Cytokine: X 4 (2022) 100066

FI. SEVIER

Contents lists available at ScienceDirect
Cytokine: X

journal homepage: www.sciencedirect.com/journal/cytokine-x

Progress of exosome research in systemic lupus erythematosus

Jie Shen™', Mengyu Zhang ™', Meiyu Peng *""

@ Weifang Medical University, Weifang 261053, China

b Department of Immunology, School of Basic Medical Sciences, Weifang Medical University, Weifang 261053, China

ARTICLE INFO ABSTRACT

Keywords:

Systemic lupus erythematosus
Exosomes

Microribonucleic acid
Immunomodulation
Diagnostic role

Therapeutic potential

Systemic lupus erythematosus (SLE) is a global chronic autoimmune disease that invades most organs of the
body, with kidney injury being the most prominent feature. Exosomes are extracellular vesicles that carry a
variety of proteins, lipids and genetic material, participate in the exchange of local and intersystem information,
and play an important immunoregulatory role in a variety of autoimmune diseases. At the same time, the use of
exosomes as disease biomarkers and drug delivery carriers also shows great application prospects. This article
reviews current progress in the application of exosomes in the pathogenesis, diagnosis and treatment of SLE.

Introduction

Systemic lupus erythematosus (SLE) is a chronic relapsing and
remitting disease that results in a spectrum of mild to life-threatening
symptoms. The survival statistics of SLE patients in China in the
period from 1995 to 2013 showed that the 5-year survival rate was 94%
and the 10-year survival rate was 89% [1]. The pathogenesis of SLE
involves various manifestations, such as the hyperfunction of T and B
cells, excessive activation of the complement system, excessive pro-
duction of inflammatory cytokines, and defective macrophage function,
but its aetiology is not yet fully understood [2-4]. Clinically, the con-
ventional treatment for SLE is glucocorticoids, antimalarials, and
immunosuppressive drugs. Combining these three types of drugs im-
proves patient prognosis, but they exhibit poor targeting, are needed in
high doses, and have long administration times and high recurrence
rates [5-7]. Studies have shown that infection (33.2%), renal degener-
ation (18.7%), encephalopathy (13.8%), and cardiovascular disease
(11.5%) are the main causes of death in SLE patients. However, due to
the widespread use of hormonal drugs, infection has now become the
number one cause of death in SLE patients in China [1,8]. Long-term
drug maintenance also places great economic pressure on patients, so
it is urgent to seek new treatment options. In recent years, exosomes
have been studied more extensively, and their source, composition and
function have been gradually uncovered. Therefore, this article will

review the research progress on the correlation, diagnostic role, and
therapeutic potential between exosomes and SLE pathogenesis to pro-
vide a new direction for the study of the aetiological mechanism of SLE
and the targeting of SLE treatment.

Production and composition of exosomes

Exosomes were first identified in sheep reticulocytes in 1983 and
were named “exosomes” by Johnstone in 1987. Intracellular lysosomal
microparticles invaginate to form vesicles, which are then released into
the extracellular space as 30-100 nm membrane-bound vesicles after
fusion of the extracorporeal membrane with the cell membrane [9].
Exosomes are widely sourced, and almost all types of cells in the human
body can release exosomes under various physiopathological conditions.
Their size, shape, and density are all highly variable, depending on the
physiological state of the cell of origin [10]. Approximately 10°-10*
exosomes are produced per cell, and cancer cells can produce a greater
number of exosomes than normal cells from the same or other tissues
[11]. Exosomes are ubiquitous in body fluids, such as cerebrospinal
fluid, saliva, milk, urine, blood, and semen and reach all parts of the
body through blood circulation [12].The processes by which cells pro-
duce and absorb exosomes are interconnected, extending the complexity
of exosomes in cellular communication [13].

Exosomes are complex in composition and encapsulated by
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sphingomyelin, cholesterol, and ceramide-rich phospholipid bilayers. A
variety of transmembrane proteins and transporters are highly enriched
in exosomes, of which CD9, CD63, CD81, and TSG101 are often used as
marker proteins for exosomes [14,15]. However, the recipient cell type
is the key factor in determining whether exosomes can be taken up, and
it does not depend on the expression of marker proteins [16]. It has been
reported in the literature that there are abundant peptide-MHC com-
plexes on the surface of exosomes, as well as autoantigens, such as
DNA-protein and RNA-protein complexes, and chemically stimulated
substances, such as bacterial DNA, viral antigens, and cell wall phos-
pholipids. These are processed into peptides by professional antigen
presenting cells (APCs), and the antigenic peptides produced intracel-
lularly can be expressed on the surface of the exosome after binding to
MHC molecules [17]. Although the antigen presentation rate of peptide-
MHC complexes on the surface of exosomes is lower than that between
cells, long-term cellular stimulation or cellular memory can be main-
tained in the circulation in vivo [18,19]. In inflammatory or infectious
states such as SLE, the density of MHC/peptides on the surface of exo-
somes is markedly increased, enhancing immune cell responses [20,21].
In addition, DC-derived exosomes can transfer preformed peptide-MHC-
class II complexes into MHC-class II-deficient dendritic cells, thus
enabling them to activate antigen-specific CD4"T cells [22]. Bioactive
molecules such as DNA, RNA, mRNA and cytokines are also important
components of exosomes and participate in information transmission
between exosomes and cells [14]. Studies have found that mRNA from
the plasma exosomes of patients with SLE immune thrombocytopenia
can regulate the tight binding proteins of endothelial cells, leading to
impaired permeability of endothelial cells and promoting the progres-
sion of atherosclerosis, tumours and other diseases [23,24].

Initially, exosome contents were thought to be a by-product of body
discharge, and there is now increasing evidence that not all the material
in the cell enters the exosome [25]. Agilent microRNA microarray
analysis showed that some miRNAs (e.g., miR-760, miR-632, miR-654-
5p, and miR-671-5p) were present in the exosomes of all cell types,
whereas miR-335 was only present in the exosomes derived from pri-
mary dendritic cells [26]. In SLE patients, miR-451a was overexpressed
in T and B cells, but the expression was significantly lower in T and B
cell-derived exosomes. The entry of substances into the exosome is a
selective process, and certain substances are selectively retained in the
cell or exported to the exosome, representing a unique method of self-
regulation in the body [27,28]. The contents of exosomes affect their
size, while the source of cells and the microenvironment in which they
are located affect their function, and the mutual combination of
different characteristics increases the heterogeneity and complexity of
exosome groups. There are many mysteries about exosomes that deserve
our exploration.

Regulatory effect of exosomes on proinflammatory cytokines

Some studies have found that the exosome volume in SLE patients is
higher than that in normal individuals, which seems to be related to
excessive cell activation and immune balance disorders in these patients.
Overactivated immune cells in SLE patients play a very important role in
the pathogenesis of SLE by secreting inflammatory cytokines and
expressing abnormal adhesion molecules to promote the occurrence and
development of inflammation. Similarly, exosomes derived from SLE
patients can markedly induce the production of proinflammatory mol-
ecules by means of pathogen-associated molecular patterns (PAMPs)
and the activation of downstream transcription factors [29]. Exosomes
isolated from the plasma of SLE patients can bind to TLR7 to promote
IFN-a production by plasmacytoid dendritic cells (pDCs) [30]. The use of
TLR1/2, TLR7, and TLR9 antagonists can inhibit IFN-« production; after
the use of TLR4 antagonists, the contents of TNF-a, IL-1B, and IL-6 are
significantly reduced, which implies an important role for TLR receptors
in the mechanism of the exosome proinflammatory effect in SLE patients
[29].
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SLE disease activity is clearly associated with the number of circu-
lating exosomes and their proinflammatory potential, implying that
high disease activity is closely related to the number and nature of
exosomes produced [31]. These exosomes reduce cellular skeletal pro-
tein content, have higher concentrations of complement (Clq, Cls, C3,
C4b, and C9) and immunoglobulin (IgG, IgM, and IgA) components, are
more likely to induce the production of cytokines (BLyS, IFN-a, TNF-a,
IL-6, IL-10, and IL-1) that are positively correlated with disease activity
and are widely involved in complement activation and a series of sub-
sequent abnormal immune responses [29,32]. The large amount of IFN-
o has been shown to be one of the main hallmarks and pathogenic
mechanisms of SLE. Compared with those of healthy controls, SLE pa-
tients had increased levels of platelet-derived microparticles, T cell-
derived microparticles, monocyte-derived microparticles, and endo-
thelial cell-derived microparticles and were more pronounced in pa-
tients with higher SLEDIA scores [31,33]. However, these particles
(1-1000 nm) are a heterogeneous population within which exosomes
(<100 nm) and microvesicles (MVs) (100-1000 nm) should be included
[12,34]. Therefore, the number of exosomes produced by specific cells is
indeed increased in SLE patients [29], and it is uncertain whether all
exosomes are increased.

The presence of senescent lymphocytes is another distinct feature of
SLE, and these senescent lymphocytes can express more cytotoxic mol-
ecules and inflammatory cytokines, counteracting Treg suppression and
apoptosis. It can be speculated that exosomes derived from senescent
cells will present a proinflammatory effect [35]. Circulating exosomes in
SLE patients have a proinflammatory effect and have a significant cor-
relation with disease activity, so, circulating exosomes can also be used
as novel markers of disease activity in SLE patients. In addition, the
structural integrity of exosomes is important for the immune response,
and proinflammatory cytokine production is not clearly induced in sera
from SLE patients lacking exosomes or by mechanically disrupting the
structure of exosomes [29]. Exosomes derived from SLE patients and
treated with DNase 1-like molecule 3 (DNASE1L3) or IgG-specific
degrading enzymes had significantly reduced stimulatory responsive-
ness to dendritic cells and macrophages, producing only low levels of
cytokines such as MIP-1a, MIP-1b, IFN-a, IL-4, IL-1p, and IL-2 [36].

Regulation of immune cells by exosomes

Exosomes in SLE patients act as an important source of autoantigens
in vivo, which further leads to lymphocyte activation while causing the
release of proinflammatory cytokines and the formation of immune
complexes. Exosomes control the inflammatory process by mediating
immune stimulation and immune regulation, affecting the activation,
differentiation and apoptosis of cells [9,37].

Under physiological conditions, exosomes are independently or
negatively correlated with the activation of cells and play a role in
maintaining homeostasis and anti-inflammation states [35]. However,
“SLE-specific” exosomes derived from SLE patients have been described
as promoters of the inflammatory response [29]. In the SLE disease state,
monocytes and T cells produce exosomes with higher numbers and
surface protein expression than those in the healthy physiological state.
These exosomes can activate immune cells such as lymphocytes,
monocytes and neutrophils through blood circulation, increase the
expression of IFNR1 and BLyS on the surface of these cells, change their
normal function, and keep these cells in a higher activation state. In
addition, overactivated immune cells produce large numbers of exo-
somes, forming a vicious cycle that accelerates disease progression [35].
Moreover, excessive exosomes in the patient’s plasma may lead to
thrombosis and increase cardiovascular risk [38].

Regulatory T cells (Tregs) inhibit the activation, proliferation, and
cytokine secretion of immune cells such as B cells, T cells, NK cells,
macrophages, and dendritic cells in a non-MHC-restricted manner
[39,40]. CD47CD25" and CD8"CD25" regulatory T cells are T cells that
negatively regulate autoimmune responses in vivo and play an
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important protective role in autoimmune diseases such as SLE, and
exosomes derived from these cells have also been shown to have
immunosuppressive functions. Treg-derived exosomes express mole-
cules such as CTLA4, CD25, and CD73, which regulate the secretion of
cytokines and the proliferation of effector T cells [41]. In in vitro and in
vivo experiments, the exosomes released by Treg cells were found to
transfer let-7d, which are normally carried by Treg cells, to Th1 cells and
inhibit Th1 cell proliferation and IFN-y secretion, thereby preventing
and inhibiting systemic diseases. Exosome miRNA-mediated gene
silencing is necessary for Treg cell-mediated suppression [42]. There-
fore, exosomes derived from cells with immunosuppressive effects may
become a new research direction in SLE, which provides a new strategy
for the treatment of SLE.

Exosomes can affect the function of immune cells, and similarly, they
are associated with lymphoid organs containing these cells. Using in
vivo near-infrared (NIR) imaging techniques, Srinivasan et al. demon-
strated that exosomes can be rapidly transported within minutes from
the periphery to lymph nodes via lymphatic vessels [43]. They interact
with dendritic cells, B lymphocytes, stromal cells, and subcapsular sinus
macrophages within lymph nodes [44] (see Fig. 1).

Abnormal expression of exosome composition
Abnormal expression of proteins in exosomes of SLE

By comparing T cell-derived exosomes from healthy subjects with
those from SLE patients, we found that 16 surface proteins and 140 inner
proteins (protein phosphatases, protein kinases, and metabolic enzymes,
among others) were overexpressed in the exosomes from SLE patients
[45]. Chuang et al. found that eosinophil cationic protein (ECP) was
overexpressed in the T cell-derived exosomes from SLE patients. In an-
imal experiments, exosomes loaded with ECP were infused into normal
mice, and it was observed that the exosomes were transferred to mul-
tiple tissues of the recipient mice. This had the effect of increasing the
proportion of plasma B cells and inducing the production of autoanti-
bodies and high levels of IFN-y, leading to inflammation in various or-
gans, such as nephritis, hepatitis and arthritis [45]. Chuang et al.
demonstrated the overexpression of bactericidal/permeability
increasing protein (BPI) in T cell-derived exosomes from SLE patients.
BPI is not only a negative regulator of Treg differentiation but also in-
duces a variety of inflammatory responses, enhances autoantibody
rheumatoid factor, and stimulates IL-18 production by macrophages
[46].

In SLE patients, due to macrophage apoptosis and the impaired
macrophage clearance of apoptotic cells, apoptotic cells release more
proinflammatory exosomes and membrane vesicles containing nuclear
antigens as well as high mobility group Box 1 (HMGB1) into the blood
while continuously forming large numbers of autoimmune complexes

Promote
secretion of
pro-inflammatory

cytokines
R

103

[=Y

AR, Protein
R *l’; disordes
- \v - > v
Autoantgen ()V .»EXO&I’ITE’ .

Abnormal
expression of
genetic matenal

Cytokine: X 4 (2022) 100066

[34,47]. Unlike cytokines, such as IL-1 and TNF-a, which are rapidly
released at the initial stage of inflammation, HMGBI often appears in the
late stage of the inflammatory response and lasts longer, further
aggravating the inflammatory response and playing a key role in the
pathogenesis of systemic autoimmune diseases, especially SLE. In
addition, apoptotic cell-derived exosomes can induce B cell responses in
naive and transplanted mice, aggravating vascular rejection and C4d
deposition and leading to autoantibody production [48]. The role of
exosome surface proteins and exosome-containing proteins in the dis-
ease process of SLE patients is not fully understood. However, SLE, as a
typical immune imbalance disease, is often a concentrated manifestation
of multiple pathway abnormalities, and the cumulative effect of several
pathways can significantly increase the risk of the disease. Thus,
abnormal protein expression in exosomes plays an important role in the
pathogenesis of SLE.

Aberrant expression of transfer RNA (tRNA) -derived small noncoding
RNAs in SLE patients

Transfer RNA (tRNA)-derived small noncoding RNA (tsRNA) has the
characteristics of a more stable presence and more sensitive changes
under stress conditions than other small noncoding RNA contents do
[49]. Xu et al. found that a total of 355 tsRNAs were differentially
expressed in SLE compared with normal controls [50]. Recently, Yang
et al. proposed, for the first time, that the expression level of tsSRNA in
the serum of SLE patients can be used as a diagnostic indicator in SLE
patients with LN. The most significant differences in serum tRF-His-
GTG-1 can affect GTPase activity, thyroid T-cell differentiation, pro-
tein homodimerization, the mitogen-activated protein kinase (MAPK)
signalling pathway, Epstein-Barr virus (EBV) infection, the tumour ne-
crosis factor (TNF) signalling pathway and other signalling molecules
that play an important role in regulating the immune system [51]. Geng
et al. also showed that TRF-3009 is upregulated in CD4'T cells from SLE
patients, regulates IFN-a-induced oxidative phosphorylation of CD4™*T
cells (OXPHOS) and is positively correlated with lupus nephritis and the
disease activity index [52]. These aberrantly expressed tsRNAs are
mainly secreted through exosomes, but the relationship between tsRNAs
and exosomes is still unclear, providing an impetus for further explo-
ration of the potential clinical application of tsRNAs in exosomes and
insight into their biological functions in the future.

Abnormal expression of circulating free DNA (cfDNA) in SLE exosomes

In the healthy state, plasma circulating free DNA (cfDNA) mainly
comes from apoptosis, inflammatory infection, and tumour tissue ne-
crosis [53]. Persistent tissue inflammation and immune responses in SLE
patients greatly impair the body’s ability to clear apoptotic material, and
therefore, many DNA fragments generated by apoptosis enter the
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Fig. 1. Promoting effect of exosomes derived from patients with systemic lupus erythematosus on disease progression. The picture was created with BioRender.
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exosome or exist on its surface [54]. Studies have also confirmed the
overexpression of cfDNA in plasma exosomes of SLE patients, which is
caused by the excessive production of cfDNA in vivo and minimal
degradation in exosomes. Exosomes containing large amounts of cfDNA
have a stimulatory activity on dendritic cells and macrophages, which in
turn produce more cytokines, chemokines, and immune complexes [36].

Aberrant expression of miRNAs in SLE exosomes

Microribonucleic acids (miRNAs) are small noncoding single-
stranded RNAs of approximately 18-25 nucleotides in length that use
a variety of methods to regulate the expression of posttranscriptional
genes, affect cell development, metabolism, proliferation, and apoptosis
and maintain body homeostasis [55]. The aberrant expression or
dysfunction of miRNAs can cause abnormal pathological phenotypes
and serious biological consequences in different diseases. Epigenetic
regulation, genetic susceptibility, environmental factors, and hormone
levels can all contribute to the aberrant expression of miRNAs in SLE
[56]. Multiple miRNA disorders exist in the clinical parameters of SLE
patients and play a key role in SLE pathogenesis. Many extracellular
miRNAs were found to be present in exosomes, and differential miRNA
expression in exosomes and cells from patient serum involves cellular
communication between exosome-derived blasts and other cells [57].
When exosomes undergo membrane fusion with recipient cells, recep-
tor-ligand specific binding, or pinocytosis by specific cells, their miR-
NAs then enter recipient cells, which changes the genetic information of
the recipient cell and induces abnormal immune response mechanisms,
which are involved in the development and progression of SLE [58]. For
example, miR-21 can affect the expression of the Programmed Cell
Death 4 gene and modulate aberrant T cell responses in SLE patients.
miR-21 derived from the exosomes of SLE patients was found to induce
type [ interferon production by human plasmacytoid dendritic cells [30]
(see Fig. 2 and Table).

Diagnostic role of miRNAs in exosomes for SLE
Diagnostic role of miRNAs in urine exosomes for SLE
An increasing number of studies have been conducted on exosomal

miRNAs as biomarkers of disease activity. Lin Li et al. found markedly
abnormal expression levels of miRNAs in the urinary exosomes of

urine up: miR-26a miR-302d
miR-146a miR-3135b miR-645-5p
down: miR-29¢ miR-71
miR-31 miR-107 miR-135b-5p Let-7a
miRNA
serum up: miR-21 miR-155
down: miR-451a miR-146a

cfDNA up miR-92a-3p

SLE

tsRNA exosome

up: tRF-3009

tRF-His-GTG-1 protein

up: 16 surface proteins
140 inner proteins
HMGB1

BPI

Fig. 2. Abnormal composition of exosomes in SLE patients. The picture was
created with BioRender.
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patients with chronic kidney disease compared to those of healthy in-
dividuals [59]. miRNAs in urinary exosomes are simple and easy to
collect noninvasively, avoid various complications that may be brought
about by renal biopsy, and have the potential to be novel markers of
kidney injury in SLE [60,61]. A very small number of miRNAs found in
the urinary exosomes, which are filtered out during circulation, are
mostly actively secreted by nephron cells. Based on different renal
pathological changes, miRNAs selectively enter the exosomes and are
concentrated in them, so miRNAs in the exosomes can reflect the
physiological status of nephron cells [55].

miR-146a and miR-26a are significantly increased in the urinary
exosomes of patients with active lupus nephritis and can be used as
biomarkers of active lupus nephritis (LN) and renal podocyte injury
[55,62]. miR-146a in the exosomes of SLE patients is inversely corre-
lated with chronic inflammatory parameters such as proteinuria and
complement C3 and C4 activation. And in vitro experiments have
demonstrated that miR-146a in exosomes negatively regulates inflam-
mation by inhibiting TRAF6 and IRAK1 [63]. Similarly, miR-302d
expression was significantly enhanced in the urinary exosomes of LN
patients, which reduced the effects of TGF-f in terms of mesangial
expansion and fibrosis [64]. The level of miR-29¢ in the urinary exo-
somes of LN patients was significantly lower than that of healthy con-
trols and correlated with the degree of renal fibrosis, which has the
potential to predict the degree of renal tissue fibrosis early [65]. When
LN is in the active stage of the disease, the contents of let-7a and miR-21
in the exosome are significantly reduced and negatively correlated with
glomerular filtration rate and protein leakage, but their contents grad-
ually increase during concomitant treatment. This can serve as diag-
nostic criteria for the clinical staging of LN patients [66,67]. miR-654-5p
and miR-3135b may serve as noninvasive diagnostic markers for
crescent-shaped LNIV [68]. It has also been experimentally shown that
miR-31, miR-107, and miR-135b-5p levels are significantly increased in
the urinary exosomes of LN patients after effective treatment, and these
miRNAs are potential clinical prognostic markers that inhibit HIF1A and
reduce the production of intercellular proliferation and chemokines in
endothelial cells, thereby restoring renal function Table 1 [69].

Diagnostic role of miRNAs in serum exosomes for SLE

It has been reported that 89 miRNAs were changed in the plasma of
healthy individuals and SLE patients, and 17 miRNAs were different in
the serum of SLE patients with or without LN. The sensitivity of
detecting lupus nephritis with miR-221-5P, miR-380-3P, miR-556-5P,
miR-758-3P, and miR-3074-3P in the plasma was 97%, the positive
prediction was 82.5%, and the diagnostic rate of renal injury was 87.9%
[70]. Most miRNAs in the serum are deposited in exosomes, and many
researchers have found that multiple miRNA disorders also exist in the
serum exosomes of SLE patients.

Under normal conditions, exosomes containing miR-146a can target
the TRAF6-NF-kB signalling pathway to inhibit the senescence of MSCs.
While miR-146a expression is significantly downregulated in the serum
exosomes of SLE patients, accelerating the senescence of BM-MSCs, it is
negatively correlated with anti-dsDNA antibodies [71]. miR-21 and
miR-155 are upregulated in exosomes, are significantly positively
correlated with the severity of urinary protein levels in patients and
have diagnostic value for SLE and LN [60]. miR-451a expression was
downregulated in CD4'T or B cell-derived exosomes from active SLE
patients and was inversely correlated with 24 h urinary protein levels
and SLEDALI scores. After treatment with conventional drugs, such as
hydroxychloroquine or glucocorticoids, the content of miR-451a in
serum exosomes was significantly increased. Experiments have also
shown that the expression level of miR-451a is most significantly
decreased in proliferative LN and can be used as a potential biomarker to
determine renal injury in SLE and the different pathological types of
lupus nephritis (LN) [27].

Exosomes in the sera of SLE patients are derived from platelets,
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Table 1
Dysregulated expression of miRNAs in urine exosomes from patients with lupus and its significance in the pathogenesis of SLE.
SLE exosomal Expression Target Clinical parameters Disease market References
miRNAs levels
miR-26a up mRNAs encoding Podocyte differentiation and cytoskeletal Injured podocytes in antoimmune [62]
podocyte proteins integrity glomerulonephritis
miR-302d up TGF-p Inactive LN where normalized renal [55,64]
Reduce the effects of mesangial expansion and  function
fibrogenesis
miR-146a up TRAF6/IRAK1 Associated with proteinuria, Lupus activity and ~ Albuminuria, activity changes and [63,66]
histological features disease flares in LN
miR-29¢ down Smad3/MMP2 Early renal fibrosis in LN [65]
Correlated with degree of renal chronicity
Let-7a miR-21 down Interleukin expressions Play a role in epigenetic regulation of the Clinical stage of LN [67]
kidney
miR-3135b up / Involved in the kidney disease Potential biomarker of LNIV-CC [68]
miR-654-5p
miR-31 miR-107 miR-  down HIF1A Associated with mesangial proliferation and Clinical recovery in LN [69]
135b-5p immune regulation

leukocytes, and endothelial cells and are serologically and clinically
relevant [72]. Changes in the number and content of exosomes have
gradually become the active diagnostic criteria for various autoimmune
diseases, such as SLE, rheumatoid arthritis (RA), multiple sclerosis (MS),
and Sjogren’s syndrome (SS) [14]. Murakami et al. demonstrated that
miRNAs in serum exosomes can be used as biomarkers for the diagnostic
stage of liver disease [73]. Zhang et al. demonstrated that hsa-miR-
135b-5p in serum exosomes may be a promising seminal biomarker
for the diagnosis of steroid-induced femoral osteonecrosis [74]. By
detecting miRNAs in exosomes, it has been shown that exosomes have a
certain specificity in different tissues and different disease states and are
a new method of biomarker detection and disease monitoring. The exact
mechanism of miRNA deregulation in SLE has not been clarified, which
gives us much inspiration and is the focus of future research (see
Table 2).

Feasibility of exosomes in the treatment of SLE
Feasibility of exosomes as carriers

Exosomes have been shown to transport a variety of substances and
molecules, such as endogenous and exogenous miRNAs, small inter-
fering RNAs, long noncoding RNAs, DNA, proteins, and synthetic drugs
[75]. miR-150 molecules can downregulate the expression of cellular
kinase signalling 1 inhibitor (SOCS1) and promote renal fibrosis. It has
been experimentally demonstrated that exosomes carrying anti-miR-150
molecules released by B lymphocytes can be effectively absorbed by
CD8™ T cells, thereby reducing the damage caused by miR-150 to the
kidney [76-78]. Thus, exosomes can be used to carry multiple thera-
peutic agents.

Numerous studies have shown that exosomes also show great
promise as drug or gene delivery carriers for the treatment of SLE [74].
Curcumin has anti-inflammatory, antioxidant, and immunoregulatory
effects and can effectively reduce macrophage activation and the
macrophage secretion of B cell activator (BAFF), thus alleviating acute
and chronic immune nephritis, but its rapid clearance in vivo and low

bioavailability limit its clinical use [79]. Sun et al. reported that
encapsulating curcumin with exosomes enhanced its therapeutic ability
and effectively treated lipopolysaccharide-induced septic shock in mice
[80]. The lipid bilayer of the exosomes prevents curcumin from being
degraded and facilitates the drug’s exertion of long-acting therapeutic
effects. In addition, exosomes are membrane vesicles produced by the
secretion of various cells in the body, are decomposed by enzymes after
inactivation and do not accumulate in large numbers for a long time,
thus possessing few toxic side effects [81]. The anti-inflammatory effects
of the drug, in combination with the functional properties of exosomes,
can be used to treat inflammatory SLE and other diseases [75,82].
Moreover, the nanoscale volume allows exosomes to easily cross many
barriers to reach the brain and kidneys (that may be damaged in SLE)
and do not easily cause immune rejection in the body [83,84]. In
addition, the diverse route of administration of exosomes is another
advantage of their wide application, and appropriate administration
methods can be selected according to the lesion site, such as subcu-
taneous injection, intravenous injection, intraperitoneal injection,
intranasal injection, and oral administration [85,86].

Therapeutic effects of exosomes derived from stem cells

Bone marrow mesenchymal stem cells (MSCs) have the ability of self-
renewal and multilineage differentiation, play a key role in maintaining
immune tolerance, immunosuppression, and bone marrow microenvi-
ronment stability, and can produce a greater number of exosomes than
other cells [87]. In recent years, the MSC deficiency theory has become a
research hotspot in SLE. It has been experimentally shown that exo-
somes in SLE can break down the cytoskeleton, reduce the growth rate,
and promote the senescence of bone marrow stem cells through the NF-
kB signalling pathway [63]. Liu et al. demonstrated in MRL/Ipr mice
that exosomes derived after stem cell transplantation can transfer the
Fas gene to recipient bone marrow stem cells and restore the function of
bone marrow stem cells by regulating the miR-29b/Dnmt1/Notch
epigenetic cascade. In addition, they can also reduce the inflammatory
response in vivo by regulating innate and adaptive immune responses,

Table 2
Dysregulated expression of miRNAs in serum exosomes from patients with lupus and its significance in the pathogenesis of SLE.
SLE exosomal Expression Target Clinical parameters Disease market References
miRNAs levels
miR-451a down MIF Associated with disease activity, renal damage and Determination of renal damage in SLE and different  [27]
intercellular communication pathological types of LN
miR-21 up / Correlated with proteinuria Diagnosis SLE with and without LN [60]
miR-155
miR-146a down TRAF6/NF-  Regulate the senescence of MSC / [71]

B
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reducing B cell proliferation and activation, mediating T cell apoptosis,
and reducing lymph node and spleen weights in mice [88]. In SLE, M1
macrophages are largely activated, M2 macrophage expression is
decreased, and the imbalance of M1/M2 is an important cause of the
disease process [89,90]. A study by Dou’s team showed that MSC-
derived exosomes could significantly change tRNA-derived fragments
(tRFs) in macrophages after coculture. Of those tRFs, tsRNA-21109 may
inhibit macrophage polarization to M1 and correct the imbalance be-
tween M1/M2 through signalling pathways, such as Rapl, Ras, Hippo,
Wnt, MAPK and TGF-beta, providing a promising potential therapeutic
strategy for the treatment of SLE [49,91]. Song et al. showed that human
umbilical cord-derived bone marrow stem cells pretreated with IL-1p
significantly upregulated the expression of miR146a in their derived
exosomes, induced macrophage polarization to the M2 phenotype, and
ultimately prolonged the survival time of septic mice [92,93]. Interest-
ingly, olfactory extrinsic stem cell-derived exosomes (OE-MSC-EXOs)
also enhance the immunosuppressive function of myeloid-derived sup-
pressor cells (MDSCs), increase ROS and NO levels, and upregulate
arginase expression [94]. These findings all provide promising potential
therapeutic strategies for the treatment of SLE.

Discussion

Early treatment and disease control are essential for patients with
systemic lupus erythematosus. The 2020 Chinese Guidelines for the
Diagnosis and Treatment of Systemic Lupus Erythematosus recommend
that stable SLE patients should be assessed for disease activity every 3-6
months and that patients with active SLE should be checked at least
monthly. Patients and physicians should work together to provide reg-
ular assessment and administer and comply with rational individualized
medication plans. Exosomes, as substance reservoirs and information
transmitters, can have their contents analysed to roughly assess the
status of SLE patients. This can provide ideas for targeted therapy with
the help of drug-carrying exosomes while tracking their traces.

T cells play an important role in the occurrence and development of
SLE and participate in the disease process by expressing abnormal
adhesion molecules, activating other immune cells, secreting cytokines,
and disrupting the balance of T cells. Aberrantly expressed proteins in T
cell-derived exosomes from SLE patients promote autoimmune re-
sponses through both intrinsic (regulatory gene expression levels) and
extrinsic (induction of inflammatory exosome migration) pathways.
However, whether the expression of these abnormal proteins in exo-
somes is the cause, consequence, or both of increased SLE activity re-
quires further investigation. Research on exosomes is in the active stage,
and the progress of experiments and technological innovation will
expand the value of exosomes and improve their potential in diagnosis
and treatment. Many studies have focused on the relationship between
exosomes and inflammation and tumours, and there are limited studies
on exosomes in autoimmune diseases. Exosomes have great application
prospects in the treatment of SLE, but we must also objectively recognize
that the body is a complex regulatory system. The exact mechanism of
exosomes in the process of SLE and the realization of large-scale pro-
duction and high purity separation of exosomes so that exosome drugs
have precise targeting should be further studied. In conclusion, the
application of exosomes as diagnostic and therapeutic tools in the field
of clinical medicine will be a promising tool that can provide solutions to
numerous medical problems.
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