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ABSTRACT

Exosomes have generated significant interest in the last few decades owing to their important
roles in a diverse range of biological pathways. They are nano-sized lipid bilayer membrane
vesicles of endosomal origin, and are produced by a vast number of cell types. They are
released into the extracellular environment and are found in most biological fluids. Exosomes
can contain proteins, lipids and nucleic acids. The cargo of exosomes allows them to play roles
in cell communication, antigen presentation, as biomarkers and in immune regulation.
Substantial efforts have been made to understand their biology and potential clinical use in vari-
ous diseases, including autoimmune connective tissue diseases (ACTD). In this review, we high-
light the known functions of exosomes and detail recent advances made in the elucidation of
the roles of exosomes in ACTDs with an emphasis on their potential use as a biomarker for dis-
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ease diagnosis and as a therapeutic target.

KEY MESSAGES

e Exosome with the function of cell communication, antigen presentation, biomarkers, immune
responses and immune regulation have become a hot area and have played an important
role in several areas of science and technology especially in medicine.

e Exosomes play important roles in numerous biological processes as well as in the pathogen-

esis of ACTDs.

e Exosome comes into being the non-invasive procedure as potential biomarkers and excellent

treatment means in ACTDs.

1. Introduction

Exosomes were originally discovered in various normal
and neoplastic cell lines in 1981 [1]. They are endoso-
mal-derived nanovesicles that are defined by several
characteristics, including their size (30-100nm in
diameter), density (1.13-1.19g/ml), and morphology
(they resemble flattened spheres or saucers under a
transmission electron microscope). In addition, they
are enriched in protein markers (including TSG101,
ALIX, CD9, CD63, CD81, CD82, CD86, Hsp70 and
Hsp90) that are unique to their cell of origin [2].
However, they were later found to be produced and
secreted by a considerable number of other cell types,
including dendritic cells (DCs), B cells, T cells, mast
cells, tumour cells, neurons, astrocytes, haemocytes
and epithelial cells. Once released into the extracellu-
lar environment, exosomes can be found in many bio-
logical fluids including plasma, urine, saliva, malignant
effusions, synovial fluid, breast milk, bronchoalveolar
lavage fluid and epididymal fluid.

Although they were initially thought to act as
vehicles for the removal of cellular waste, exosomes
were later identified to have an antigen-presenting
function. More recently, researchers have revealed that
proteins and nucleic acids contained within exosome
phospholipid bilayers retain their functionality follow-
ing the endocytosis of exosomal vesicles and the dir-
ect transfer of their contents into a recipient cell. In
fact, exosomes have been shown to mediate intercel-
lular communication by acting as signal-transmitting
shuttles (“communicasomes”) between cells [3]. In
2007, exosomes were found to carry specific messen-
ger RNAs (mRNAs) as cargo, which are selectively
packaged into vesicles by the donor cell [4]. A year
later, a study by Altintas and colleagues revealed that
exosomes are also able to carry and deliver double-
stranded DNA [5]. Since then, independent studies
have identified that nearly all cell types secrete exo-
somes: to date, 4563 proteins, 1639 mRNAs and 764
micro RNAs (miRNAs) have been identified as
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exosomal cargo from different tissues and species.
Furthermore, exosomal contents vary between differ-
ent originating cell types and the physiological and
pathological conditions that prevail while exosomes
are being packaged and secreted.

In 2013, three scientists, James E. Rothman, Randy
W. Schekman and Thomas C. Sudhof, were jointly
awarded the Nobel Prize for their independent work
elucidating the molecular mechanisms that regulate
the transport of exosomes to their intended target
cell(s) at the required time. In combination, their dis-
coveries included: membrane protein monoubiquitina-
tion controls exosomal vesicle coat size and function;
a series of genes is required for vesicle trafficking [6];
elucidation of the mechanism underlying how exo-
somes fuse with their target cell membranes, allowing
the transfer of their “cargo” into the target cell cytosol
[71 and how cellular signalling controls the transport
of exosomes to a precise cellular location [8].

Exosomal biogenesis starts within the endosomal
system. Exosomes originate from early endosomes,
which  mature into multivesicular bodies (MVB)
through invagination of the endosomal membrane to
generate intraluminal vesicles (ILV). This is followed by
fusion with the plasma membrane and release of the
ILV into the extracellular space as an exosome.
Exosomes contain many different collections of pro-
teins, the composition of which can be distinct from
the cells or tissues of origin owing to selective protein
cargo loading [9]. For example, exosomes derived
from antigen-presenting cells can contain immunosti-
mulatory proteins, and tumour-derived exosomes can
contain immunosuppressive proteins [10]. Therefore,
several studies have investigated a therapeutic role for
exosomes in the modulation of the immune system.
Exosomes containing anti-inflammatory molecules
could be used as immunomodulatory agents in the
treatment of inflammatory, hypersensitivity and auto-
immune disorders [11]. Therefore, we believe there is
enormous future potential for the use of exosomes in
the diagnosis and treatment of various diseases, pro-
duction of immunosuppressive drugs and in many
other applications.

Autoimmune connective tissue diseases (ACTDs) are
chronic and complex inflammatory diseases that can
affect multiple organs and tissues, and typically have a
broad spectrum of clinical presentations. Examples of
ACTDs include systemic or discoid lupus erythemato-
sus, systemic sclerosis or scleroderma, dermatomyo-
sitis, and other conditions that cause chronic
inflammation. Many studies have revealed that the
dysregulation of exosomal function leads to the

development of ACTDs. In this review, we will analyze
the potential of exosomes in the diagnosis and treat-
ment of ACTDs.

2. The biological functions of exosomes
in ACTDs

2.1. Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is a chronic
inflammatory disease that is characterized by its clin-
ical heterogeneity. It was first described as a typical
skin lesion, and was later discovered to be a systemic
disease caused by aberrant autoimmune responses,
almost 100 years after its initial discovery [12]. The
reported prevalence of SLE in the world is 20-150
cases per 100,000 people, and a male-to-female ratio
of ~1:9 [13]. Although SLE is currently incurable,
patient survival rates and longevity have increased in
recent decades owing to improvements in diagnoses
and therapies. However, the long-term disease man-
agement and monitoring that is required for SLE
patients does incur significant medical costs [14].
Lupus nephritis (LN) is a major cause of the morbidity
and mortality of patients with systemic SLE. Indeed,
10-30% of LN patients have been reported to develop
end-stage renal disease [15].

It is possible that exosomes may serve as novel bio-
markers of SLE disease activity. Exosomes acting as
potential intercellular messengers provoke a gradual
inflammatory response in SLE patients, as the circula-
tory system enables exosomes to reach and activate
immune cells at remote sites. Circulating exosomes
purified from the serum of SLE patients were immuno-
logically active and their relative levels correlated with
disease activity in SLE patients [16]. Furthermore,
another study discovered that the urine of SLE
patients contained exosomal miRNAs. Interestingly,
higher levels of exosomal miRNAs were detected in
the urine of patients with active LN. These results indi-
cate that inflamed organs or tissues are a potentially
valuable source of exosomes. The levels of miR-29¢ in
urinary exosomes are significantly down-regulated in
LN patients with high degrees of renal chronicity, sug-
gesting that it could be used as a non-invasive marker
for the early progression of renal fibrosis [17].
Furthermore, another study observed an increase in
miR-26a levels in urinary exosomes from LN patients
compared with healthy controls that correlated posi-
tively with urinary protein levels, suggesting its poten-
tial use as a predictive biomarker of podocyte injury
[18]. Exosomal miR-146a is also involved in renal
inflammation and fibrosis [19]. LN patients have also



been observed to have high levels of glomerular miR-
146a [20]. Together, these findings support a possible
role for these miRNAs in SLE and LN pathogenesis: the
levels and composition of circulating exosomes in SLE
or LN patients could be associated with SLE and/or LN
disease activity.

Circulating exosomes from SLE patients were
observed to be immunologically active and were able
to induce the production of inflammatory cytokines
from healthy peripheral blood mononuclear cells. In
addition, interferon-o (IFN-o0) and tumour necrosis fac-
tor-oo (TNF-a) production induced by SLE exosomes
was significantly higher compared with an equivalent
number of healthy exosomes [16]. These data suggest
the possibility that the compositions and biological
activities of exosomes are disease-specific. Indeed,
microparticles from SLE patients have higher levels of
immunoglobulins and complement factors [21]. These
findings highlight the potential of using urinary exo-
somes as a non-invasive approach for diagnosing and
monitoring SLE patients [22].

Furthermore, exosomes are promising candidates as
nanocarriers for the accurate delivery of selected
nucleic acids (miRNA, siRNA and mRNA), proteins, and
therapeutic agents to their specific target cells [23].
Significantly, exosomes are highly stable in blood and
have been shown to efficiently cross biological barriers
such as the blood-brain barrier [24].

In combination, these findings strongly suggest a
potential future role for exosomes in the diagnosis
and treatment of SLE and LN.

2.2, Dermatomyositis

Dermatomyositis (DM) is a chronic inflammatory dis-
ease with symptoms including a distinctive skin rash
and muscle weakness. In addition, up to 25% of DM
patients will go on to develop an associated malig-
nancy. Therefore, both the early diagnosis of DM and
cancer screening are crucial for a favourable
patient outcome.

Myositis-specific autoantibodies (e.g. anti-Jo-1 and
anti-Mi-2) or myositis-associated autoantibodies (e.g.
anti-PM/Scl) can often be found in exosomes isolated
from the sera of patients with polymyositis (PM), a
similar muscle inflammatory disease and DM. The
presence of each of these autoantibodies appears to
be associated with different disease manifestations
and could be significant in disease classification and
enabling early patient diagnoses. Recent studies have
provided new information about several of these exo-
somal autoantibodies. Among the more important
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developments were the identification of a group of
autoantibodies directed against aminoacyl transfer
RNA (tRNA) synthetases, including histidyl tRNA syn-
thetase (anti-Jo-1) [25]; the detection of anti-Jo-1 anti-
bodies in over one-third of patients with confirmed
myelitis; and the evaluation of distinctive histopatho-
logical features of anti-Jo-1 antibody-positive patients.
In addition, new information regarding the cellular
roles of the autoantibodies’ antigens was discovered.
For example, the Mi-2 antigen was discovered to be a
helicase involved in chromosome-mediated regulation
of transcription as part of a nucleosome remodelling
deacetylase multi-protein complex [26]. Interestingly,
polymyositis/scleroderma  (PM/Scl) antibodies are
directed against an exosome complex that is com-
posed of nine proteins and several associated proteins
that play a role in RNA processing and degradation
[27]. Several studies have investigated the prevalence
of anti-PM/Scl antibodies in ACTD patients: anti-PM/Scl
antibodies are usually found only in patients with PM,
DM or systemic sclerosis (SS¢), an autoimmune disease
characterized by fibrosis and vasculopathy. The high-
est incidence of anti-PM/Scl antibodies was observed
in overlap syndromes of SSc with either PM or DM
[28]. For many years, anti-PM/Scl reactivity could only
be detected using indirect immunofluorescence and
immunodiffusion techniques. However, in 1992, sev-
eral components of the autoantigen complex were
identified and characterized, including PM/Scl-75, PM/
Scl-100 and a synthetic peptide (PM1-Alpha). This led
to the development of reliable and sensitive assays
based on recombinant proteins and peptides, which
have allowed the development of a new generation of
anti-PM/Scl tests with higher sensitivity and specificity.
These novel assays, enzyme-linked immunosorbent
assay (ELISA), line immunoassays (LIA) and addressable
laser bead immunoassay (ALBIA), led to the introduc-
tion of modern, automated and multi-parametric
assays for specific anti-PM/Scl screening [29].

DM patients with exceptional antinuclear antibody
titres and PM/Scl specificity have been reported; these
are rare serological cases with an acute monophasic
course. However, the evidence does suggest that auto-
antibodies can be used as serological markers for
accurate diagnoses of myositis-associated conditions
and as a monitor of disease behaviour [30]. To date,
little is known about the involvement of exosomes in
DM and related diseases. However, as the exosome
complex is targeted by autoantibodies, we can specu-
late that exosomes are involved in regulating
immune responses.
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2.3. Scleroderma

Scleroderma is a chronic, systemic autoimmune dis-
order, which is characterized by excessive fibrosis
caused by the abnormal growth of connective tissue
supporting the skin and internal organs. Patients can
exhibit vascular abnormalities as well as skin inflam-
mation. The skin fibrosis is thought to be a result of
excessive production of extracellular matrix proteins
by dysfunctional dermal fibroblasts [31]. Two catego-
ries of scleroderma are known: systemic sclerosis (SSc),
a chronic connective tissue disease characterized by
inflammation, cutaneous sclerosis and visceral organ
fibrosis, and localized scleroderma or morphea, which
typically causes skin thickening and only occasionally
affects the underlying muscle and tissue. Interestingly,
increased expression of the exosomal markers, CD63,
CD9 and CD81 has been observed in SSc dermal fibro-
blasts compared with normal fibroblasts, suggesting
that increased levels of exosomes were present. The
exosomes isolated from cultured SSc fibroblasts could
stimulate type | collagen expression in normal fibro-
blasts. In addition, analysis of SSc fibroblast-derived
exosomes revealed the dysregulation of collagen-
related miRNA levels. Furthermore, serum exosome
levels were significantly decreased in SSc patients
compared with healthy control patients. Lower serum
exosome levels positively correlated with the develop-
ments of vascular involvements such as skin ulcers or
pitting scars. This could be the result of a disturbed
transfer of exosomes from skin tissue to the blood-
stream, with a wound healing delay caused by the
additional down-regulation of collagen expression
[32]. Skin ulcers are a frequent complication in SSc,
which severely affects patients’ quality of life. Recently,
new therapeutic strategies for skin ulcers such as top-
ical negative pressure therapy and platelet-rich plasma
have been developed. In addition, serum-derived exo-
somes have been demonstrated to aid the healing of
skin ulcers. This provides a further example of exoso-
mal involvement in disease pathogenesis and their
therapeutic potential.

2.4. Rheumatoid arthritis

Rheumatoid arthritis (RA) is a common, systemic auto-
immune disease that causes synovial hypertrophy and
chronic joint inflammation. It can also cause multiple
extra-articular manifestations that are associated with
increased morbidity and mortality. Therefore, serological
and proteomic biomarkers are required to be identified
to allow an effective early RA diagnosis and subsequent
monitoring of the disease [33]. In particular, exosomes

have emerged as promising rheumatic disease bio-
markers [34]; in particular, exosomes can carry disease-
specific cargo, which can include metabolites, specific
proteins, mMRNA, miRNA and other non-coding RNAs. In
addition, specific membrane proteins can enable exo-
some identity and selection [34].

Recently, research has focussed on long noncoding
RNAs (IncRNAs) that are selectively sorted into exo-
somes. LncRNAs can regulate gene expression at mul-
tiple levels by interacting with DNA, RNA or protein
and have roles in immune cell development, activation
and function. Furthermore, IncRNAs are dysregulated
in various diseases, including RA [35].

One of the first IncRNAs reported to regulate gene
expression was HOX transcript antisense RNA
(HOTAIR), which has a reverse transcriptional function.
Studies by Wang et al. showed that the presence of
serum exosomal HOTAIR was significantly correlated
with clinical parameters of laryngeal squamous cell
carcinoma (LSCC), suggesting its potential as a valu-
able biomarker for both the clinical diagnosis and
monitoring of LSCC [36]. In addition, another study
observed high expression levels of HOTAIR in blood
mononuclear cells and serum exosomes from RA
patients, resulting in the migration of activated macro-
phages. In contrast, significantly lower levels of
HOTAIR were detected in differentiated osteoclasts
and rheumatoid synoviocytes. Overexpression of
HOTAIR in cultured osteoclasts resulted in lowered lev-
els of the matrix metalloproteinases (MMP) MMP-2
and MMP-13. This indicates a role for HOTAIR in the
regulation of the extracellular matrix and suggests
that exosome-derived HOTAIR could be a valuable
potential biomarker for RA diagnosis [37]. However,
further studies are needed to fully understand the
mechanisms of HOTAIR-mediated regulation of RA.

There is also immense research interest in synovial
exosomes and their association with rheumatoid arth-
ritis. Citrullinated proteins, known RA autoantigens,
have been detected in exosomes isolated from the
synovial fluid of RA patients. Citrullination is a post-
translational modification process that converts argin-
ine to citrulline. Proteins such as fibrinogen, fibrin and
vimentin can be citrullinated during tissue inflamma-
tion. Anti-citrullinated protein antibodies (ACPA) can
form immune complexes with citrullinated proteins
and boost the inflammatory process. Therefore, exo-
somes could possibly play an important role in the
distribution of auto-antigens and enhance immuno-
genicity. However, further studies are required to iden-
tify why citrullinated proteins are specifically
recognized as autoantigens in RA [38].



Biological therapies using inhibitors and antibodies
to target inflammatory factors are effective in alleviat-
ing RA symptoms but are unable to reverse disease
progression. While the therapeutic potential of novel
gene therapy approaches for the treatment of RA in
many animal models appears promising, it is still
unclear whether they are safe and effective for human
patients. However, recent research has revealed that
immunosuppressive dendritic cell (DC)-derived exo-
somes, as well as blood plasma- and serum-derived
exosomes elicited potent therapeutic effects in animal
models of inflammatory and autoimmune diseases,
including RA [39]. For example, immunosuppressive
exosomes derived from transforming growth factor-f§
(TGF-B1) gene-modified DCs were able to attenuate
murine Th17-mediated inflammatory disease via the
induction of regulatory T cells [40]. In addition, exo-
somes produced by primary murine bone marrow-
derived DCs expressing the immunosuppressive ligand
FasL were able to suppress inflammation and the pro-
gression of established collagen-induced arthritis (CIA)
in a murine model [41]. Furthermore, exosomes
derived from immature DCs treated with the recom-
binant immunomodulatory cytokines IL-10 and IL-4
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of murine collagen-induced arthritis. As purified DC-
derived exosomes are very stable vesicles, it is possible
that exosomes could have a future clinical application
as vectors to treat autoimmune diseases including RA
[42]. Compared with traditional gene and cell thera-
pies, an exosome-based method could provide a safe
and effectual approach to treat inflammatory arthritis
diseases [39]. In addition to exosomes derived from
immunosuppressive DCs, other sources of suppressive
exosomes may also have therapeutic potential.
Indeed, many types of tissue- or body fluid-derived
exosomes have immunoregulatory or tolerogenic
activities. For example, exosomes derived from autolo-
gous conditioned plasma or conditioned serum have
been found to reduce arthritic inflammation [43].
More research is required to ascertain if these endo-
some sources can be utilized for the treatment of
autoimmune diseases.

2.5. Sjogren syndrome

Sjogren syndrome (SS) is a chronic autoimmune dis-
order of unknown cause. It triggers lymphocytic infil-
tration in lacrimal and salivary glands, which severely

also significantly reduced inflammation and the onset  affects the body’s moisture-producing glands.
Table 1. Literature about ACTD and exosomes.
Disease Articles Exosome cargo Derivation Marker
SLE Salvi et al. 2018 [22] microRNAs Plasm IFN-ot
Lee et al. 2016 [16] IFN-o,, TNF-o, IL-1f, and IL-6 Serum IFN-o,, TNF-o, IL-13, and IL-6
microRNAs Urinary miR302d, miR-335, miR-200c and
miR-146a
Osteoprotegerin (OPG)
miR-29b
miR-29c Urinary miR-29c
Urinary, kidney miR-21
DM Targoff 2000 [26] Anti-Jo-1, Mi-2 antigen Serum
SSc PM/Scl antibodies
Nakamura et al. 2016 [32] Collagen-related microRNA Serum, dermal CD63, CD9, and CD81
fibroblasts
RA Exosomal amyloid A, lymphatic vessel Serum
endothelial hyaluronic acid receptor-1
(LYVE-1) proteins
Mesenchymal stem
cells (MSCs)
Human synovial sar- IL-1B
coma cell line
Song et al. 2015 [37] IncRNAs Serum Hot air, MMP-2 and MMP-13
CD63, immunoregulatory microRNA’s
(miR-30a, -223, -92a), PKH-67
Skriner et al. 2006 [38] BiP and heterogeneous nuclear RNP A2  Synovial exosomes
Bullerdiek and Flor 2012 [46]  microRNAs of "chromosome 19 Placenta
microRNA cluster"
Overlap Gutiérrez-Ramos et al. anti-PM/Scl-100
symdrome 2008 [30]
Mahler and Raijmakers PM/Scl complex
2007 [29]
Anti-PM1-Alpha, PM/Scl-75¢, PM/Scl-100
PM/Scl-75 MPP6, C1D, KIAA0052/hMtr4, hSki2,
and hSki8
PM/Scl complex Serum hRrp4p, hRrp40p, hRrp41p, hRrp42p,

hRrp46p, hCsl4p
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Symptoms include acute dryness of the eyes, mouth,
skin and mucosa, with accompanying fatigue, arthral-
gia, neuropathies, and swelling of the salivary glands
and lymph nodes.

Autoantibodies directed against the Ro/SSA and La/
SSB autoantigens have been detected in sera from SS
patients. A study in 2005 revealed that resting and
viable salivary gland epithelial cells both constitutively
release exosomes that contained Ro/SSA, La/SSB and
Sm ribonucleoproteins (SmRNPs). Significant expres-
sion of these RNPs was invariably observed in exo-
somes derived from SS patients and non-SS disease
controls [44]. It is possible that exosomes participate
in the presentation of intracellular autoantigens, such
as RNPs, to the immune system. Loading of profes-
sional antigen-presenting cells (APCs) by RNP-contain-
ing exosomes is a feasible mechanism for the
intracellular transfer and efficient antigen presentation
to autoantigen-specific T cells [45].

Comparatively fewer studies have investigated exo-
somal miRNAs as potential diagnostic biomarkers for
SS. Bullerdiek and colleagues reported that mimics of
chromosome 19 microRNA cluster (C19MC)-derived
miRNAs could be developed as useful drug candidates
for the treatment of autoimmune diseases such as SS
and also could be administered to prevent transplant
rejection. In addition, as some tumours have been
reported to overexpress C19MC miRNAs, these miRNAs
may be suitable targets for treatment with appropriate
antagonists [46]. Interestingly, Michael et al. described
the isolation and initial characterization of miRNA-car-
rying exosomes from saliva and proposed that the
protein and miRNA content of salivary exosomes could
be used to detect SS [47]. Indeed, miRNAs have been
reported to be promising candidate biomarkers of
inflammation and salivary gland dysfunction in SS
patients [48]. Further studies are required to assess
the potential of using salivary exosomal miRNA ana-
lysis for the diagnosis and prognosis of SS.

3. Conclusion

In addition to their vital role in intercellular communica-
tions, recent research studies have highlighted the abil-
ity of exosomes to stimulate immune responses, and
their vast potential as biomarkers to detect auto-
immune disorders and as therapeutic agents for treat-
ing a variety of ACTDs. It is now known that exosomes
play important roles in numerous biological processes
as well as in the pathogenesis of ACTDs. Although it is
well established that exosomes are able to modulate
the autoinflammatory response, our knowledge of the

involvement of the exosome, its individual components,
or any associated factors in disease initiation and pro-
gression is still very much in its infancy. Compared with
other diseases, comparatively fewer studies have inves-
tigated the regulation of immune responses by exo-
somes in autoimmune disease pathogenesis. Future
studies directed at unravelling the exact mechanisms of
action of exosomes in chronic inflammatory and auto-
immune diseases will undoubtedly provide new
insights into disease diagnoses and therapies (Table 1).
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