract

profile can predict the extent of organ involvement and disease progression in SSc. Serological testing reveals that 95% of SSc
patients exhibit nonspecific positive antinuclear antibodies. In addition, patients with different clinical manifestations show
specific autoantibodies related to SSc, such as anti-centromere antibody (ACA), anti-topoisomerase 1 (anti-SCL70), anti-RNA
polymerase (RNAP), anti-U1 ribonucleoprotein, and anti-U3 ribonucleoprotein. These autoantibodies help to predict early organ
involvement and risk stratification. However, these specific antibodies are not present in every SSc patient, and those with
negative SSc-specific autoantibodies often experience rapid disease progression and higher mortality rates.'**'* Besides
autoantibodies, some traditional biomarkers have prognostic value. For example, elevated levels of C-reactive protein in SSc
patients are associated with the severity of lung, skin, and joint involvement.'**'*® Most SSc patients exhibit increased
expression and activation of type 1 interferon regulatory genes, which can be used to determine the severity of organ lesion
and predict immune therapy response.'>” However, such biomarkers lack specificity and cannot provide more precise therapeutic
targets for clinical diagnosis and treatment. There remains a significant need for effective treatment of SSc, as symptomatic
treatment and immunosuppressive drugs have shown limited success in improving patient survival rates.'**!'3

Similar to other SADs, exosomes have been shown to fulfill a role in the pathogenesis of SSc, including immune
response, vascular inflammation, and fibrosis.'*® Recent studies have highlighted the pivotal role of different cell-derived
exosomes in SSc pathogenesis. For instance, exosomes from dermal fibroblasts in SSc patients activate macrophages,
inducing pro-fibrotic and inflammatory cytokine responses via internalization by macrophages. These activated macro-
phages, in turn, activate the production of collagen and fibronectin in fibroblasts, promoting inflammation and fibrosis of
SSc skin through exosomes.’* Proteomic analysis has made significant progress in identifying SSc biomarkers in the
serum of SSc patients.'*""'*> Exosomes serve as carriers of pro-fibrotic signals.'*> Aptamer proteomics analysis on serum
exosomes from patients with antinuclear antibodies (ANA) positive and primary Raynaud’s phenomenon has revealed
differential proteins related to inflammation and immunity, such as apolipoprotein A-1, mannose-binding protein, and
BPI. These proteins may be closely related to the pathogenesis of SSc and have potential as early biomarkers for
monitoring high-risk patients transitioning from ANA positive and Raynaud’s phenomenon to SSc.'** Previous studies
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have shown that exosomes promote angiogenesis.”” However, in the pathological process of fibrosis and inflammation in
SSc patients, exosomes released by neutrophils have an inhibitory effect on angiogenesis. The levels of SI00A8/A9
located on the vesicle surface are higher in SSc patients than in the healthy population. SIO0A8 and S100A9 are calcium
binding proteins, mainly present in the form of heterodimeric complexes of SI00A8/A9. Early studies have elucidated
that the SI00A8/A9 complex induces endothelial cell apoptosis and necrosis, leading to endothelial damage in vasculitis
and other inflammatory diseases.'*> Neutrophil exosomes in SSc patients inhibit the proliferation and migration of
endothelial cells by carrying SI00A8/A9.°> Apart from destructive proteins, a systematic analysis of gene expression
profiles of miRNA and IncRNA in exosomes from peripheral blood neutrophils in SSc patients has identified abnormal
signaling pathways, including Wnt, AMPK, IL-23, and NOTCH signaling pathways.'*® Similarly, constructing an
IncRNA-miRNA-mRNA network in circulating exosomes can also aid in early clinical diagnosis of SSc. For example,
the ENST000000313807-has-miR-29a-3p-COL1A1 network is a promising united biomarkers for the clinical diagnosis
and treatment of SSc.”® These dysregulated gene pairs are potential biomarkers and therapeutic targets for SSc.

SSc has a high mortality rate. For multi organ fibrosis, clinical practice currently relies on palliative symptomatic support
combined with immunosuppressive therapy. High risk patients meeting strict conditions may undergo organ transplantation or
hematopoietic stem cell transplantation, but these procedures carry the risk of serious side effects.'*”'*® MSC-based therapy
has shown therapeutic effects in SSc animal models.'*® Specifically, MSCs regulate fibrosis in SSc by releasing exosomes.
The miR-29a-3p in exosomes of MSCs targets and downregulates the expression of pro-fibrotic, remodeling, anti-apoptotic
factors, and methyltransferase.'” Coincidentally, miR-196b-5p inhibit type I collagen and TGF-B levels.'”” These studies
suggest that MSC-derived exosomes carry abundant anti-fibrotic miRNAs that regulate organ fibrosis through multiple
pathways. Interestingly, IFNy pre-activation can improve MSC-EVs-based therapy. Pretreating MSCs with IFNy generates
small size EVs (ssEVs) enriched in exosomes and large size EVs (ISEVs) enriched in microvesicles. Among them, ssEVs
enriched in exosomes exhibit functions including the upregulation of anti-inflammatory factors (such as iNOS, IL-1ra and IL-
6), improvement of pulmonary fibrosis, remodeling, and serving as inflammatory markers in SSc¢ animal models.'”® As
carriers of cellular information, exosomes from dermal fibroblasts in SSc patients interfere between fibroblasts and macro-
phages, leading to sustained macrophages activation, promoting fibrosis and inflammation, and activating fibroblasts causing
skin fibrosis.”* From the perspective of pathological mechanisms, exosomes mediating the mutual activation of fibroblasts and
immunocytes may be potential therapeutic targets for alleviating fibrosis.

Exosomes and Sjogren’s Syndrome

Sjogren’s syndrome (SS) is an SAD characterized by lymphocyte infiltration into exocrine glands such as the lacrimal and
salivary glands."**'>! Women account for 90% of diagnosed cases. SS is divided into primary and secondary types: primary
SS (pSS) only affects exocrine glands, while secondary SS (sSS) often occur after autoimmune diseases such as RA and SLE.
The clinical manifestations of SS mainly include dry eyes and dry mouth, which can occur from mild to severe symptoms.
Severe cases can lead to a decreased quality of life and a high risk of complications such as malignant lymphoma.'>%'>* The
pathogenesis of SS results from the interaction between genetic susceptibility and environmental triggers leading to
autoimmune reactions.'>>"'>* Exocrine gland epithelial cells (EGECs) directly participate in the enhancement of the innate
immune system in pSS and are also targets of autoimmune responses.'>* Although SS patients accounts for only 0.06% of the
world’s population,'*® the subtle onset of the disease and the lack of specificity of typical symptoms such as dry eyes and dry
mouth often lead to doctors overlooking potential SS cases. In addition, there is no reliable screening method to identify
“ordinary” patients who need clinical evaluation for SS, resulting in a high rate of missed diagnosis in clinical practice.'*%'>
According to the diagnostic criteria for pSS established by the American College of Rheumatology/European League

Against Rheumatism in 2016,'°

the scoring items include a biopsy of labial salivary gland, detection of autoantibodies
(anti-SSA/SSB), ocular staining score, Schirmer’s test, and saliva flow rate. However, saliva flow rate and ocular
condition examinations are often overlooked by dentists and ophthalmologists due to their time-consuming nature and
limited use.'>” The sensitivity of autoantibody-related serological markers is poor, and they may not be detected in the
early stages of the disease.'*® Although a lip gland biopsy is considered the gold standard for SS diagnosis, it is invasive,
and patients often experience more severe symptoms when abnormalities are detected.'*® Thus, there is an urgent need

for non-invasive, sensitive, and specific diagnostic tools for the early detection of SS to reduce the number of patients
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who experience delays due to missed diagnoses. In 2005, autoantibodies such as anti-SSA, anti-SSB, and Sm were first
detected in exosomes derived from salivary gland epithelial cells (SGECs), revealing the pathway through which
exosomes participate in the presentation of intracellular self-antigens to autoreactive lymphocytes in the immune
system.'>® Subsequently, through the detection of exosome contents in saliva and plasma, an increasing number of

differential miRNAs and proteins have been identified,”®'¢%!¢!

providing evidence for the exploration of the pathogen-
esis of SS. In addition, microRNAs in saliva and plasma exosomes have also become the most promising specific
markers for the early detection of SS.

Plasma exosomes contain molecular information that can reflect the pathological state of primitive cells, making them
valuable for studying the pathogenesis of diseases.”” Proteomic analysis of plasma exosomes from patients with pSS
revealed differentially expressed proteins (DEPs) associated with ferroptosis processes and signaling pathways, mainly
including ceruloplasmin (CP) and transferrin (TF).”” Ferroptosis is a novel cell death process caused by iron-dependent
lipid peroxidation, distinct from programmed cell death.'®® Further research found that plasma exosomes containing
ferroptosis-related DEPs may be related from diseased SGECs, suggesting a potential mechanism of ferroptosis
damaging SGECs in pSS patients. Notably, compared to healthy participants, there is no significant difference in the
expression levels of CP and TF in the plasma of patients with pSS, sSS, and non-autoimmune sicca syndrome (nSS). This
suggests that the changes in ferroptosis-related proteins content in exosomes are more indicative of the pathological state
of SGECs than in plasma, highlighting the advantages of exosomes as biomarkers.”” In a study using traditional Chinese
medicine (Modified Zengye Decoction, MZD) to treat pSS, 12 down-regulated DEPs were identified through proteomic
analysis of plasma exosomes before and after treatment. Gene Ontology (GO) analysis found that these DEPs were
mainly involved in insulin response, infection-related Gram-negative bacteria, and protein-polysaccharide binding
defense responses. Kyoto Encyclopedia of Genes (KEGG) enrichment analysis showed that down-regulated DEPs
were mainly involved in porphyrin metabolism, NF-kB and TLR4 pathways, elucidating the mechanism of action of
MZD in treating SS from the perspective of exosomes.'® circRNA and miRNA in plasma exosomes from patients with
pSS have also been confirmed as diagnostic biomarkers.”®'®* Compared to non-pSS subjects, the expression of circ-
IQGAP2 and circ-ZC3H6 in plasma exosomes from SS subjects was significantly increased. The expression levels of
circ-IQGAP2 and circ-ZC3H6 are significantly correlated with serum IgG levels and focus score. Notably, one of the
target miRNAs of circ-IQGAP2 is has-miR-142-3p. Studies have found that has-miR-142-3p expression is abnormal in
CD4" T cells from SLE and multiple sclerosis patients, suggesting that has-miR-142-3p may play a key role in mediating
autoimmune activity.'>'°® Recent studies have revealed that miR-142-3p in T cell exosomes is involved in the
immunopathogenesis of SS. Adenoid inflammation causes activated T cells to secrete exosomes containing miR-142-
3p, which are then taken up by SGECs. miR-142-3p targets intracellular Ca®" signaling pathways and inhibits cAMP
production, reducing protein production in salivary gland cells, ultimately damaging the function of gland epithelial
cells.”” Similarly, changes in the levels of some miRNAs in serum exosomes are expected to predict the state of the
disease. For instance, differentially expressed miR-127-3p, miR-329-5p, miR-409-3p, miR-410-3p, and miR-541-5p have
been screened from serum exosomes of NOD mice (an animal model of SS clinical stage).”® However, further research is
needed to determine the potential mechanisms of these differentially expressed miRNAs in the dysregulation of
inflammatory pathways and the pathogenesis of SS in human cohorts, while evaluating their potential as biomarkers
for SS and exploring their utility in monitoring disease progression.

Exosomes are also extensively studied as a potential therapy for SS.'>' Among them, exosomes derived from stem
cells are the most widely researched for the treatment of SS. Exosomes from human umbilical cord mesenchymal stem
cells (UCMSC-Exos) have immunomodulatory effects on CD4" T cells. UCMSC-Exos regulate the over-proliferation
and apoptosis of CD4" T cells through the autophagy pathway, inhibit the differentiation of Th17 cells, and increase the
proportion of Treg cells, thereby restoring the Th17/Treg balance in patients with pSS.'"’ Similar to the effects of
UCMSC-Exos, exosomes derived from labial gland mesenchymal stem cells (LGMSC-Exos) also play a positive role in
balancing Th17/Treg cells and reducing inflammatory infiltration in the salivary glands of NOD mice."'* LGMSC-Exos
exert regulatory effects on B cell subsets of NOD mice, significantly reducing the proportion of CD19CD20CD27CD38
plasma cells in peripheral blood mononuclear cells. Further research found that miR-125b within LGMSC-Exos inhibits

plasma cell differentiation in pSS by directly binding to the target gene PRDM1 (PR domain zinc finger protein 1).'"
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Exosomes derived from dental pulp stem cells (DPSC-Exos) have anti-inflammatory, antioxidant, immunomodulatory,
and tissue function restoration effects. DPSC-Exos restore the function of SGECs in SS patients by regulating the GPER-
mediated cAMP/PKA/CREB pathway, which in NOD mice manifests as increased saliva flow, reduced gland inflamma-
tion, and increased AQP5 expression.''? Exosomes obtained from stem cells of human exfoliated deciduous teeth
(SHED-Exos) improve the paracellular permeability of glandular epithelial cells mediated by ZO-1 through the Akt/
GSK-3p/Slug pathway, and can inhibit inflammation-induced apoptosis of SGECs by suppressing the p-ERK1/2 activa-
tion pathway, thereby increasing saliva secretion.''*!'* Intravenous injection of olfactory epithelial-derived mesenchy-
mal stem cell exosomes (OE-MSC-Exos) can restore the immune suppressive function of myeloid-derived suppressor
cells (MDSCs), and inhibit Tfth cell differentiation and autoantibody production through high PD-L1 expression,
significantly alleviating the disease progression of mice with experimental Sjogren’s syndrome.''> MSC-Exos are
more safe, stable, and convenient for transportation and storage than MSCs themselves, considering their small size
and low immunogenicity. The clinical treatment of SS currently mainly includes local treatment, systemic treatment, and
biological therapy.'®” Local treatment focuses on relieving dry eyes and dry mouth, while systemic treatment involves the
administration of immunomodulators and immunosuppressants, though these drugs have unavoidable side effects.
Several biological agents are being explored for targeted treatment of SS. Based on the existing research, exosomes
derived from various stem cells become one of the most promising therapeutic approaches for SS.

Summary and Prospect
Exosome have demonstrated considerable potential in the diagnosis and treatment of SADs, particularly as biomarkers,?

drug delivery carriers,'*®'®° and immunotherapy targets.”®*° While recent reviews have extensively explored the role of

170-172 . . 173,174 175,1
69170172 cardiovascular diseases,'”>"!” 75,176

exosomes in cancer, and neurological disorders, the specific mechanisms
through which exosomes contribute to systemic autoimmune pathology remain less examined. Unlike cancer-focused
studies that primarily investigate tumor-derived exosomes and their role in promoting immune responses within the
tumor microenvironment, exosomes in SADs function through fundamentally different immunological pathways. While
cancer involves immune suppression, SADs feature an overactive immune system with distinct exosome-mediated
pathways involving immune dysregulation, aberrant antigen presentation, and inflammatory cascade amplification.
Beyond their role in disease pathogenesis, exosomes hold promise as therapeutic agent in autoimmunity. In particular,
engineered exosomes derived from MSCs and immune cells offer precision-based alternatives to conventional broad-
spectrum immunosuppressants. This therapeutic approach addresses a critical need in autoimmune diseases management,
which has not been systematically examined in previous reviews. Although the clinical application of exosomes in SADs
remains in early stages and no completed clinical trials have been reported, the review of current evidence provides
a specialized framework that contextualizes their emerging relevance in SADs.

Exosomes mediate various pathological processes associated with SADs, including genetic regulation, inflammatory
response, immune response, apoptosis, and autophagy. Their functions as intercellular communication vehicles enable the
targeted delivery of aberrantly expressed biomolecules, leading to the occurrence and development of SADs. In terms of
diagnostic potential, exosome, particular those containing differentially expressed miRNAs and proteins, offer significant
advantages over conventional diagnostic methods. The differential expression of specific substances in exosomes derived
from various body fluids, such as plasma, urine, and saliva, provides a non-invasive and highly sensitive approach of
disease diagnosis and monitoring. Moreover, their ability to accurately reflect the pathological state of SADs enhances
their diagnostic precision, positioning exosome as promising candidates for early disease detection, monitoring, and the
development of personalized therapeutic strategies (Figure 4).

From a therapeutic perspective, exosomes offer unique advantages over traditional immunosuppressants, which exert
broad-spectrum effects on the entire body. Unlike conventional treatments, exosomes can selectively target specific cells
and tissues, providing more precise and manageable therapeutic options (Figure 4). Notably, exosomes are particularly
effective as highly delivery vehicles for miRNAs due to their low toxicity, weak immunogenicity, and enhanced
permeability. The lipid bilayer membrane of exosomes protects miRNAs, ensuring their stability and reducing suscept-
ibility to enzymatic degradation. Exosomes derived from immune cells and MSCs offer additional therapeutic potential
for SADs. MSCs are well known for their anti-inflammatory properties, tissue repair capabilities, and immunomodulatory
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Figure 4 Overview of the role of exosomes in SADs. (A) Diagnostic applications: Exosome isolated from various body fluids including serum, plasma, and urine, as well as cellular
sources such as neutrophils, macrophages, and synovial cells in patients with rheumatoid arthritis, systemic lupus erythematosus, systemic sclerosis, and Sjogren’s syndrome exhibit
differentially expressed molecular components. These distinct exosomal components contribute to disease pathogenesis and represent potential as biomarkers that may facilitate
more accurate and earlier disease diagnosis. (B) Therapeutic applications: In mouse model of SADs, exosomes derived from various cellular sources, including stem cells,
macrophages, fibroblasts, and engineered exosomes are administered through intravenous or intraperitoneal injection. These natural or engineered exosomes, loaded with specific
miRNAs or therapeutic agents, demonstrate efficacy in alleviating disease manifestations and slowing disease progression in experimental models, suggesting promising translational
potential for exosome-based therapies in clinical applications. Created in BioRender. Lv, X (2025) https://BioRender.com/p10s133.

effects, making them highly suitable for SADs treatment. Compared to MSCs, MSC-Exos provide several advantages,
including fewer side effects, a non-immunogenic nature, and easier storage and transport feasibility due to their cell-free
composition. These features make MSC-Exos as a potentially more practical therapeutic strategy for SADs. Research has
demonstrated that MSC-Exos can significantly alleviate disease symptoms and slow disease progression. Beyond MSCs,
exosomes secreted by immune cells such as macrophages, T cells, and DCs are also involved in the pathophysiological of
SADs. These immune cell-derived exosomes can exacerbate inflammatory responses, making them as potential targets
for therapeutic interventions. Strategic modification of their secretion patterns, molecular composition, or biological
activity may offer novel approaches for mitigating the inflammatory processes associated with SADs.

Through genetic engineering and chemical modification,'”” engineered exosomes offer an opportunity to enhance
exosome targeting capabilities and prolong circulation half-life. Compared to conventional exogenous nanocarriers such
as liposomes, solid lipid nanoparticles, dendritic polymers, and inorganic materials, engineered exosomes are emerging
as one of the most promising drug delivery vehicles due to their high bioavailability, low toxicity, drug-protective effects,
and precise targeting capabilities.'”* The therapeutic potential of engineering exosome in SADs largely stem from their
efficient drug-loading capacity and their unique interaction with immune cells. By purifying naturally isolated exosomes
from bodily fluids, loading them with therapeutic agents, and modifying their surface properties to enhance targeting
specificity, engineered exosomes can deliver therapeutic payloads more efficiently to affected tissue.!” This targeted
approach represents a significant advancement over conventional immunosuppressive therapies, potentially reducing
systemic side effects while improving therapeutic outcomes in SADs.
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One area of active research is exosomal PD-L1, an immune checkpoint protein that inhibits T cell activation through the
PD-L1/PD-1 signaling pathway. PD-L1 expressing exosomes protect tumor cells from immune surveillance, promoting tumor
progression. Studies have shown that tumor-derived exosomes carrying PD-L1 contribute significantly to angiogenesis, tumor
formation, migration, and immune evasion.'”%!”*!7® Beyond tumor cells, exosomal PD-L1 may also originate from immune
cells such as macrophages, DCs, and MDSCs. Given its significant role in immune regulation and homeostasis, exosomal PD-
Llpresents a new perspective for the diagnosis and treatment of SADs. A notable study developed PD-L1 high-expressing
EVs from bone marrow MSCs through lentiviral transfection and applied them to mouse autoimmune disease models of
ulcerative colitis and psoriasis. The results revealed that these MSC-EVs effectively targeted inflammatory sites, reshaping the
local immune microenvironment via the PD-L1/PD-1 pathway. This interaction modulated immune cell function and
alleviated symptoms of SADs,'® highlighting the therapeutic potential of exosomal PD-L1/PD-1 in treating SADs.
However, it is important to consider the dual role of exosomal PD-L1 in immune regulation. Due to its co-stimulatory effects
on immune cells, targeting tumor-derived exosomal PD-L1 may inadvertently increase the risk of SADs.'®! Similarly, when
exploring exosomal PD-L1-based immunotherapy for SADs, potential effects on the tumor microenvironment and associated
cancer risks must be carefully evaluated. The complex interplay between exosomal immune checkpoints within both
immunoregulatory and tumor microenvironments necessitates further in-depth, multi-layered research to fully elucidate
their therapeutic potential and associated risks.

Despite significant progress, major hurdles remain in the clinical translation of exosome-based therapies. The application
of exosomal miRNAs as biomarkers for SADs is still limited by challenges in exosome isolation and purification technologies.
Current methods, including ultracentrifugation, ultrafiltration, precipitation, density gradient centrifugation, immunomagnetic
bead separation, and size-exclusion chromatography, struggle to achieve both high yield and high purity.'”'®* For instance,
while ultracentrifugation can isolate a large quantity of exosomes, it has low extraction efficiency and often results in
contamination with impurities that interfere with miRNA detection. Similarly, size-exclusion chromatography can compro-
mise the integrity of exosomal membranes. Moreover, these techniques require complex instrumentation, are costly, and lack
standardized protocols, further restricting their clinical applicability. Correspondingly, the clinical translation of MSC is still in
the early exploratory stages. MSC-Exos derived from different tissues sources, including bone marrow, adipose, umbilical
cord, exhibit significant variations in their miRNA and protein profiles, leading to inconsistent therapeutic effects.
Additionally, MSC-Exos regulate multiple pathways, including Th17/Treg balance, macrophage polarization, and B cell
activation, making it difficult to determine the predominant mechanism of action. The specific immune regulatory pathways
influenced by the miRNAs, proteins, and other bioactive cargoes within MSC-Exos remain unclear. One of the primary
challenges lies in purifying exosomes in bulk from stem cells while maintaining homogeneity. Although various methods exist
for loading immunosuppressive drugs or miRNAs into exosomes, the complexity of exosome preparation, along with issues
related to storage, transport, and stability, continues to pose significant obstacles. Moreover, SADs often affect multiple organ
systems, and the specificity of target organ microenvironment, as well as the diversity of MSCs sources, must be considered
when selecting appropriate carriers and packaging for exosome formulations. Another major challenge is the short biological
half-life of exosomes following systemic administration, as they tend to accumulate in the liver and spleen, leading to rapid
clearance.'®* Despite these challenges, advance in the development of engineered exosomes hold great promise. To facilitate
clinical translation, there is an urgent need to establish standardized exosome preparation protocols, optimize drug-loading
strategies, and develop robust evolution systems to assess key parameters such as drug-loading capacity, release kinetics,
pharmacokinetics, tissue distribution, and half-life in vivo. More importantly, comprehensive safety assessments of exosome-
based formulations are necessary to ensure their clinical viability. Given the technical limitations, high costs, lack of
standardized exosome preparation strategies, and unresolved safety and stability concerns, both endogenous exosome-
targeted therapies and exogenous exosome infusion remain in the early stages of research. Although the growing body of
research highlights the therapeutic potential of exosomes, most studies are currently limited to small-scale animal experi-
ments. Larger-scale investigations are needed to advance exosome-based drug formulations for clinical application.

The pathogenesis of SADs is often influenced by a combination of genetic and environmental factors, with emerging
evidence suggesting that ethnicity, gender, and aging may modulate exosome cargo levels.'®* Further research is needed to
elucidate how these variables impact exosomal composition and function in the context of SADs. In the future, screening for
SAD-related biomarkers in circulating exosomes or other body fluids from susceptible populations could facilitate early
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disease detection, risk assessment, and preventive interventions in high-risk populations. In conclusion, while exosome-based
therapies for SADs hold immense promise, overcoming technical and logistical barriers is essential for their successful clinical
implementation. Continued research and well-designed clinical trials will be crucial in refining exosome-based drug delivery
systems and optimizing their therapeutic applications for SADs. At present, no clinical trials have been conducted specifically
investigating exosomes-based therapies for SADs. However, clinical studies in the field of medical aesthetics have explored
the use of exosome-containing solutions derived from human adipose tissue stem cells for applications such as skin
rejuvenation and acne scar treatment.'® These investigations provide a foundational framework that may pave the way for
future exosome-based therapeutic strategies for SADs. Regarding the use of exosome as biomarkers, although they are not yet
integrated into routine clinical diagnostics, numerous studies analyzing exosome content in clinical patient samples and
healthy individuals indicate their potential for disease monitoring and prognostic evaluation. Further validation through large-
scale clinical studies will be necessary to establish standardized protocols for exosome-based biomarkers detection and to
facilitate their eventual clinical implementation.
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